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It is well documented that protein kinase A (PKA) acts as a
negative regulator of M phase promoting factor (MPF) by phos-
phorylating cell division cycle 25 homolog B (Cdc25B) in mam-
mals. However, the molecular mechanism remains unclear. In
this study, we identified PKA phosphorylation sites in vitro by
LC-MS/MS analysis, including Ser'*®, Ser*?°, and Ser®*?! of
Cdc25B, and explored the role of Ser'*® in G,/M transition of
fertilized mouse eggs. The results showed that the overex-
pressed Cdc25B-S149A mutant initiated efficient MPF activa-
tion by direct dephosphorylation of Cdc2-Tyr'®, resulting in
triggering mitosis prior to Cdc25B-WT. Conversely, overex-
pression of the phosphomimic Cdc25B-S149D mutant showed
no significant difference in comparison with the control groups.
Furthermore, we found that Cdc25B-Ser'“® was phosphorylated
at G; and S phases, whereas dephosphorylated at G, and M
phases, and the phosphorylation of Cdc25B-Ser'*® was modu-
lated by PKA in vivo. In addition, we examined endogenous and
exogenous Cdc25B, which were expressed mostly in the cyto-
plasm at the G, and S phases and translocated to the nucleus at
the G, phase. Collectively, our findings provide evidence that
Ser'*® may be another potential PKA phosphorylation target of
Cdc25B in G,/M transition of fertilized mouse eggs and Cdc25B
as a direct downstream substrate of PKA in mammals, which
plays important roles in the regulation of early development of
mouse embryos.

Progression through the cell division cycle and transitions
between its various phases are regulated by the activation of
specific cyclin-dependent kinase complexes, which are acti-
vated by Cdc25 phosphatases (1-5). Cdc25 proteins are dual-
specificity phosphatases that uniquely function to dephosphor-
ylate specific tyrosine/threonine residues on cyclin-dependent
kinases. Three isoforms have been identified in mammalian
cells: Cdc25A, Cdc25B, and Cdc25C (6, 7). Although all three
Cdc25 family members are associated with mitosis and meiosis,
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recent evidence has demonstrated that Cdc25B plays an essen-
tial role during the G,/M transition, and in mitosis, Cdc25B is
a more potent activator of MPF? than Cdc25A or Cdc25C
(8-12).

PKA is a cAMP-dependent serine/threonine kinase com-
posed of two regulatory subunits and two catalytic subunits.
Thus, it plays a pivotal role in cell growth, differentiation, and
proliferation as well as in cell cycle control (13-15). In Xenopus
embryonic extracts, oscillations in cAMP concentration and
PKA activity accompany cell cycle progression (16, 17); they are
low at mitosis, increase during the M/G; transition, and remain
high until the next mitosis. High PKA activity decreases MPF
activity and vice versa. This effect occurs through a mechanism
involving Cdc25 phosphorylation (16) and cyclin B degradation
(17). Studies in Xenopus oocytes have shown that Cdc25C is
phosphorylated on Ser®®” by PKA, whereas the heat-stable
inhibitor of PKA induces dephosphorylation of Ser®?, indicat-
ing that Cdc25C functions downstream of PKA (18). However,
in mice, studies suggest that Cdc25B is the essential phos-
phatase for meiotic resumption and therefore the likely tar-
get of PKA (12, 19).

The fertilized mouse egg is the most simple and natural cell
cycle model in a vertebrate closely related to humans. Little is
known about the mechanism of early development of fertilized
mouse eggs, especially that of the G,/M transition. Our previ-
ous research showed that PKA negatively regulates cell cycle
progression of fertilized mouse eggs by inhibiting MPF (20).
However, the link between PKA activity and Cdc25B inhibition
remains unclear. To explore the effects of PKA on Cdc25B in
mammalian cells, Cdc25B has been predicted as a potential
PKA substrate in mice with the Scansite software, and three
potential PKA phosphorylation sites, including Ser'*’, Ser**?,
and Ser®?!, were predicted. Acting as a candidate target of PKA,
in our previous study, it has been proven that the Ser®*' of
Cdc25B (corresponding to Ser®?? of the human protein) plays a
critical regulatory role not only in meiotic resumption of mouse
oocytes but also in the development of mouse embryos at the
one-cell stage by modification of phosphorylation and dephos-
phorylation, whereas the Ser** of Cdc25B has no effects on the
development of fertilized mouse eggs (19, 21). However, the

2The abbreviations used are: MPF, M phase/maturation promoting factor;
PKA, protein kinase A; dbcAMP, dibutyryl cAMP; hCG, human chorionic
gonadotropin; FWD, forward; REV, reverse.
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role of Ser'*® in the mitotic cell cycle of fertilized mouse eggs
remains unknown. In this study, to further explore the role of
the Ser'*® site of Cdc25B (equivalent to Ser'®! in the human
protein) in regulating the development of fertilized mouse eggs,
we identified PKA phosphorylation sites in vitro by LC-MS/MS
analysis, including Ser'*?, Ser**?, and Ser®*' of Cdc25B, which
correspond to the phosphorylation sites predicted by Scansite
software. Our findings show that residue Ser'*® of Cdc25B, as
well as Ser®*' in mammalian cells, is likely a potential target of
PKA involved in the mitosis of fertilized mouse eggs and plays
an important role in G,/M transition of fertilized mouse eggs
and in the subcellular localization of Cdc25B. Our results fur-
ther prove that Cdc25B is the direct downstream substrate of
PKA and PKA regulates the early development of fertilized
mouse eggs by phosphorylation of the Ser'*® and Ser®?! resi-
dues of Cdc25B.

EXPERIMENTAL PROCEDURES

Kunming genealogy-specific pathogen-free mice (females at
4 weeks and 18 g; males at 8 weeks and 30 g) were obtained from
the Department of Laboratory Animals, China Medical Univer-
sity. All experiments were performed at China Medical Univer-
sity in accordance with the National Institutes of Health guide-
lines for the Care and Use of Laboratory Animals. Reagents,
unless otherwise specified, were from Sigma.

Prokaryotic Expression and Purification of Recombinant
Cdc25B Protein—The c¢DNA of mouse Cdc25B, pBSK-
Cdc25B-WT, was a kind gift from Dr. Tony Hunter (The Salk
Institute). A 603-bp fragment encoding 201 amino acids
(130-330) was amplified by PCR with pBSK-Cdc25B-WT as a
template, and PCR was performed with 30 cycles (primers: 5'-
CGCGGATCCATTCAGGCAGCCAGTCGGGT-3" and 5'-
CCGCTCGAGTCAGATGGGTCGGATCACACTGC-3'). Each
PCR cycle consisted of 50 s at 94 °C, 50 s at 64 °C, and 60 s at
72 °C. The PCR product was then subcloned into the pGEX-
4T-2 vector. The resulting recombinant plasmid, pGEX-4T-2-
Cdc25B,,,, was sequenced to verify the correct gene insertion.

The method of protein expression was a modification of the
procedures described in Refs. 22 and 23. GST-Cdc25B,,, was
expressed for 3 h at 27°C in Escherichia coli BL21(DE3)
(Takara) transformed with pGEX-4T-2-Cdc25B,,, in the pres-
ence of 0.1 mm isopropyl-B-p-thiogalactopyranoside (Takara).
The proteins were purified by the glutathione-Sepharose
4B protein chromatography purification kit directions (GE
Healthcare). Total protein induced by isopropyl-3-p-thiogalac-
topyranoside, vector-expressed protein, and purified protein
were identified by 10% SDS-PAGE and Western blotting.

Phosphorylation of GST-Cdc25B,,,, Fusion Protein in Vitro
and LC-MS/MS Analysis of PKA Phosphorylation Site—Puri-
fied GST-Cdc25B,,; protein (400 ug) was incubated with 6 ul
of PKA (New England Biolabs) and 10 ul of ATP (New England
Biolabs) at 30 °C for 45 min. After separation by 10% SDS-
PAGE, the band of phosphorylated Cdc25B,,, protein was
excised from the gel, and in-gel digestion was performed (24).
To obtain maximal sequence coverage of protein, the digested
products were collected at 1, 2, 4, and 12 h. The sample was
combined and analyzed with LC-linear trap quadrupole-
MS/MS (Thermo Fisher Scientific, Waltham, MA) with
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MS/MS (MS?) and MS/MS/MS (MS?) strategy (25). MS data
were searched with SEQUEST (26), and the spectra of all iden-
tified phosphopeptides were manually verified.

Collection and Culture of One-cell Stage Mouse Embryos—
Mouse embryos at the one-cell stage were collected and cul-
tured according to the method described by our previous report
(21) on the basis of the method of Hogan and Costantini (27).

Plasmid Construction and Site-directed Mutagenesis—The
pBluescript II/SK-Cdc25B-S149A (pBSK-Cdc25BS149A) con-
struct was prepared by mutating Ser'*® of Cdc25B to alanine
with pBSK-Cdc25B-WT as a template and a site-directed
mutagenesis kit (Stratagene). The primers were FWD1 (5'-
CCATAAAACGCTTCCGAGCCTTACCAGTGAG-3') and
REV2 (5'-GGTAAGGCTCGGAAGCGTTTTATGGTAAA-
CTG-3'). The pBSK-Cdc25B-S149A/S321A construct was
prepared by mutating Ser®** of Cdc25B to alanine with pBSK-
Cdc25B-S149A as a template. The primers were FWD3 (5'-GCT-
CTTCCGCTCCCCAGCCATGCCATGCA-3') and REV4 (5'-
CTGGGGAGCGGAAGAGCCTCTGGCACTTG-3'). Mutants
mimicking phosphorylation were also constructed. pBSK-
Cdc25B-5149D and pBSK-Cdc25B-S321D mutants in which
residues 149 and 321 were replaced by aspartic acid were gen-
erated with pBSK-Cdc25B-S149A and pBSK-Cdc25B-S321A
(kept by our laboratory (21)) as templates. The primers in
pBSK-Cdc25B-5149D were FWD5 (5'-CCATAAAACGCTT-
CCGAGACTTACCAGTGAG-3') and REV6 (5'-GGTAAG-
TCTCGGAAGCGTTTTATGGTAAACTG-3'). The primers
for pBSK-Cdc25B-5321D were FWD7 (5'-CTCTTCCGCTCCC-
CAGACATGCCATGCAGTG-3') and REV8 (5'-CATGTC-
TGGGGAGCGGAAGAGCCTCTGGCAC-3'). pBSK-Cdc25B-
S$149D/S321D was prepared with pBSK-Cdc25B-S149A/S321A as
a template and the primer pairs FWD5 and REV6 and FWD7 and
REVS. All of the above recombinant plasmids were sequenced to
verify the correct gene insertion and successful mutation.

The three types of plasmids (pBSK-Cdc25B-WT, pBSK-
Cdc25B-S149A, and pBSK-Cdc25B-S149D) were subcloned
into pEGFP-C, vector. The recombinant plasmids were named
pEGFP-Cdc25B-WT, pEGFP-Cdc25B-S149A, and pEGEFP-
Cdc25B-5149D, respectively.

In Vitro Transcription—According to our previous report
(21), all of the pBluescript II/SK constructs were linearized with
Xbal and transcribed in vitro into 5'-capped mRNA for micro-
injection by the nMESSAGE mMACHINE kit (Ambion).

Microinjection and Morphological Analysis—Various Cdc25B-
mRNAs or plasmids were microinjected into the cytoplasm or
nucleus of one-cell embryos at the S or G, phase according to
our previous report (21), The typical injection volumes were
5% (10 pl, cytoplasm) and 1% (2 pl, nuclear) of the total cell
volume per egg. mRNAs were diluted to various concentrations
in nuclease-free TE buffer (5 mmol/liter Tris-HCL and 0.5
mmol/liter EDTA, pH 7.4). Eggs in the control groups were
microinjected with or without TE buffer.

To observe the effects of PKA on Cdc25B, the fertilized
eggs at the S phase (22 h after human chorionic gonadotropin
(hCG) injection) were cultured in M16 medium with dibutyryl
cAMP (dbcAMP, Sigma) and H-89 (Santa Cruz Biotechnology)
for 1 h. Subsequently, the embryos microinjected with various
Cdc25B-mRNAs were put back to M16 medium. Mitotic stages
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(G, S, G,, and M phases) were defined as described previously
(28). The rate of cleavage, namely, the number of two-cell
embryos resulting from the division of a one-cell embryo, was
counted in three independent experiments under a phase con-
trast microscope at 31, 34, or 30 h after hCG injection in the
absence or presence of dbcAMP and/or H-89. Morphological
analysis was performed, and the subcellular location of Cdc25B
in embryos of the plasmid microinjection groups was detected
with fluorescence microscopy.

Assay of MPF Activity—MPF kinase activity was measured by
a histone H1 kinase assay (29). The kinase assay was performed
according to a similar procedure to that described in our previ-
ous report (21).

Western Blotting—Embryos at the indicated times were
lysed, subjected to SDS-PAGE (10%), transferred onto nitrocel-
lulose membranes, and immunoblotted with antibodies to
Tyr(P)'® of Cdc2 (1:500; Santa Cruz Biotechnology), Cdc25B
(1:200; Santa Cruz Biotechnology), phospho-Cdc25B-pSer'*’
and nonphospho-Cdc25B-Ser'*® (1:200; Signalway Antibody),
and GST and B-actin (1:500; Beyotime Institute of Biotechnol-
ogy). Proteins were visualized by the enhanced chemilumines-
cence (ECL) detection system (Pierce Biotechnology).

The phospho-Cdc25B-pSer'*® and nonphospho-Cdc25B-
Ser'*® antibodies were raised in New Zealand White Rabbits
against the keyhole limpet hemocyanin-conjugated phos-
phopeptide IKRFRpSLPVRLLC or the nonphosphopeptide
IKRFRSLPVRLLC.

Immunofluorescence—Embryos were fixed with 2% para-
formaldehyde for 40 min, permeabilized with 0.1% Triton
X-100 for 10 min, and then blocked with 3% BSA in PBS for 40
min. Fertilized eggs were stained with monoclonal goat anti-
mouse Cdc25B antibody (1:200, Santa Cruz Biotechnology)
overnight at 4 °C. After three washes with PBS, embryos were
incubated with FITC rabbit anti-goat IgG (1:200, Beijing
Zhongshan Biotechnology) at 37 °C for 30 min. The DNA was
stained with 25 pg/ml Hoechst 33258 for 3 min at 37 °C. Signals
of subcellular localization of endogenous Cdc25B and DNA
staining were detected by fluorescence microscope at 488 and
260 nm, respectively.

Statistical Analysis—All experiments were performed inde-
pendently at least three times. A Student’s ¢ test or x” test was
used to evaluate the differences between multiple experimental
groups with SSPS software (version 13.0). A probability level of
0.05 was considered significant.

RESULTS

Ser'®®, Ser”?®, and Ser*** Sites of Cdc25B Protein Are Phos-
phorylated by PKA in Vitro—The protein expression results
showed that a clear band of GST-Cdc25B,,,; fusion protein was
observed in 50 kDa of the expected size, and vector-derived
GST produced a 26-kDa band, whereas the band of phosphory-
lated GST-Cdc25B,,, protein was seen in ~55 kDa in 10% SDS-
PAGE (see supplemental Fig. S1). The results of LC-MS/MS anal-
ysis of phosphorylated GST-Cdc25B,,,, were shown in Fig. 1, A—F.
Three PKA phosphorylation sites, Ser'*?, Ser*®, and Ser**', were
identified. The coverage rate for a given sample is above 97% (Fig.
1F), and the covered sequence is shown in black letters.
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Overexpression of Cdc25B-WT and Cdc25B-S/A Mutants
Promotes Onset of Mitosis of Fertilized Mouse Eggs—Western
blotting showed that the Cdc25B protein accumulated to
higher levels in the various mRNA microinjection groups than
in the control groups at 4 h after microinjection (Fig. 24), indi-
cating that various exogenous Cdc25B-mRNAs could be trans-
lated efficiently in fertilized mouse eggs. Furthermore, there
was no difference among the microinjection groups.

The cleavage of fertilized mouse eggs was observed at 26 —31
h after hCG injection, and the cleavage rate were calculated at
31 h. In the two control groups, cleavage of the embryos had
begun at 28.5-29 h after hCG injection and 58.2% (no injection)
and 59.3% (TE injection) of embryos had reached the two-cell
stage at 31 h (Fig. 2B). In contrast, embryos injected with
Cdc25B-WT-mRNA entered the M phase at 27.5-28 h after
hCG injection, and the cleavage rate was as high as 76.4% at
31 h, markedly higher than that of the control groups (p < 0.01).
Embryos microinjected with mRNAs of either Cdc25B-S149A
or Cdc25B-S321A entered the M phase at 26.5-27 h after hCG
injection, and almost 90.5 and 91.2% of embryos, respectively,
had reached the two-cell stage at 31 h (Fig. 2B) A similar pattern
was seen in the Cdc25B-S149A/S321A-injected eggs, but the
cleavage rate was as high as 98.3% at 31 h after hCG injection
and markedly higher than that of the Cdc25B-S149A and
Cdc25B-S321A groups (p < 0.05). However, embryos microin-
jected with Cdc25B-S/D-mRNAs entered M phase at 28.5-29 h
after hCG injection, and the cleavage rates were ~60% at 31 h
(Fig. 2B), similar to the control groups (p > 0.05).

Overexpression of Cdc25B-WT and Cdc25B-S/A Mutants
Activates MPF by Direct Dephosphorylation of Cdc2-pTyr'>—
To illustrate the effects of microinjection of various
Cdc25B-mRNAs on MPF activity in fertilized eggs, we mea-
sured the MPF activity at 26 h after hCG injection every 30
min. In the control groups, MPF activity was consistently
low at 26 —28 h after hCG injection, increasing gradually at
28 h, reaching its maximal level at 29 h and then decreasing
slowly (Fig. 2D). However, MPF activity in Cdc25B-WT-
mRNA-injected eggs reached its highest level at 28 h and
then began to slowly decline (Fig. 2E). MPF activity increased
sharply at 26.5 h, peaked at 27 h, and then decreased slowly
in Cdc25B-S149A, Cdc25B-S321A, and Cdc25B-S149A/
S321A-mRNA-injected eggs (Fig. 2, F-H), but the peak of
MPF activity in Cdc25B-S/D-mRNA-injected eggs appeared
at 29 h (Fig. 2, I-K). Furthermore, to identify the relationship
between the phosphorylation status of Cdc2-Tyr'® and MPF
activity, Western blotting was carried out at 26.5, 27, 27.5,
28, 28.5, and 29 h after hCG injection in the control and
microinjection groups (Fig. 2C). In the control groups, there
were strong singals of Cdc2-Tyr'® phosphorylation at
26.5-28 h, a reduced phosphorylation level at 28.5 h, and no
signal at 29 h after hCG injection, which demonstrated that
MPF was fully activated. Meanwhile, in the Cdc25B-WT
group, there was a weak Cdc2-Tyr'® phosphorylation signal
at 27.5 h and no signal at 28 —29 h after hCG injection. In the
Cdc25B-S/A mutant groups, the strong signals of Cdc2-
Tyr'® phosphorylation were detected at 26.5 h, but no signal
was found at 27-29 h after hCG injection. Conversely, the
inhibitory phosphorylation of Cdc2-Tyr'® was still observed
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FIGURE 1. Cdc25B,,, LC-MS/MS analysis identified three PKA phosphorylation sites, including Ser'*?, Ser??, and Ser®?". A, MS? spectrum of the
phosphorylated peptide, *’FRS*LPVR'>3, containing Ser'*?; S* indicates that serine residue 149 is phosphorylated by PKA. B, MS® spectrum of the
phosphorylated peptide '#’FRS#LPVR'*3, containing Ser'*°, S# indicates neutral loss of H;PO, from sequence ions. C, MS? spectrum of the phosphor-
ylated peptide *'?SPS*MPCSVIRPI*3*° containing Ser*?'; S* indicates that serine residue 321 is phosphorylated by PKA. D, MS® spectrum of the phospho-
rylated peptide *'?SPS#MPCSVIRPI>3*° containing Ser®?'; S# indicates neutral loss of H;PO, from sequence ions. E, MS? spectrum of the phosphorylated
peptide 22°RQAFTQRPSS*APDLMCLTTEWK?*', containing Ser???; S* indicates that serine residue 229 is phosphorylated by PKA. F, amino acid sequence
of the Cdc25B,,, protein. The LC-MS/MS analysis coverage rate of the given sample is >97% (the covered sequence is shown in boldface letters). The
underlined fragments indicate the identified phosphorylated peptide; ,S represents phosphorylated serine, including Ser(P)'*, Ser(P)**°, and Ser(P)**".

at 28-28.5 h, but no signal was detected at 29 h in the
Cdc25B-S/D mutant groups.

Microinjection of Cdc25B-S/A Mutants Overcomes G, Arrest
Induced by dbcAMP—TIt has been reported that cAMP analogs,
such as dbcAMP, which can activate PKA, play an important
role in the regulation of meiosis arrest in mouse oocytes (30,
31). On the basis of our previous experimental research (21), 2
mMm dbcAMP led to maximal G, arrest, and none of the mouse
eggs was able to enter the M phase of mitosis, suggesting inhi-
bition of the G,/M transition. Therefore, to further explore
whether PKA could phosphorylate the Ser'*® site of Cdc25B,
various Cdc25B mRNAs were each microinjected into embryos
at the S phase. The injected eggs were pretreated with 2 mm
dbcAMP in M16 medium for about 1 h. Cdc25B protein was
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highly expressed at 4 h after microinjection in the microin-
jection groups compared with the control groups (Fig. 34),
and there was no significant difference among the microin-
jection groups, indicating that the various exogenous
Cdc25B mRNAs could be translated efficiently in fertilized
mouse eggs.

In the presence of 2 mm dbcAMP, the cleavage of fertilized
mouse eggs was observed at 29—34 h after hCG injection, and
the cleavage rate was calculated at 34 h. As shown in Fig. 3B, the
cleavage rate of embryos induced by dbcAMP in each group
decreased obviously, and hardly any eggs reached the two-cell
stage at 34 h after hCG injection in the control and Cdc25B-S/D
groups. Meanwhile, parts of embryos microinjected with
Cdc25B-WT-mRNA entered M phase at 32 h, and the cleavage
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FIGURE 2. Western blot analysis of Cdc25B protein expression and phosphorylation status of Cdc2-Tyr'>, cleavage rate, and MPF activity after mRNAs
encoding Cdc25B-WT, Cdc25B-S149A, Cdc25B-S321A, Cdc25B-S149A/S321A, Cdc25B-5S149D, Cdc25B-S321D, or Cdc25B-S149D/S321D were micro-
injected into fertilized mouse eggs in the absence of dbcAMP and H-89 in M16 medium. A, Western blot analysis of Cdc25B protein expression at 4 h after
microinjection of Cdc25B mRNAs. B, the cleavage rate in cultured mouse embryos of various Cdc25B mRNAs injection at 31 h after hCG injection. The cleavage
rates were calculated with data from three independent experiments. C, Western blot analysis of the phosphorylation status of Cdc2-Tyr'® in the various
Cdc25B mRNA injection groups. The eggs were collected at 26.5, 27, 27.5, 28, 28.5, and 29 h after hCG injection. D, MPF activity in the control groups, including
no injection and TE buffer groups. E, MPF activity in eggs injected with Cdc25B-WT-mRNA. F, MPF activity in eggs injected with Cdc25B-S149A-mRNA. G, MPF
activity in eggs injected with Cdc25B-5321A-mRNA. H, MPF activity in eggs injected with Cdc25B-S149A/S321A-mRNA. I, MPF activity in eggs injected with
Cdc25B-S149D-mRNA. J, MPF activity in eggs injected with Cdc25B-5321D-mRNA. K, MPF activity in eggs injected with Cdc25B-S149D/S321D-mRNA. For each
point, five eggs were collected, and MPF activity was examined by scintillation counting and autoradiography. Each value was expressed as the mean =+ S.D.

from three independent experiments. A total of ~200 eggs were loaded onto each lane in Western blot.

89.5 and 90.1% of embryos, respectively, had developed to the
two-cell stage at 34 h. Eggs injected with Cdc25B-S149A/
S$321A-mRNA resumed mitosis at 29-29.5 h after hCG injec-
tion, and nearly 97.8% of eggs had entered the M phase at 34 h,

rate was as high as 21.5% at 34 h, significantly higher than that of
the control groups (p < 0.01). In contrast, embryos microin-
jected with either Cdc25B-S149A or Cdc25B-S321A-mRNA
entered M phase at 29.5-30 h after hCG injection, and nearly
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FIGURE 3. Western blot analysis of Cdc25B protein expression and phosphorylation status of Cdc2-Tyr'>, cleavage rate, and MPF activity after mnRNAs
encoding Cdc25B-WT, Cdc25B-S149A, Cdc25B-S321A, Cdc25B-S149A/S321A, Cdc25B-S149D, Cdc25B-S321D, or Cdc25B-S149D/S321D were micro-
injected into fertilized mouse eggs in the presence of 2 mmol/liter dbcAMP in M16 medium. A, Western blot analysis of Cdc25B protein expression at 4 h
after various Cdc25B mRNA microinjection. B, the cleavage rate in cultured mouse embryos of various Cdc25B mRNA injections at 34 h after hCG injection. The
cleavage rates were calculated with data from three independent experiments. C, Western blot analysis of the phosphorylation status of Cdc2-Tyr'” in the
various mRNA-injected eggs. The eggs were collected at 29, 30, 31, 32, and 33 h after hCG injection. D, MPF activity of fertilized mouse eggs in the control
groups, including no injection and TE buffer groups. E, MPF activity in eggs injected with Cdc25B-WT-mRNA. F, MPF activity in eggs injected with
Cdc25B-S149A-mRNA. G, MPF activity in eggs injected with Cdc25B-S321A-mRNA. H, MPF activity in eggs injected with Cdc25B-S149A/5321A-mRNA. /, MPF
activity in eggs injected with Cdc25B-S149D-mRNA. J, MPF activity in eggs injected with Cdc25B-S321D-mRNA. K, MPF activity in eggs injected with
Cdc25B-5149D/S321D-mRNA. For each point, five eggs were collected, and MPF activity was examined by scintillation counting and autoradiography. Each
value was expressed as the mean = S.D. from three independent experiments. A total of ~200 eggs were loaded onto each lane in Western blot.

(Fig. 3D). Meanwhile, MPF activity in Cdc25B-WT-mRNA-
injected eggs increased weakly at 32 h after hCG injection and

Overexpression of Cdc25B-S/A Mutants Can Activate MPF  then decreased gradually (Fig. 3E). However, MPF activity had a
sharp increase at 29.5 h, peaked at 30 h, and then decreased

Efficiently in Presence of dbcAMP—To illustrate the effects of

PKA activity on MPF activity in fertilized eggs in the presence of ~ slowly in Cdc25B-S149A and Cdc25B-S321A groups (Fig. 3, F

2 mm dbcAMP, MPF activity was measured beginning at 20 h  and G). In the Cdc25B-S149A/S321A group, MPF activity

after hCG injection at 30-min intervals. Asshownin Fig. 3, MPF  reached its maximal level at 29.5 h after hCG injection,
remained at this level for 30 min, and then decreased slowly

activity was stably low at 29 —34 h in the control groups, which
indicated that MPF activity was inhibited by PKA activation (Fig. 3H). In contrast, MPF activity in eggs injected with the

which was markedly higher than that in the Cdc25B-S149A and
Cdc25B-S321A groups (p < 0.05).
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Cdc25B-S/D mutants stayed at a low level for 29-34 h after
hCG injection, which is similar to the MPF activity pattern
observed in the control groups (Fig. 3, I-K).

Meanwhile, the phosphorylation status of Cdc2-Tyr'> was
detected by Western blotting at 29, 30, 31, 32, and 33 h after
hCG injection to identify the relationship between MPF activity
and the phosphorylation of Cdc2-Tyr'® in the fertilized mouse
eggs induced by dbcAMP. In the control groups, strong bands
of phosphorylated Cdc2-Tyr'® were identified at 29 -33 h after
hCG injection, demonstrating that MPF activity was inhibited
(Fig. 3C). In the Cdc25B-WT group, Cdc2-Tyr'® phosphoryla-
tion was weakly detected at 31-33 h after hCG injection, which
was coincident with the MPF activity. However, in the Cdc25B-
S/A mutant groups, there was almost no signal at 30 -33 h after
hCG injection, which implied that MPF was completely acti-
vated. In contrast, the inhibitory phosphorylation signals of
Cdc2-Tyr' were still observed at 33 h after hCG injection in the
Cdc25B-S/D mutant groups, as in the control groups.

Microinjection of Cdc25B-WT and Cdc25B-S/A Mutants
Accelerates Mitotic Entry of Fertilized Mouse Eggs with H-89—
It has been well documented that H-89 inhibits the PKA cata-
lytic subunit and easily diffuses through the cell membrane (32,
33). To further test whether PKA can affect the mitotic cell
cycle, one-cell stage mouse embryos at S phase were incubated
in M16 medium containing various concentrations of H-89.
With increasing concentrations of H-89 (0-50 um), the G,
phase of eggs was decreased, and the cleavage rate was acceler-
ated. A concentration of 40 um H-89 induced all of the mouse
eggs entering the M phase of mitosis at 31 h after hCG injection
(Fig. 4A). Therefore, after the eggs had been pretreated with 40
uM H-89 in M16 medium for ~1 h, various Cdc25B-mRNAs
were injected into fertilized mouse eggs at S phase. The Cdc25B
protein was more highly expressed at 4 h after microinjection in
the microinjection groups than in the control groups (Fig. 4B),
and there was no significant difference among the microinjec-
tion groups, indicating that the various exogenous Cdc25B
mRNAs could be translated efficiently in fertilized mouse eggs.

In the presence of 40 um H-89, the cleavage of fertilized
mouse eggs was observed at 26 —30 h after hCG injection, and
the cleavage rate was calculated at 30 h. Fig. 4C shows that
cleavage rate of embryos induced by H-89 in each group
increased markedly, and the control embryos entered M phase
at 27.5-28 h after hCG injection, nearly 78.2% (no injection)
and 79.4% (TE injection) of embryos had developed to the two-
cell stage at 30 h after hCG injection. However, eggs injected
with Cdc25B-WT and Cdc25B-S/A-mRNAs resumed mitosis
at 26 -26.5 h after hCG injection, and >90% of eggs had devel-
oped to the two-cell stage at 30 h, markedly higher than that in
the control groups (p < 0.05). The eggs injected with Cdc25B-
S/D mutants entered M phase at 27.5-28 h, and ~80% of eggs
had reached the two-cell stage at 30 h after hCG injection,
which was similar to the control groups.

Overexpression of Cdc25B-WT and Cdc25B-S/A Mutants
Can Reinforce MPF Activity Early in Presence of H-89—In the
presence of H-89, MPF activity was detected beginning at 26 h
after hCG injection at 30-min intervals. As shown in Fig. 4, in
the control groups, there was a striking increase in MPF activity
at 27.5 h after hCG injection, then MPF activity peaked at 28 h,

10362 JOURNAL OF BIOLOGICAL CHEMISTRY

indicating that inhibition of PKA may activate MPF early (Fig.
4E). MPF activity in Cdc25B-WT and Cdc25B-S/A mutants
groups reached its maximal level at 26.5 h after hCG injection
and then decreased gradually (Fig. 4, F-I). However, MPF activ-
ity in eggs injected with Cdc25B-S/D mutants peaked at 28 h
after hCQG injection, as in the control groups (Fig. 4, J-L).

To identify the relationship between MPF activity and the
phosphorylation of Cdc2-Tyr'® in the fertilized mouse eggs
with H-89, we carried out Western blotting analysis at 26, 26.5,
27, 27.5, and 28 h after hCG injection. The inhibitory phosphor-
ylation signals of Cdc2-Tyr'® were detected at 26 -27.5 h, and
no phosphorylation was found at 28 h after hCG injection in the
control groups (Fig. 4D). However, in the Cdc25B-WT and
Cdc25B-S/A mutants groups, there were strong bands of Cdc2-
Tyr'® phosphorylation at 26 h, and no signal was detected at
26.5-28 h after hCG injection. On the contrary, the inhibitory
phosphorylation bands of Cdc2-Tyr'® were observed at
26-27.5hin the Cdc25B-S/D groups, and there still was a weak
Cdc2-Tyr"® phosphorylation signal at 28 h after hCG injection.

Expression of Cdc25B Protein and Phosphorylation Status of
Cdc25B-Ser'**—We used a goat monoclonal antibody against
the Cdc25B N terminus to detect Cdc25B expression at differ-
ent phases in fertilized mouse eggs. As shown in Fig. 54,
Cdc25B protein band observed in both the G; and S phases had
a slightly different apparent molecular weight from that in seen
in the G, and M phases, as we reported previously (21). To
identify whether Cdc25B-Ser'*® was phosphorylated in vivo, we
collected fertilized mouse eggs at different phases in the
absence or presence of dbcAMP and/or H-89 and then mea-
sured the phosphorylation status of Cdc25B-Ser'*® by the phos-
phospecific antibody, and nonphosphorylation status by the
nonphosphospecific antibody. Fig. 5, B and D, showed that a
phosphorylated Cdc25B-Ser'*® band was observed at G, and S
phases, whereas no phosphorylation of Cdc25B-Ser'*® was
observed at G, and M phases in eggs with or without H-89.
However, a strong phosphorylated Cdc25B-Ser'*® band was
found not only in the G, and S phases, but also in the G, and M
phases in the presence of dbcAMP (Fig. 5C). Conversely, a non-
phosphorylated Cdc25B-Ser'*® band was detected mainly dur-
ing the G, and M phases (Fig. 5, B-D), and it is the strongest in
the presence of H-89 (Fig. 5D). Taken together, these results
demonstrated that Cdc25B-Ser'*® is phosphorylated at G, and
S and dephosphorylated at G, and M in vivo and is responsible
for the G,/M transition.

Subcellular Localization of Endogenous Cdc25B in Fertilized
Mouse Eggs—We observed the subcellular localization of
endogenous Cdc25B at every phase of cell cycle in fertilized
mouse eggs with indirect immunofluorescence. As shown in
Fig. 6, green fluorescent Cdc25B signals were detected mainly
in the cytoplasm of G, phase eggs (Fig. 6A), whereas in S phase
eggs, the fluorescent signals were observed throughout the
whole cell (Fig. 6B). The green fluorescent signals were trans-
located to the nucleus of eggs at the G, phase, and the signal in
the nucleus was stronger than that in the cytoplasm (Fig. 6C).
However, the fluorescent signals became distributed in the
cytosol again and decreased in the nucleus during the transition
from the M phase to the two-cell stage (Fig. 6D).
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FIGURE 4. Western blot analysis of Cdc25B protein expression and phosphorylation status of Cdc2-Tyr'>, cleavage rate, and MPF activity after mRNAs
encoding Cdc25B-WT, Cdc25B-S149A, Cdc25B-S321A, Cdc25B-S149A/S321A, Cdc25B-S149D, Cdc25B-S321D, or Cdc25B-S149D/S321D were micro-
injected into fertilized mouse eggs in the presence of 40 umol/liter H-89 in M16 medium. A, bar graph analysis of cleavage rate changes with different
concentration of H-89 at 31 h after hCG injection. B, Western blot analysis of Cdc25B protein expression at 4 h after microinjection of various Cdc25B mRNAs.
C, the cleavage rate in cultured mouse embryos injected with various Cdc25B mRNA at 30 h after hCG injection. The cleavage rates were calculated with data
from three independent experiments. D, Western blotting detection of the phosphorylation status of Cdc2-Tyr'® in the various mRNA-injected eggs. The eggs
were collected at 26, 26.5, 27, 27.5, and 28 h after hCG injection. E, MPF activity of fertilized mouse eggs in the control groups, including no injection and TE
buffer groups. F, MPF activity in eggs injected with Cdc25B-WT-mRNA. G, MPF activity in eggs injected with Cdc25B-S149A-mRNA. H, MPF activity in eggs
injected with Cdc25B-S321A-mRNA. I, MPF activity in eggs injected with Cdc25B-S149A/S321A-mRNA. J, MPF activity in eggs injected with
Cdc25B-S149D-mRNA. K, MPF activity in eggs injected with Cdc25B-5321D-mRNA. L, MPF activity in eggs injected with Cdc25B-S149D/S321D-mRNA. For each
point, five eggs were collected, and MPF activity was examined by scintillation counting and autoradiography. Each value was expressed as the mean *+ S.D.
from three independent experiments. A total of ~200 eggs were loaded onto each lane in Western blot.
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FIGURE 5. Endogenous Cdc25B protein expression and detection of the
phosphorylated and unphosphorylated status of Cdc25B-Ser“? in fertil-
ized mouse eggs at different phases of the cell cycle by Western blotting.
A, endogenous Cdc25B protein expression at different phases of the cell cycle
was detected with goat polyclonal antibody against the Cdc25B N terminus in
the absence of dbcAMP and H-89 in M16 medium. The control for loading
(B-actin) is shown. B, Western blot analysis of the phosphorylation and non-
phosphorylation status of Cdc25B-Ser'*? in fertilized mouse eggs at the G,, S,
G,, and M phases with a phosphospecificand a non-phosphospecific Cdc25B-
Ser'*° antibody, respectively, in the absence of dbcAMP and H-89. C, the
phosphorylated and unphosphorylated status of Cdc25B-Ser'*® at the G,, S,
G,, and M phases was measured in the presence of 2 mmol/liter dbcAMP.
D, the phosphorylated and unphosphorylated form of Cdc25B-Ser'* at the
G,, S, G,, and M phases was detected in the presence of 40 umol/liter H-89.
The molecular mass of proteins is indicated on the right side of the figure. A
total of ~200 eggs were loaded onto each lane in Western blot.
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FIGURE 6. The distribution of endogenous Cdc25B in fertilized mouse
eggs. A, the green fluorescent signals were mainly detected in the cytoplasm,
particularly obviously in the cytoplasmic cortex (arrow) at the G, phase. B, the
green fluorescent signals were observed in the whole cell at the S phase.
C, the green fluorescent signals were seen in the whole cell, but nuclear accu-
mulation of signals (arrow) was detected at the G, phase. D, the green fluo-
rescent signals were mainly detected in the cytoplasmic cortex at late M
stage.

Subcellular Localization of Exogenously Expressed Cdc25B—
To observe the subcellular localization of exogenous Cdc25B,
the pEGFP-Cdc25B-WT, pEGFP-Cdc25B-S149A, pEGEP-

10364 JOURNAL OF BIOLOGICAL CHEMISTRY

Cdc25B-5149D, and pEGFP-C3 plasmids were microinjected
into fertilized mouse eggs, respectively, at the G, phase (20 h
after hCG injection), and then the microinjected eggs were
transferred into M16 medium. When mouse embryos injected
with pEGFP-Cdc25B-WT or pEGFP-Cdc25B-S149A entered S
phase, a distinct GFP signal was detected throughout the whole
cell. Then, the green fluorescent signals in the nucleus were
much stronger than those in the cytosol during the G, phase. In
contrast, the green fluorescent signals in the nucleus apparently
weakened and became distributed again mainly in the cyto-
plasm in the two-cell stage (Fig. 7, A and B). However, the emer-
gence of pEGFP-Cdc25B-S149D and pEGFP-C3 fluorescent
signals lagged ~1 h compared with the pEGFP-Cdc25B-W'T,
and green fluorescence signals were detected in the whole cells,
but mainly in the cytoplasm in the pEGFP-Cdc25B-S149D-in-
jected eggs (Fig. 7C), and diffused throughout the whole cells in
the pEGFP-C3-injected eggs (Fig. 7D).

DISCUSSION

PKA plays a critical role in regulating the cell cycle progres-
sion of eukaryotic organisms. Cdc25B has been predicted to be
a potential PKA substrate in mice (19, 21, 34, 35); however,
there has been no proof of its phosphorylation in vitro until
now. Further investigation was needed to explore how PKA
phosphorylates Cdc25B in mammalians. Our results showed
that the PKA phosphorylation sites of Cdc25B are Ser'*?,
Ser**?, and Ser®?!, corresponding to the phosphorylation sites
predicted by the Scansite software; therefore, Cdc25B is the
direct downstream substrate of PKA in mammalian cells.

We further explored the role of Ser**® of Cdc25B in regulat-
ing the development of fertilized mouse eggs. Our findings
showed that overexpressed Cdc25B-WT, Cdc25B-S149A,
Cdc25B-S321A, and Cdc25B-S149A/S321A in fertilized mouse
eggs, not only accelerated the mitotic G,/M transition but also
stimulated an increase in the cleavage rate in agreement with
our previous results (21). Interestingly, Cdc25B-S149A per-
formed similarly to Cdc25B-S321A, but much less efficiently
than the Cdc25B-S149A/S321A mutant, which indicated that
residue Ser'*® of Cdc25B as well as Ser®?! is likely direct target
of PKA in mammals and cooperates in the regulation of early
development of fertilized mouse eggs.

To test directly whether inhibition of fertilized mouse eggs
by Ser'*® of Cdc25B was indeed due to the endogenous PKA, we
attempted to activate or inhibit specifically endogenous PKA
activity and examine the function of Cdc25B. The cleavage rate
of embryos induced by dbcAMP in each group decreased obvi-
ously, but a great number of embryos microinjected with
mRNAs of either Cdc25B-S149A, Cdc25B-S321A, or Cdc25B-
S149A/S321A entered the M phase at 34 h after hCG injection.
However, most eggs injected with Cdc25B-WT-mRNA hardly
entered the M phase. In contrast, in the presence of H-89,
fertilized mouse eggs injected with Cdc25B-WT and
Cdc25B-S/A-mRNAs resumed mitosis quickly. Meanwhile,
overexpression of phosphomimic Cdc25B-S/D mutants cannot
promote cell cycle progression and has no significant difference
from the control groups. Our findings further identify that
Ser'*® of Cdc25B may be another important phosphorylation
target of PKA in G,/M transition of fertilized mouse eggs.
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FIGURE 7. Expression and localization of pEGFP-Cdc25B in the one-cell stage of development of fertilized mouse eggs. A, fertilized mouse eggs injected
with pEGFP-Cdc25B-WT. B, fertilized mouse eggs injected with pEGFP-Cdc25B-5149A. In these two groups, the green fluorescent signals were observed in the
whole cell at the S stage, and much stronger signals were detected in the nucleus at the G, phase (double arrow). However, in the two-cell stage, green
fluorescent signals were mainly detected in the cytoplasm (arrow). C, fertilized mouse eggs injected with pEGFP-Cdc25B-5149D. The green fluorescent signals
were detected in the whole cell but were much more obvious in the cytoplasm (arrow). D, eggs injected with pEGFP-C;. The green fluorescent signals diffused
evenly throughout the whole cell, and there was no difference among the various phases of the cell cycle. Scale bar, 20 pwm.

It is well documented that Cdc25 proteins are dual-specific-
ity phosphatases that not only uniquely function to dephosphor-
ylate specific tyrosine/threonine residues on Cdc2 during the
G,/M transition but also are key regulators of the meiotic
resumption of mouse oocytes (35-38). Our previous research
fully indicated that PKA acts as a negative regulator of MPF by
phosphorylating Cdc25B-Ser®*! (21). In this study, we further
elucidated the effects of the Ser'* residue of Cdc25B on MPF
activity and Cdc2-Tyr" phosphorylation status. The results
showed that MPF activity without dbcAMP and H-89 peaked in
Cdc25B-S/A mutant groups earlier than in the Cdc25B-WT
and control groups. However, in the presence of dbcAMP, MPF
activity remained at a relatively low level at 29 —34 h after hCG
injection in the control groups, and the peak of MPF activity
appeared in the Cdc25B-S/A-mutants groups, ~2.5-3 h later
than in the Cdc25B-S/A mutants groups without dbcAMP and
H-89, suggesting that PKA activation is responsible for the inhi-
bition of MPF activity. Interestingly, MPF activity reached its
maximum level in the Cdc25B-S149A/S321A group 30 min ear-
lier than in Cdc25B-S149A and Cdc25B-S321A groups, which
indicates that the function of Cdc25B-S149A/S321A is stronger
than that of Cdc25B-S149A and Cdc25B-S321A. Overall, over-
expression of Cdc25B-S/A mutants can overcome G, arrest
induced by dbcAMDP. In contrast, in the presence of H-89, MPF
activity reached its maximum level in Cdc25B-WT and
Cdc25B-S/A-mutants groups 30 min earlier than in the
Cdc25B-S/A mutants groups without H-89 and dbcAMP,
which suggests that PKA inhibition is responsible for the acti-
vation of MPF activity. Meanwhile, Western blotting showed
that the phosphorylation status of Cdc2-Tyr15 at different time
in each group was coincident with the MPF activity, whether
dbcAMP or H-89 is added or not. These data suggest that the
unphosphorylated Cdc25B can activate MPF by the direct
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dephosphorylation of Cdc2-pTyr'® in the mitotic cell cycle of
fertilized mouse eggs.

With the purpose of probing relationship between Cdc25B-
Ser'* phosphorylation and G,/M transition, we measured the
phosphorylation status of Cdc25B-Ser'* in eggs at G,, S, G,
and M phases, respectively, by Western blotting with phospho-
specific and non-phosphospecific antibodies in the absence or
presence of dbcAMP and/or H-89. The results suggest that
Cdc25B-Ser'* is phosphorylated at the G, and S phases,
whereas Cdc25B-Ser'* is dephosphorylated at the G, and M
phases in vivo, corresponding to our previous reports about the
Ser®*! site of Cdc25B (21). Taken together, our findings prove
that PKA regulates the early development of fertilized mouse
eggs by phosphorylation of Ser'*® and Ser®*! of Cdc25B, and
the residue Ser'*® of Cdc25B cooperates with Ser®*'. When these
two sites were simultaneously mutated to the unphosphory-
lated residue Ala, the Cdc25B mutants promoted the onset of
mitosis prior to a single point mutant, whether dbcAMP was
added or not. If PKA phosphorylated Ser'*®, Ser®*!, or both
sites of Cdc25B during the G, and S phases, Cdc25B phos-
phatase was inhibited to some extent, resulting in retardation
of mitosis progression. On the contrary, dephosphorylation of
Ser’® or Ser®?! in the G, phase induced the activation of
Cdc25B, which can activate MPF efficiently and resume mitosis
by the direct dephosphorylation of Cdc2-Tyr'®.

In addition to protein levels and phosphorylation status, the
subcellular distribution of the Cdc25 family may be an impor-
tant regulator of G,/M transition. Using CHO cells, Woo et al.
(39) observed that Cdc25B partitioned primarily in the cyto-
plasm during G, and progressively migrated to the nucleus as
cells transitioned from the S to the G,/M phase. It is reported
that 14-3-3 binding to the Ser®*’ site of Cdc25B directly inhibits
the activity of Cdc25B in HeLa cells, thereby blocking the access
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of substrate, the catalytic site of MPF, and controlling the pro-
gression of mitosis (40). In contrast, mutation of the Ser®** site,
resulting in the complete loss of 14-3-3 binding, increases the
access of the catalytic site of MPF and the nuclear localization
sequence (41). Therefore, it is necessary to trigger mitosis by
Cdc25 shuttling in and out of the nucleus of fertilized eggs and
vice versa. In this study, we investigated the effects of endogenous
and exogenous Cdc25B subcellular location on the development
of fertilized mouse eggs at the one-cell stage by immunofluores-
cence and microinjection of the plasmids of pEGFP-Cdc25B-WT,
pEGFP-Cdc25B-S149A, and pEGFP-Cdc25B-S149D, respec-
tively. Changes in the endogenous and exogenous fluorescent
signals suggest that Cdc25B transferred from cytoplasm to
nucleus at G, phase, which may be in connection with phos-
phorylation/dephosphorylation of Cdc25B.

Collectively, the aforementioned findings can be accommo-
dated in the following working model. Cdc25B may exist pri-
marily in the cytoplasm for PKA phosphorylation of the Ser'*’
and Ser®*! residues of Cdc25B, resulting in a direct interaction
between phosphorylated Cdc25B and the 14-3-3 protein, which
prevents Cdc25B from entering the nucleus, and then retards
cell cycle progression. Phosphorylated Cdc25B is dephosphor-
ylated by an unknown protein phosphatase, activated, and then
transferred from the cytoplasm to the nucleus to stimulate MPF
to trigger mitosis. Afterward, Cdc25B may be transferred from
the nucleus to the cytoplasm again or may be degraded in the
nucleus when Cdc25B completes its mission in late M phase.
Our findings suggest that Ser®*' and/or Ser'** of Cdc25B may
be phosphorylated and bind to the 14-3-3 protein, which selec-
tively reduces the rate of Cdc25B nuclear import, resulting in
more efficient exclusion of Cdc25B from the nucleus, thus neg-
atively controlling the G,/M transition. When the Ser'*® and
Ser®*!' of Cdc25B were mutated to unphosphorylated Ala, the
14-3-3 binding would be abrogated, and homeostasis of nucleus
export and import would be restored. It is noteworthy that the
various changes in Cdc25B-S/D mutant-injected eggs corre-
spond to those of eggs in the control groups whether they were
pretreated with dbcAMP or H-89 or not, indicating that
Cdc25B-S/D mutants is different from Cdc25B-S/A mutants,
possessing the phosphomimic function.

In the future, it is of great importance to probe the molecular
mechanisms modulating the association of Cdc25B with 14-3-3
proteins, dephosphorylation of Cdc25B and MPF activity by the
shuttling of Cdc25B in and out of the nucleus of fertilized
mouse eggs.
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