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ABSTRACT
Checkpoint 1 (Chk1), as an important member of DNA replication checkpoint and DNA damage response,
has an important role during the G2/M stage of mitosis. In this study, we used porcine oocyte as a model
to investigate the function of Chk1 during porcine oocyte maturation. Chk1 was expressed from germinal
vesicle (GV) to metaphase II (MII) stages, mainly localized in the cytoplasm at GV stage and moved to the
spindle after germinal vesicle breakdown (GVBD). Chk1 depletion not only induced oocytes to be arrested
at MI stage with abnormal chromosomes arrangement, but also inhibited the degradation of Cyclin B1
and decreased the expression of Mitotic Arrest Deficient 2-Like 1 (Mad2L1), one of spindle assembly
checkpoint (SAC) proteins, and cadherin 1 (Cdh1), one of coactivation for anaphase-promoting complex/
cyclosome (APC/C). Moreover, Chk1 overexpression delayed GVBD. These results demonstrated that Chk1
facilitated the timely degradation of Cyclin B1 at anaphase I (AI) and maintained the expression of Mad2L1
and Cdh1, which ensured that all chromosomes were accurately located in a line, and then oocytes passed
metaphase I (MI) and AI and exited from the first meiotic division successfully. In addition, we proved that
Chk1 had not function on GVBD of porcine oocytes, which suggested that maturation of porcine oocytes
did not need the DNA damage checkpoint, which was different from the mouse oocyte maturation.

KEYWORDS
checkpoint kinase 1 (Chk1);
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Introduction

Chk1 plays important roles on cellular events. As a key protein
in DNA replication checkpoint and DNA damage response, it
inhibits cell division cycle 25A/C (Cdc25A/C),1 which main-
tains Cdk1 and Cdk2 in deactivation,2,3 and then DNA cannot
be replicated. Furthermore, it facilitates activation of Wee1.
Therefore, both inhibited Cdc25A/C and activated Wee1 block
phosphorylation and activation of promoting mature factor
(MPF) and then cells are arrested in G2 stage or GV (germinal
vesicle) stage.4 In addition, Chk1 negatively regulates Treslin, a
TopBP1-binding protein, to inhibit initiating DNA replication.5

Chk1 is also involved in regulation of gene expression.6 Chk1
binds to chromatin and phosphorylates histone H3 at T11 site,
which results in acetylation of histone H3K9. However, once
Chk1 is dissociated from chromatin, histone H3K9 is deacety-
lated and transcriptions of genes are decreased. In addition,
apoptosis is associated with Chk1, and activated Chk1 facili-
tates apoptosis by inhibiting Casp2.7

Chk1 protein has four structural domains: N-terminal
domain, middle linking domain, domain rich of Ser/Thr-Glu
(SQ/TQ) sites and C-terminal domain. N-terminal domain, as a
kinase domain, has the ability to catalyze and regulate down-
stream targets; Conservative SQ/TQ is a recognition site at
which ataxia telangiectasia mutated (ATM)/ATM Rad3 related

(ATR) catalyzes substrates; C-terminal domain is a self-regulat-
ing domain.8,9 The regulation of Chk1 activity is involved in
recruitment of a series of proteins and interaction with these
proteins:10 First, to activate Chk1, Claspin, Rad9-Rad1-Hus1
(9:1:1) complex and topology isomerase binding protein 1
(TopBP1) are recruited to single-stranded DNA induced by
DNA damage. TopBP1 activates ATR. ATR phosphorylates not
only Ser345 in SQ/TQ site of Chk1 but also the Chk1 kinase area
(CKA) of Claspin. The phosphorylated CKA plays a role on the
kinase domain of Chk1. Second, to transport Chk1, the phos-
phorylated SQ/TQ site of Chk1 meanwhile is a binding site for
14-3-3 protein. Active Chk1 dissociates from chromatins and
interacts with 14-3-3 protein, which maintains Chk1 in nucleo-
plasm. In addition, CRM1 can mediate nuclear export of Chk1.
Third, to degradate and inactivate Chk1, Plk at G2 stage of cell
cycle has the ability to ubiquitinate and degrade Chk1 and Clas-
pin by phosphorylating SCFb-TrcP ubiquitin ligase. Degrada-
tion of Chk1 needs cullin-RING ligase (CRL), but the
degradation is in different ways. CRL1-SKP1-Fbx6 in cytoplasm
or CRL4-DDB1-CDT2 in nucleus mediates this process.

During mitosis, activated Chk1 is involved with the regulation
of SAC. It can phosphorylate Mad2 at some sites, especially S185
and T187.11 Cdc20, BubR1 andMad2 cannot be located at kineto-
chores and the expressions of Cdc20 and Mad2 decrease because
of Chk1 knockdown.12 Chk1 has an effect on the connection of
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kinetochores with microtubes and cytoplasmic division by phos-
phorylating Aurora B at Ser311.13-17 Onset of anaphase requires
APC/C activated by Cdc20, which facilitates degradation of Pds1,
so Esp1 can clean up cohesin.18,19 When DNA damage occurs,
Chk1 activated by Mec1 (a PI3K-like sensor kinase, homology to
ATR) phosphorylates and activates Pds1 which prevents Esp1
from degrading cohesin subunit Scc1.20,21

There are limited studies about Chk1 in oocytes meiosis. At
the early stage of the first meiotic prophase, although, g-H2AX
(a variant of histone H2A, the DNA damage maker22) and
ATM/ATR are phosphorylated and activated, it does not seem
to be Chk1 but Checkpoint 2 (Chk2) that is activated and taken
roles in mouse or other animals oocytes.23-26 Furuno et al.27 clas-
sified Xenopus GV oocytes into six stages according to its diame-
ters and traced relevant regulator proteins. Their conclusion
shows that the increased expression of negative regulator pro-
teins (Wee1, Chk1 and Cds) is earlier than the expression of pos-
itive regulator proteins (MEK, MAPK and Cdc25C). There is a
path of Chk1-Cdc25C-Cdc2 in Xenopus GV oocytes, and in this
path, Chk1 can phosphorylate Cdc25C at Ser287 and inhibit the
function of Cdc25C.28,29 However, ATM/ATR cannot regulate
Chk1 in Xenopus GV oocytes, which is different from somatic
cells.29 In mouse oocytes, the complete G2/M DNA damage
checkpoint can be activated by etoposide which is an inhibitor
for topoisomerase II, but Chk1 is not enough sensitive to etopo-
side and only activated by high concentration of etoposide.30

Moreover, the substrate of Chk1 is not Cdc25A but Cdc25B, and
Chk1 phosphorylates and inhibits Cdc25B at Ser323.30 How-
ever, overexpression of Chk1 results in decreasing Cdc25A and
increasing Cdh1 in mouse GV oocytes.31 In porcine oocytes,
although BLM or etoposide induces increasing gH2AX and
active ATM, they do not work on Chk1 because ATM cannot
activate Chk1, and there is no DNA damage checkpoint to regu-
late porcine GV oocytes.32,33 It is unknown whether Chk1 inde-
pendently functions during porcine oocytes maturation at
present. During oocytes meiotic maturation, some proteins
involved in GV oocytes are related with Chk1, such as SUN1,34

gH2AX,22,35 malignant brain tumor domain-containing protein
1 (MBTD1) and Pr-Set7.36 SUN1 is involved in the regulation of
nuclear export of mRNA.37 MBTD1 interacting with Pr-Set7
stabilizes H4K20me1 and then regulates gene transcription36

Therefore, we test whether Chk1 is associated with gene expres-
sion during porcine oocyte maturation in this study.

It is possible that Chk1 has effects on oocytes after GVBD.
Neocarzinostatin, etoposide and ultraviolet light which induce
DNA damage response cause the arrest at MI, and the arrest is
related with Mps1 and Mad2 in mouse oocytes.38,39 Despite
the arrest, DNA repair seems to be more efficient in mouse
oocytes than in somatic cells.40,41 Mouse oocytes exposed to
bleomycin have similar phenotypes, and further study shows
that double strands break (DSB) caused by bleomycin
decreases the degradation of Cyclin B1 at the transition from
MI to AI.42 These results are in accordance with the study
about Chk1 during mouse oocytes maturation.31 DNA dam-
age also causes similar abnormities in porcine oocytes, but the
arrest at MI does not recover and it is not associated with
Chk1.32 We hypothesize that Chk1 plays roles in porcine
oocyte maturation; however, it is absolutely not dependent on
DNA damage checkpoint.

Results

Expression and localization of Chk1 during porcine oocyte
meiotic maturation

Cumulus oocyte complexes (COCs) from porcine ovaries were
cultured for 0 h, 24 h, 28 h or 44 h, which respectively corre-
sponded to GV, GVBD, MI and MII stage. To determine the
expression and localization of Chk1 during porcine oocyte mei-
otic maturation, the denuded oocytes at each time point were
tested for quantificational real-time polymerase chain reaction
(qRT-PCR), western blot and Chk1-eGFP overexpression. The
results of qRT-PCR showed that Chk1 was highly expressed at
MI stage during maturation (Fig. 1A). The results of western
blot showed that Chk1 was stable after GVBD and slightly
reduced at MII (Fig. 1B). To observe the location of Chk1 dur-
ing maturation, we tried several Chk1 antibodies; however, all
of them never worked for immunofluorescent staining. There-
fore, we performed Chk1-eGFP overexpression to localize
Chk1. It was shown that Chk1-eGFP was mainly localized in
the cytoplasm of porcine oocytes at GV stage. After GVBD,
Chk1-eGFP moved to the spindle (Fig. 1C). This location sug-
gested that Chk1 might take effects by affecting spindle forma-
tion during porcine oocytes maturation.

Chk1 knockdown declined the rate of porcine oocytes
maturation and had an effect on MI chromosomes
alignment

When Chk1 knockdown or overexpression was performed,
oocytes needed time to degrade the endogenous mRNA which
Chk1 siRNA targeted or translate exogenous mRNA to pro-
teins, so maturation inhibition was needed. Porcine GV oocytes
with cumulus cells were exposed in different concentration of
dbcAMP for 24 h, and we found that 1 mM dbcAMP signifi-
cantly declined the rate of GVBD (70.10 § 3.08 vs 32.50 §
3.76, P < 0.05, Fig. S1), and 2 mM dbcAMP highly significantly
declined the rate of GVBD (70.10 § 3.08 vs 7.23 § 2.47, P <

0.01, Fig. S1). To prevent oocytes from starting GVBD as far as
possible, we used 2 mM dbcAMP to block GVBD after Chk1
siRNA or mRNA microinjection. Porcine COCs were injected
with Chk1 siRNA and inhibited with dbcAMP for 20 h. Then
the level of Chk1 mRNA or protein was analyzed by qRT-PCR
or western blot. The results of both qRT-PCR and western blot
showed that Chk1 RNAi successfully decreased Chk1 mRNA
and protein at a highly significant level (1 vs 0.008 § 0.003, P
< 0.01, Fig. 2A) (1 vs 0.51 § 0.11, P < 0.05, Fig. 2B and C).

After being inhibited by dbcAMP, the oocytes injected with
Chk1 siRNA and control oocytes were cultured further with
dbcAMP-free medium, and determined at different time
points. When they were cultured further for 24 h, we found
there was no difference between control group and Chk1
knockdown group for GVBD (96.00 § 2.10 vs 93.67 § 1.58,
Fig. 2D). However, when they were cultured for 28 h, the rate
of oocytes at MI stage in Chk1 knockdown group were signifi-
cant lower than it in control group (46.45 § 5.28 vs 37.05§
6.24, P < 0.05, Fig. 2E). Moreover, the maturation rate of
oocytes in knockdown group was decreased significantly com-
pared to control (54.03 § 3.78 vs 40.37 § 4.85, P < 0.05,
Fig. 2F) if cultured further for 44 h. We checked the spindle
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morphology in these oocytes by immunofluorescent staining
after GVBD. For MI oocytes injected with Chk1 siRNA, many
chromosomes of oocytes were in misalignment with abnormal
spindle (28.00 § 4.43 vs 35.53 § 5.69, P < 0.05, Fig. 2G and
H). These abnormal chromosomes showed partial delaying,
multiple equatorial plane or all in a mess. To confirm these
findings, we also cultured porcine oocytes in different concen-
trations of LY260361, a Chk1 inhibitor. When oocytes were
cultured in medium containing 5 mM LY260361 for 44 h, the
rate of maturation declined significantly compared to control
(60.23 § 3.55 vs 43.4 § 1.52, P < 0.05, Fig. S2). However, there
were no significantly difference between the rate of oocytes
through GVBD in medium with 10 mM LY260361 and control

(90.40 § 2.51 vs 88.20 § 3.40, P < 0.05, Fig. S3) when they
were cultured for 24 h. These results suggested that depletion
of Chk1 resulted in abnormal MI and meiotic arrest, and Chk1
was required for porcine oocytes maturation.

Chk1 overexpression declined the rate of GVBD oocytes
but had no effect on subsequent maturation progression

To further study the function of Chk1 during porcine oocyte
maturation, we overexpressed Chk1 by injecting Chk1 mRNA
synthesized in vitro into GV oocytes and cultured them with
2 mM dbcAMP for 2 h. The results showed that oocytes with
Chk1 overexpression had a higher level of Chk1 protein than

Figure 1. Expression and subcellular localization of Chk1 during porcine oocytes meiotic maturation. (A) Samples were collected after oocytes had been cultured for 0,
24 h, 28 h and 44 h, corresponding to GV, GVBD, MI and MII stages, respectively. Expression of Chk1 mRNA in different stage oocytes relative to that in GV oocytes. N D 3.
(B) Proteins from a total of 300 oocytes were loaded for each sample. The molecular mass of Chk1 is 54 kDa and that of b-actin is 42 kDa. (C) Subcellular localization of
Chk1-eGFP protein during porcine oocytes maturation. Bar D 25 mm.
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control (1 vs 1.53 § 0.04, P < 0.05, Fig. 3A). When these
oocytes were transferred into dbcAMP-free medium and fur-
ther cultured for 24 h, the rate of GVBD oocytes in Chk1 over-
expression group was declined in a great extent compared to
control (90.77 § 3.64 vs 37.17 § 2.77, P < 0.01, Fig. 3B).
When these oocytes were further cultured in dbcAMP-free
medium for 44 h, the rate of MII oocytes in Chk1 overexpres-
sion group was declined much more than control (66.57 §
0.93 vs 50.13 § 2.53, P < 0.05, Fig. 3C). To make it clear
whether Chk1 overexpression had an effect on maturation pro-
gression after GVBD or not, we got rid of oocytes that did not
undergo GVBD with DAPI staining and only counted the

matured oocytes after cultured for 44 h. We found that there
was no significant difference between Chk1 overexpression
group and control group in the rate of MII oocytes if oocytes
underwent GVBD (65.60 § 1.90 vs 57.53 § 2.24, Fig. 3D). It
could be concluded that Chk1 overexpression inhibited meiotic
recovery of porcine oocytes from GV stage and had no signifi-
cant effects on subsequent maturation progression.

Depletion of Chk1 inhibited the degradation of Cyclin B1

Oocytes recovered meiosis from GV stage, because MPF was
activated.43 However, CCNB1 started to be degraded once

Figure 2. Chk1 depletion induced oocytes to be arrested at the MI stage and impaired the spindle organization and chromosome alignment. (A) Expression of Chk1 mRNA
in the siRNA-injected oocytes. Porcine COCs were microinjected with the control and Chk1-specific siRNA, respectively. After injection, porcine COCs were incubated with
dbcAMP for 20 h and followed by qRT-PCR. (B) Expression of Chk1 protein in the siRNA-injected oocytes. Porcine COCs were injected with siRNA and incubated with
dbcAMP for 20 h, followed by Western blotting. The molecular mass of Chk1 is 54 kDa and that of b-actin is 42 kDa. (C) Relative levels of Chk1 protein between control
and Chk1 knockdown groups. (D) Percentage of GVBD oocytes in the control group and Chk1 siRNA microinjected group. (E) Percentage of MI oocytes in the control
group and Chk1 siRNA microinjected group. (F) Percentage of MII oocytes in the control group and Chk1 siRNA microinjected group. (G) Chk1 depletion triggered abnor-
mal chromosomes arrangement; (Blue ovals or circulars showed chromosomes arrangement. The macroaxis of ovals referred to the co-orientation of chromosomes. Circu-
lars also showed that the co-orientation was perpendicular to viewing plane. Bar D 10 mm. (H) Percentage of abnormal MI oocytes in the control group and Chk1 siRNA
microinjected group. All graphs show as mean § SE. �p<0.05. (KD, knockdown).
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oocytes developed to MI stage, which resulted in the deactiva-
tion of MPF.44 Therefore, we determined the level of CCNB1
after Chk1 knockdown. When COCs were injected with
CCNB1-eGFP mRNA or the mixture of Chk1 siRNA and
CCNB1-eGFP mRNA and cultured for 28 h, we found that
CCNB1-eGFP was distributed not only in the cytoplasm but
also at the spindle. To avoid the heterochrony of oocytes matu-
ration, we got rid of oocytes at other stage with fluorescence
microscope and then we found that the average relative inten-
sity of fluorescent CCNB1-eGFP in each abnormal oocytes was
significantly higher than it in normal oocytes (1 vs 1.35 § 0.07,
P < 0.05, Fig. 4A, B), which suggested that depletion of Chk1
inhibited the degradation of CCNB1.

Depletion of Chk1 resulted in the decrease ofMad2L1 and
Cdh1

SAC and APC/C took important roles before MI stage and in
late MI stage respectively. We tested whether the depletion of
Chk1 had effects on SAC or APC/C. When oocytes injected
with Chk1 siRNA were further cultured for 28 h, we found that
expressions of Mad2L1, one of SAC proteins, and Cdh1, one of
coactivators for APC/C, were decreased significantly compared
to control. However, Chk1 depletion had no effects on the
expression of Ndc80, one of kinetochore proteins, and Cdc20,
the other one of coactivators for APC/C (Fig. 4C).

Discussion

In this study, we used porcine oocytes as a model to investigate the
function of Chk1 during porcine oocyte maturation. As we know,
the signal transduction of DNA damage checkpoint is blocked
between ATM and Chk1 during porcine oocytes maturation. Our
results demonstrated thatChk1 regulated the degradation of Cyclin
B1 at anaphase I (AI) and maintained the expression of Mad2L1
and Cdh1 to activate SAC and APC-Cdh1 and degrade MPF,
which ensured that all chromosomes were accurately located in a
line, and then oocytes passed MI, entered AI and exited from the
first meiotic division successfully (Fig. 4D). Our observation is
important to indicate the mechanism of chromosomes separation
during porcinemeiotic maturation.

DNA damage checkpoint, consisting of ATM, ATR, Chk1 or
Chk2, Cdc25 and other related downstream proteins,45 has
extensive roles on cells growth by the signal pathway ATM/
ATR-Chk1/Chk2-Cdc25.46-48 Chk1 participates in numerous
molecular signal transductions.13,49 In recent studies, it was
found that the activation of DNA damage checkpoint contrib-
uted to function of SAC,50 and the depletion of Chk1 resulted
in abnormal mitotic progression because of consecutively inac-
tive SAC.51 Compare to the blastocyst cells, the ability of ATM
to be activated was limited in oocytes and phosphorylated
ATM was maintained at a basal level in mouse oocytes.30 It was
reported that porcine oocytes lacked DNA damage check-
point.32 It can be concluded that ATM could be activated but it

Figure 3. The effects of Chk1 overexpression (OE) on the porcine oocytes meiotic maturation. (A) Samples from control and the overexpression group were collected to
test the expression of Chk1 by Western blotting. The molecular mass of Chk1 is 54 kDa and that of b-actin is 42 kDa. (B) Percentage of GVBD oocytes in the control group
and Chk1 overexpression group. (C) Percentage of oocytes with first polar bodies (PB1) in the control group and Chk1 overexpression group. (D) Percentage of MII oocytes
in the control group and Chk1 overexpression group after GVBD. All graphs show as mean § SE. ��p<0.01. �p<0.05.
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was not easy in oocytes. Even if ATM was active, it could not
regulate Chk1 in porcine oocytes as same as it in somatic cells.
However, our result of Chk1 overexpression showed porcine
oocytes were arrested at GV stage. We speculated that Chk1
might inhibit Cdc25C and pre-MPF could not be activated.

Cyclin B1 is one of composition of MPF. Once oocytes enter
the stage of AI, Cyclin B1 starts to be degraded by active
APC/C.52 Because oocytes with Chk1 depletion were arrested at
MI and could not enter AI stage, we first classified normal and
abnormal MI oocytes, and then tested Cyclin B1 respectively.
Our results showed that Chk1 knockdown reduced the
degradation of Cyclin B1 in MI oocytes. Moreover, the similar
locations of Chk1 and Cyclin B1 indicated that there was a
close relation between them. We also found that Chk1 was
continuously expressed during porcine oocytes maturation and
this was similar to that in mouse oocytes, however, the
difference is that porcine oocytes had more expression of Chk1
protein in MI stage rather than pre-MI and Cyclin B1 was not
localized at the mouse oocyte spindle.31

In MI oocytes, all chromosomes are uniformly arranged in
the equatorial plane and their co-orientations are perpendicular
to the plane because each pair of homologous chromosomes are
under the forces to opposite directions.53 Once this process is
finished, SAC loses its activity and oocytes start to enter AI
stage.54 In our studies, we found the oocytes with Chk1 depletion
were arrested at MI stage and chromosomes were in

misalignment. As a key composition of SAC, Mad2 in the form
of closed conformation (C-Mad2) is located at kinetochores
unconnected with microtubes and combines with other proteins
to active SAC.55 In addition, it can combine with Cdc20 and
recruit other proteins to form meiosis checkpoint compounds
(MCC)56 which inhibit the activity of APC/C.54 NDC80 is a
component of kinetochore proteins which establish a connection
between chromosomal centromeres and microtubes of spindle.
NDC80 bridge is involved with the reductional division in meio-
sis I.57 Related studies have shown that Chk1 could interact with
Mad2.11 So we detected the expression of Mad2L1, Mad2L2, and
Ndc80 in Chk1 depleted oocytes. Our results showed that Chk1
depletion decreased the expression of Mad2L1, which was con-
sistent with the studies in somatic cells.12

Whether oocytes enter AI stage depends on the activity of
APC/C.52 In somatic cells, Cdh1 and Cdc20 are co-activators of
APC/C.58 APC/C-Cdc20 recognizes the D box of substrates, and
then degrades substrates by ubiquitination, for example Cyclin
B1. APC/C-Cdh1 degrades not only substrates containing D box
but also substrates containing KEN box, for example Pds1.59

Some studies showed that Cyclin B1 was degraded at AI, but
both Pds1 in which D box functional mutated and Cyclin B1
without D box were not degraded by APC/C.60,61 We checked
expressions of Cdc20 and Cdh1 after Chk1 knockdown and found
that the level of Cdc20 was not changed; however, the expression
of Cdh1 was reduced significantly. APC/C-Cdh1 takes roles at

Figure 4. Chk1 depletion inhibited Cyclin B1 degrading in oocytes at MI-AI. (A) The effects of Chk1 depletion on the Cyclin B1 degradation in normal and abnormal MI
oocytes. Red box is the area of amplificatory figure on the right. Left bar D 25 mm. Right bar D 10 mm. (B) Quantification of fluorescence intensity of CCNB1 in normal
and abnormal MI oocytes after Chk1 depletion. (C) The effects of Chk1 depletion on the expression of genes related to SAC or APC/C (including Mad2L1, Mad2L2, Cdc20,
Ndc80 and Cdh1). (D) Schematic illustrating function of Chk1 during porcine oocytes maturation. Chk1 functions at MI-AI stage rather than GV stage. Chk1 facilitated the
timely degradation of Cyclin B1 at anaphase I (AI) and maintained the expression of Mad2L1 and Cdh1 to activate SAC and APC-Cdh1 and degrade MPF. All graphs show
as mean § SE. �p<0.05.
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G2 stage or prophase I in somatic cells or mouse oocytes.62,63

Therefore, these results suggested that Chk1 might be important
in subsequent progress and early embryo development because
Cdh1 was involved in mitosis and exit from meiosis and it was
normally not activated at MI or AI stage in oocytes.64

Taken together, DNA damage checkpoint has been studied in
somatic cells; however, there are limited studies in oocytes, such as
Xenopus and mouse oocytes. We further verified that the matura-
tion of porcine oocytes did not need the DNA damage checkpoint,
which was different from the mouse oocyte maturation. Moreover,
we first reported that Chk1 regulated the timely degradation of
Cyclin B1 at AI and ensued that porcine oocytes could pass MI,
enter AI and exit from the first meiotic division successfully. These
results provide important information that could potentially be
used to culture porcine oocytes in vitro and provide more oocytes
with high quality for research or embryo production.

Materials and methods

Porcine oocytes collection and culture

Porcine ovaries were obtained from a slaughterhouse, put into the
normal saline at 38.5�C and transported to the laboratory in about
40 min. Follicular fluid from 3–6 mm antral follicles was aspirated
with an injection syringe the volume of which is 10 ml. COCs were
selected and culture as reported.65 The denuded oocytes obtained
fromCOCs were used for subsequent experiments.

Immunofluorescent staining and confocal microscope

For the staining of spindle, oocytes were fixed in 4% (W/V) para-
formaldehyde, washed in washing buffer (PBS with 0.01% Triton
X-100) for three times. The lipid droplets of oocytes were extracted
by placing oocytes into 50% methanol for 5 min, 100% methanol
for 5 min, and 100% acetone for 5 min in turn. Then oocytes were
washed three times (5 min each time), permeablized in permeabili-
zation solution (PBS with 1% Triton X-100 (V/V), 20 mM Hepes,
pH 7.4, 3 mM MgCl2, 50 mM NaCl, 300 mM sucrose, and 0.02%
NaN3) for least 8 h at RT. After oocytes had been blocked with 3%
BSA for 1 h at RT, they were stained with FITC-anti-a-tubulin
antibody (Sigma, F2168) at a dilution of 1:200 for 1 h at RT, washed
five times (10 min each time) and counterstained with 1 mg/ml
DAPI in vectashield mounting medium (Vector Laboratories, Bur-
lingame, CA) to stain DNA. For the observation of CCNB1,
oocytes were fixed in 4% (W/V) paraformaldehyde, washed three
times and stained with 1 mg/ml DAPI. Finally, all these oocytes
were mounted on glass slides. Slides were scanned by using a Zeiss
confocal microscope (Zeiss LSM 510 UV). At least 30 samples in
each group were analyzed in three repeated experiments.

RNA isolation, reverse transcription and qRT-PCR

Total RNA of each sample was isolated from 50 porcine oocytes
using an Arcturus Pico Pure kit (Life Technologies, Grand
Island, NY). Enhanced GFP (eGFP) cRNA was transcribed in
vitro from pIVT-eGFP66 and 1 ng was added to each sample
prior to RNA isolation as an internal control. The cDNA of
each sample was obtained using a Fast Quant RT kit (Tiangen).
Quantitative RT-PCR was performed according to the

instruction in Super Real PreMix Plus kit (Tiangen), using
cDNA of each sample. Relative gene expressions were calcu-
lated using the D Cq method67 with eGFP expression for nor-
malization. Primers were listed in Table S1.

Vector construction and transcription in vitro

The cDNAof porcine nephridial tissue and oocyte, as the templates
ofChk1 andCCNB1 genes cloning respectively, were obtained with
the method of RNA isolation and reverse transcription as previ-
ously mentioned. Chk1 and CCNB1 genes were respectively cloned
with DNA polymerase (Takara, Prime STARMix, DP214-02). The
products were used for A-tailing and TA cloning with DNA A-
Tailing kit (Takara, 6109), then transformed into competent
Escherichia coli cells. Positive colonies were selected and plasmids
were extracted with plasmid extraction kit (AxyGen, AP-MN-P-
50). Chk1 and CCNB1 were inserted into the pIVT vector and the
pIVT-C-eGFP vector. After linearization, these vectors were used
for in vitro transcription and tailing with mMESSAGE mMA-
CHINE T7 kit (Thermo, AM1344). The mRNA was purified with
RNAeasy kit (Tiangen) and stored at¡80�C.

Microinjection

Microinjections were performed using Nikon Ti-S inverted
microscope (Nikon, Japan). COCs were held by holding pipette
which had an outside diameter of about 120 mm, an inner
diameter of about 40 mm and an angle of about 30 at the tip.
Injection pipette which had an inner diameter of about 1 mm
was stuck into oocytes at depth of about 65 mm. SiRNA or
mRNA was injected by FemtoJet� 4i (Eppendorf, Germany).
To make sure that injection was successful, the expanded
oocyte cytoplasm should be as big as nucleus of GV oocyte by
adjusting the injection pressure of FemtoJet. For the Chk1
knockdown experiment, 5–10 pl Chk1 small interfering RNAs
(siRNAs, 50 mM) or negative control siRNA (Gene Pharma)
solution was injected into the cytoplasm of oocytes. For subcel-
lular localization of Chk1, 0.5 mg/mL Chk1-eGFP mRNA was
injected into the cytoplasm of GV oocytes. To observe CCNB1,
the mixture of 0.5 mg/mL CCNB1-eGFP mRNA and 50 mM
Chk1 siRNA was co-injected into the cytoplasm of GV oocytes;
as the control, 0.5 mg/mL CCNB1-eGFP mRNA was co-
injected into the cytoplasm. These microinjections were fin-
ished within 30 minutes. These COCs were exposed in 2 mM
dbcAMP for 20 h31 and then cultured in vitro. For the Chk1
overexpression experiment, 1.5 mg/mL Chk1 mRNA was co-
injected into the cytoplasm of oocytes. After exposed in 2 mM
dbcAMP for 2 h,31 the COCs were cultured in vitro.

Western blot

300 oocytes were lysed in RIPA lysis buffer (50 mM Tris-HCl,
150 mM NaCl, 1% (V/V) NP40, 0.5% (W/V) Sodium deoxy-
cholate, 0.1% (W/V) SDS, 1mM EDTA, 1mM NaF, 1mM
Na3VO4, 1mM PMSF and 1mM Aprotinin), heated at 98�C
for 10 min at SDS sample buffer. Proteins of the sample were
separated by SDS-PAGE and electrophoretically transferred to
polyvinylidene fluoride (PVDF) membranes (Millipore, Biller-
ica, MA, USA). Membranes were blocked in 5% skim milk for
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1 h, and then incubated with rabbit anti-CHK1 antibody
(Sigma, PLA0085, 1:1000) or rabbit anti-b-actin antibody
(abcam, ab8227, 1:2000) overnight at 4�C. After washing in
TBST for 3 times (10 min each time), membranes were incu-
bated with HRP-conjugated goat anti-rabbit IgG (Beijing Bio-
dragon Immunotechnologies Co., Ltd, BF03008, 1:1000) at RT
for 1 h, and detected by chemiluminescence reagent ECL
(Thermo Fisher Scientific, 32106).

Statistical analysis

For fluorescence intensity analysis, the control and treated
oocytes were mounted on the same glass slide and used the
same parameters to normalize across the replicates. Using
Image J, for each figure with fluorescent oocytes, background
was subtracted. Each oocyte was circled and selected, then
cropped. For each oocyte, a value which represented fluores-
cence intensity was got. We omitted the abnormal oocytes with
strong or weak fluorescence intensity. Average intensities of
control and treated oocytes were made after testing all of the
measurements. For qRT-PCR results, the level of mRNA in
control or at GV stage was set to 1. For western blot results, the
band intensity was measured by Image J and control band
intensity was set to 1. Each analysis used at least three replicates
and each replicate was finished by an independent experiment.
Results were endowed as means § SEM. Statistical evaluation
of the data was performed with a 2-tailed Student’s t test in
prism. A p-value of < 0.05 was considered significant which
was showed as “�”. A p-value of < 0.01 was considered great
significant which was showed as “��”.
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