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Cytochrome P450 lanosterol 14�-demethylase
(CYP51) is a key enzyme in sterols and steroids
biosynthesis that can induce meiotic resumption in
mouse oocytes. The present study investigated the
expression mechanism and function of CYP51 dur-
ing FSH-induced mouse cumulus oocyte com-
plexes (COCs) meiotic resumption. FSH increased
cAMP-dependent protein kinase (PKA) RII� level
and induced cAMP response element-binding pro-
tein (CREB) phosphorylation and CYP51 expres-
sion in cumulus cells before oocyte meiotic re-
sumption. Moreover, CYP51 and epidermal growth
factor (EGF)-like factor [amphiregulin (AR)] expres-
sion were blocked by 2-naphthol-AS-Ephosphate
(KG-501) (a drug interrupting the formation of
CREB functional complex). KG-501 and RS21607 (a
specific inhibitor of CYP51 activity) inhibited oo-
cyte meiotic resumption, which can be partially

rescued by progesterone. These two inhibitors
also inhibited FSH-induced MAPK phosphoryla-
tion. EGF could rescue the suppression by KG-501
but not RS21607. Furthermore, type II PKA analog
pairs, N6-monobutyryl-cAMP plus 8-bromo-cAMP,
increased PKA RII� level and mimicked the action
of FSH, including CREB phosphorylation, AR and
CYP51 expression, MAPK activation, and oocyte
maturation. All these data suggest that CYP51
plays a critical role in FSH-induced meiotic re-
sumption of mouse oocytes. CYP51 and AR gene
expression in cumulus cells are triggered by FSH
via a type II PKA/CREB-dependent signal pathway.
Our study also implicates that CYP51 activity in
cumulus cells participates in EGF receptor signal-
ing-regulated oocyte meiotic resumption. (Molec-
ular Endocrinology 22: 1682–1694, 2008)

FULLY GROWN MAMMALIAN oocytes are arrested
at the germinal vesicle (GV) stage of the first mei-

otic division by meiosis-arresting factors such as
cAMP (1, 2) and hypoxanthine (HX) (3, 4). Reinitiation

of meiosis occurs as a consequence of the preovula-
tory surge of gonadotropins, particularly LH (5). Oo-
cytes of GV stage undergo gonadotropin-independent
spontaneous meiotic maturation when they are re-
moved from follicles (6). FSH also induces oocyte mei-
otic resumption in vitro when spontaneous maturation
is prevented by HX or cAMP-elevating agents (7, 8).
The FSH-induced model of cumulus oocyte com-
plexes (COCs) is generally used to study mechanism
of gonadotropins-induced oocyte maturation, be-
cause LH receptors are absent or express at very low
levels in cumulus cells (9, 10) and LH has no effect on
mouse COC maturation (11–13). It has been shown by
many groups that the change of cAMP level and ac-
tivation of MAPK are essential for gonadotropin-in-
duced oocyte maturation (14, 15). However, the signal
transduction pathway between cAMP and MAPK is
not well understood.

It has been well established that a notable surge of
cAMP in follicle and COC may trigger germinal vesicle
breakdown (GVBD) after stimulation with LH or FSH
(16, 17). A linear cAMP signaling cascade generally
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requires activation of cAMP-dependent protein kinase
(PKA), which modulates the cAMP response by phos-
phorylating certain substrates. In the inactive state,
PKA is a tetramer consisting of two identical catalytic
(C) subunits, which includes at least three subtypes
(C�, C�, C�), and two regulatory (R) subunits (RI, RII)
that each exist as �- and �-isoforms (18, 19). Binding
of cAMP to the two sites on each R subunit leads to
dissociation of RC dimers, releasing activated C sub-
units (20). There are two types of PKA, I and II, differing
from their R subunits. Unlike type I PKA (PKAI) which
is more sensitive to slight increases of cAMP, type II
PKA (PKAII) is preferentially responsive to higher and
discrete cAMP levels (20, 21). Both type I and II PKA
are detected within rodent oocytes and cumulus cells
(22, 23). By using site-selective cAMP analogs, recent
studies show that activation of PKA I suppresses mei-
otic resumption of COCs and denuded oocytes (DOs);
however, the activation of PKAII induces GVBD of
COCs but inhibits spontaneous maturation of DOs (23,
24). These works imply that PKAII in cumulus cells may
be the major subtype responsible for inducing oocyte
meiotic resumption.

Because the oocyte is lacking gonadotropin recep-
tors, it has been hypothesized that gonadotropin ex-
erts its effect via a positive meiosis factor synthesized
by cumulus cells indirectly, rather than a direct action
on the oocyte (7). It has been proved that, in lower
vertebrates such as Xenopus, progesterone stimu-
lated by gonadotropins serves as such a positive mei-
osis factor (25, 26), whereas in mammals, the positive
factors and their product chain are still not clear. Re-
sults by using sterol biosynthesis inhibitors support
that follicular fluid meiosis-activating sterols (FF-MAS)
is a potentially positive factor of the FSH-induced sig-
nal transduction pathway (13, 27). In addition, mouse
DOs arrested by 3-isobutyl-1-methylxanthine are trig-
gered to mature by testosterone or estradiol (28). Fur-
thermore, some studies indicate that FSH and LH
induce meiotic resumption through a secretion of pro-
gesterone by cumulus cells in mouse and pig (29–31).
Thus, gonadotropin-induced steroidogenesis may
also play an important role in mammal oocyte matu-
ration. More recently, several studies have demon-
strated either of the two gonadotropins uses epider-
mal growth factor (EGF) receptor (EGFR) signaling as
a potential central pathway in murine oocyte matura-
tion. EGF-like factors, especially amphiregulin (AR),
participate in gonadotropin-induced mouse oocytes
meiotic resumption through a transcriptional regula-
tion (32–34). Notably, steroid production, such as pro-
gesterone, regulated by epidermal EGFR signaling, is
necessary for LH-induced oocyte maturation (31). It is
interesting to explore the action that gonadotropin
exerts on the induction of EGFR signaling and steroi-
dogenesis in cumulus cells.

Involving FF-MAS and steroids biosynthesis, cyto-
chrome P450 lanosterol 14�-demethylase (CYP51) is
a rate-limiting enzyme for catalyzing the first step after
cyclization in sterol biosynthesis (35). The results that

FSH-induced meiotic resumption could be inhibited by
specific inhibitors of CYP51 in mouse follicle-enclosed
oocytes (FEOs) and porcine COCs (27, 36) reveal that
CYP51 plays an important role in FSH-induced oocyte
meiotic process. As an evolutionarily conserved gene
of the cytochrome P450 superfamily (37), CYP51 gene
contains sterol-regulatory element and cAMP re-
sponse element (CRE), which implies two regulatory
mechanisms: general feedback regulation by sterols
levels and characteristic cAMP response element-
binding protein (CREB)/CRE modulator transcription
(35, 38, 39). Similarly, the CRE is also conserved in AR
promoter (40). A role of CREB in the regulation of AR
mRNA expression is further supported in epithelial
cells (41) and tumor cells (42).

To better understand the roles of CREB signaling
and steroidogenesis on FSH action, the present ex-
periments were designed to determine 1) whether
PKAII and CREB phosphorylation in cumulus cells are
involved in FSH-induced oocyte maturation; 2) the
effects of PKAII activation and CREB phosphorylation
on CYP51 and AR expression; 3) the possible role of
CYP51 on MAPK phosphorylation and meiotic
resumption.

RESULTS

FSH Increased PKA RII� Level during Oocyte
Maturation

In the preliminary experiment shown in Fig. 1A, FSH
significantly induced GVBD (12 h, 57.78%; 24 h,
78.02%) compared with oocytes cultured in the con-
trol treatment (12 h, 15.27%; 24 h, 23.74%, P � 0.01,
respectively), which coincided with the results of pre-
vious reports (13, 14).

Western blotting analysis showed that, under the
stimulation of FSH, PKA RII� in cumulus cells signifi-
cantly increased at 2 h and decreased in the following
incubation period, whereas only slight RII� was de-
tected in the control group during 0–12 h of culture. In
addition, there was a lower C subunit level in the FSH
group compared with the control group at each cor-
responding time point (Fig. 1B).

Site-Selective cAMP Analogs of PKAII Increased
PKA RII� Level and Stimulated Oocyte Meiotic
Resumption

As shown in Fig. 2A, using 250 �M N6-monobutyryl-
cAMP (N6-cAMP) as a priming compound, 8-bromo-
cAMP (8-Br-cAMP) promoted oocyte GVBD in a dose-
dependent manner (0 �M: 24.51%; 50 �M: 32.92%;
100 �M: 51.89%; 250 �M: 74.80%; 500 �M: 72.07%;
control: 27.71%) and cumulus expansion (data not
shown) of COCs, but had no effect on maturation of
DOs (data not shown). Using the same drug treatment,
PKA RII� level within cumulus cells was increased in a
dose-dependent fashion, whereas PKA C subunit had
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no obvious change (Fig. 2B). Treatment of COCs with
N6-cAMP and 8-Br-cAMP, each at a concentration of
250 �M, was the most effective for stimulating PKA
RII� level and oocytes maturation. Therefore, paired
combination of these two cAMP analogs, each at 250
�M, was used for activating PKAII in experiments 1–6
(see Materials and Methods).

Phosphorylation of CREB in Cumulus Cells
Involved in FSH- and PKAII Analog Pairs-Induced
Oocyte Meiotic Resumption

During exposure to FSH, there was a significant in-
crease of phosphorylated CREB in cumulus cells at
1–3 h (Fig. 3B), whereas weak phosphorylated forms
with no change was observed in control group (Fig.
3A). Likewise, transient high level of phosphorylation
of the CREB in response to N6-cAMP plus 8-Br-cAMP
was observed at 2–3 h, followed by immediate de-
phosphorylation (Fig. 3C).

2-Naphthol-AS-Ephosphate (KG-501) (a drug inter-
rupting the formation of CREB functional complex)
inhibited FSH- and N6-cAMP plus 8-Br-cAMP-in-
duced oocyte meiotic resumption in a dose-depen-
dent manner (0 �M, 78.96% and 76.25%; 5 �M,
74.35% and 72.54%; 10 �M, 68.48% and 65.89%; 25
�M, 24.78% and 25.71%) (Fig. 3D). KG-501 (50 �M)
significantly inhibited oocyte maturation induced by
FSH but increased the percentage of oocyte degen-
eration (data not shown). Thus, treatment of COCs
with 25 �M KG-501 was the most effective dose and
was used in experiments 1–6.

Fig. 2. The Effect of Pulsing COCs with PKAII Analog Pairs
on PKA RII� and C Subunit Levels and Meiotic Maturation

COCs were incubated in HX medium supplemented with
250 �M N6-cAMP (N6) and increasing concentration of 8-Br-
cAMP (8-Br) (0–500 �M) for 3 h, and then transferred into a
fresh, analog pairs-free HX medium for an additional 20 h.
The GVBD rate was recorded after culture. COCs were cul-
tured in HX medium as a control. Columns with different
letters were significantly different (P � 0.05) (A). Cumulus
cells were collected at 3 h for Western blot analysis of RII�
and C subunits (Cat) (B). The experiment was performed at
least three times with similar results.

Fig. 1. The Effect of FSH on PKA RII� and C Subunit Levels
within Cumulus Cells during Oocyte Meiotic Resumption

COCs were cultured with or without 50 IU/liter FSH in HX
medium for 24 h. The rate of GVBD was scored at 4-h
intervals during the culture. Data were represented as mean
percentage of GVBD � SEM of three independent experi-
ments. *, P � 0.01, compared with each corresponding time
point in the control group (A). Cumulus cells from 50 COCs
treated with or without FSH were collected at various time
points for immunoblotting. The densitometric data of RII�
and C (Cat) subunits were normalized according to GAPDH to
evaluate the relative abundance of the targets. Columns with
different letters were significantly different (P � 0.05) (B). The
experiments were performed three times with similar results.

1684 Mol Endocrinol, July 2008, 22(7):1682–1694 Ning et al. • Regulation of CYP51 by FSH in Mouse Cumulus Cells
D

ow
nloaded from

 https://academ
ic.oup.com

/m
end/article/22/7/1682/2661347 by guest on 21 August 2022



The Role and Kinetics of CYP51 in FSH-Induced
Oocyte Meiotic Resumption

The effect of CYP51 on FSH-induced oocyte matura-
tion was studied by the inhibitors. Under the stimula-
tion of 50 IU/liter FSH, the percentages of the oocyte
undergoing GVBD and first polar body (PB1) extrusion
increased to 71.00% and 59.18%, respectively. Keto-
conazole (10 �M) drastically inhibited GVBD and PB1
extrusion induced by FSH to 21.84% and 18.52%,
separately (Fig. 4A). Likewise, RS21607, a more potent
and highly specific inhibitor of CYP51 (44), showed a
dose-dependent block of GVBD (0 �M, 67.13%; 5 �M,
58.87%; 10 �M, 40.45%; 25 �M, 23.24%) and PB1
extrusion (0 �M, 44.70%; 5 �M, 33.86%; 10 �M,
18.23%; 25 �M, 16.35%). (Fig. 4B). The rates of de-
generation of oocytes in all concentration of RS21607
were less than 10% in our experiment (data not
shown).

RT-PCR data showed that FSH significantly in-
creased CYP51 mRNA expression after 2 h treatment,
arrived at peak at 4 h, which was about 3-fold of the
corresponding control group, and decreased after this
period (Fig. 5A). A low level of CYP51 gene expression
was observed in the control group throughout the
process of culture. Concordant with mRNA data, cu-
mulus cell lysates prepared from FSH treatment
showed an increase in the cellular CYP51 protein level.
As shown in Fig. 5B, FSH increased CYP51 protein
level after 4 h of incubation, arrived at maximal level at
6 h, and kept a relative high level to the end of culture.
Similar results were obtained when COCs were pulsed
with 250 �M N6-cAMP and 8-Br-cAMP: CYP51 gene
level increased after 2 h and then rose to maximal level
at 4 h, which is about 3-fold of corresponding control
group (Fig. 5C). A notable enhancement of CYP51
protein expression occurred at 6–8 h (Fig. 5D).

Fig. 3. Kinetics of CREB Phosphorylation within Cumulus
Cells of COCs in Response to FSH or N6-cAMP Plus 8-Br-
cAMP and the Effect of KG-501 on Oocyte Maturation

Cumulus cells from 50 COCs were collected at various time
point for immunoblotting with anti-phos CREB and anti-CREB
antibodies.COCs were cultured in HX medium with or without
50 IU/liter FSH (A). COCs were cultured in HX medium contain-
ing 50 IU/liter FSH (B) or pulsing with 250 �M N6-cAMP and
8-Br-cAMP for 3 h (C). Different concentrations of KG-501 (0–25
�M) were added when mouse COCs were cultured in HX me-
dium containing 50 IU/liter FSH or pulsing with 250 �M N6-
cAMP (N6) plus 8-Br-cAMP (8-Br). The percentage of GVBD
was recorded at 24 h of culture. Columns with different letters
were significantly different (P � 0.05) (D). The experiment was
performed three times with similar results. pCREB, Phosphor-
ylated CREB.

Fig. 4. Effects of Ketoconazole or RS21607 on FSH-Induced Mouse COCs Meiotic Resumption
COCs were cultured in HX medium containing 50 IU/liter FSH with 10 �M ketoconazole (K) (panel A) or 0, 5, 10, and 25 �M

RS21607 (RS) (panel B) for 22–24 h, after which GVBD (%) and PB1 (%) were recorded. Columns with different letters were
significantly different (P � 0.05). Each independent experiment was repeated at least three times.

Ning et al. • Regulation of CYP51 by FSH in Mouse Cumulus Cells Mol Endocrinol, July 2008, 22(7):1682–1694 1685
D

ow
nloaded from

 https://academ
ic.oup.com

/m
end/article/22/7/1682/2661347 by guest on 21 August 2022



Phosphorylation of CREB in Cumulus Cells
Involved in FSH- and PKAII Analog Pairs-Induced
AR and CYP51 Expression

KG-501 attenuated CYP51 mRNA and protein expres-
sion within cumulus cells at corresponding high level
expression time points in FSH and N6-cAMP plus
8-Br-cAMP groups (Fig. 6, A–D). As shown in Fig. 6, E
and F, AR mRNA expression increased at 4 h after
FSH or N6-cAMP plus 8-Br-cAMP stimulation, which
coincided with Shimada’s report (45). However, 25 �M

KG-501 significantly inhibited AR mRNA expression.
These results indicate that AR and CYP51 are up-
regulated via a CREB/CRE-dependent mechanism

during meiotic resumption triggered by FSH and PKAII
analog pairs.

EGF Could Rescue MAPK Phosphorylation and
Oocyte Meiotic Resumption Suppressed by KG-
501 But Not by RS21607

As shown in Fig. 7A, 10 ng/ml EGF could reverse the
inhibitory effect of 25 �M KG-501 on GVBD induced by
FSH (from 24.20% to 86.16%) or N6-cAMP plus 8-Br-
cAMP (from 25.13% to 77.20%) but did not have any
statistical significant effect on oocyte meiotic resump-
tion blocked by RS21607. Whereas only the low level
phosphorylation of MAPK was detected and sustained

Fig. 5. Time-Dependent Changes of CYP51 mRNA and Protein Level within Cumulus Cells of COCs in Response to FSH or
N6-cAMP (N6) � 8-Br-cAMP (8-Br)

COCs were treated with 50 IU/liter FSH or pulsed with 250 �M N6-cAMP and 8-Br-cAMP in HX medium. COCs were cultured
in HX medium as a control. Sample of cumulus cells at various time points were collected for RT-PCR and immunoblotting. CYP51
mRNA and protein levels induced by FSH (panels A and B) or N6-cAMP plus 8-Br-cAMP (panels C and D) during 0–12 h were
analyzed. The densitometric data of CYP51 were normalized according to internal standards (�-actin and GAPDH) to evaluate the
relative abundance of the targets. *, P � 0.05, compared with each corresponding group in the control. These results are
representative of three experiments.
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during procedure of cultivation in control group, FSH
or N6-cAMP plus 8-Br-cAMP activated MAPK sequen-
tially in cumulus cells, and reached the maximal phos-
phorylation level at 8 h (Fig. 7, B and C), which was
significantly inhibited by KG-501 and RS21607 (Fig.
7D, lanes 4 and 5; Fig. 7E, lanes 4 and 5). In addition,
EGF could reverse the inhibitory effect of KG-501 on
MAPK phosphorylation induced by FSH and N6-cAMP
plus 8-Br-cAMP (Fig. 7D, lanes 7 and 8) but had no
effect on FSH � RS21607 and N6-cAMP plus 8-Br-
cAMP � RS21607 groups (Fig. 7E, lanes 7 and 8).

Progesterone Rescued KG-501 and RS21607-
Inhibited Oocyte Meiotic Resumption

Both 25 �M KG-501 and 25 �M RS21607 had no
significant effect on mouse COCs in control group,
whereas each drastically inhibited the positive effect of
FSH on GVBD (from 78.70% to 33.48% and 30.24%),
respectively. The inhibitory effects of KG-501 and
RS21607 on meiotic resumption were partially over-
ridden by the addition of 100 ng/ml progesterone
(GVBD, 60.25% and 56.88%) (P � 0.05) (Fig. 8).

Fig. 7. The Effects of PKAII Analog Pairs, EGF, RS21607, or
KG-501 on Mouse Oocyte Meiotic Resumption and MAPK
Phosphorylation within Cumulus Cells of COCs

COCs were treated with 50 IU/liter FSH, 10 ng/ml EGF, or
pulsed with 250 �M N6-cAMP (N6) plus 8-Br-cAMP (8-Br) in HX
medium containing 25 �M KG-501(KG) or 25 �M RS21607 (RS).
The percentage of GVBD was recorded at 24 h of culture. COCs
were cultured in HX medium as a control. Columns with different
letters were significantly different (P � 0.01) (panel A). Cumulus
cells of COCs were collected at 0, 4, 6, 8, and 12 h of drug
treatment for Western blot analysis of MAPK phosphorylation
with anti-p-ERK1/2 and anti-ERK2 antibodies: B, HX vs. FSH; C,
HX vs. N6-cAMP plus 8-Br-cAMP. Cumulus cell samples were
collected at 8 h after different treatment in HX medium for
Western blot analysis of MAPK phosphorylation: D, 10 ng/ml
EGF was supplemented to assess the potential rescue on
MAPK phosphorylation suppressed by KG-501; E, 10 ng/ml
EGF was supplemented to assess the potential rescue on
MAPK activation inhibited by RS21607. The experiment was
performed three times with similar results. pERK, Phosphory-
lated ERK; U, U0126.

Fig. 6. The Effect of KG-501 on CYP51 and AR Expression
Induced by FSH or N6-cAMP � 8-Br-cAMP

COCs were treated with 25 �M KG-501 in HX medium
containing 50 IU/liter FSH or pulsing with 250 �M N6-cAMP
(N6) plus 8-Br-cAMP (8-Br). Samples of cumulus cells were
collected at 3 and 4 h for RT-PCR, and at 6 h and 8 h for
Western blot analysis of CYP51 expression, when 25 �M

KG-501 was added to FSH group (panels A and B, respec-
tively) or N6-cAMP plus 8-Br-cAMP group (panels C and D,
respectively). Cumulus cells at 4 h with above treatment were
collected for analyzing AR mRNA expression under the stim-
ulation of FSH (panel E) or N6-cAMP plus 8-Br-cAMP (panel
F). Cumulus cells of COCs at 0 h were used for control. The
experiment was performed three times with similar results.
KG, KG-501.
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DISCUSSION

Gonadotropin-induced production of sterols and ste-
roid hormones plays an important role in mammalian
oocyte maturation (13, 29, 31, 36), and CYP51 is a key
enzyme involved in sterol biosynthesis and steroido-
genesis. By using in vitro meiosis-induced model of
mouse cumulus oocyte complexes (COCs), our stud-
ies demonstrate that FSH increased PKA RII� level
and induced phosphorylation of CREB and CYP51
expression within cumulus cells during oocyte matu-
ration. Moreover, interrupting the formation of CREB
functional complex by KG-501 attenuated CYP51 ex-
pression and oocyte maturation. RS21607, a specific
inhibitor of CYP51, blocked meiosis induced by FSH,
which was overridden by progesterone. Furthermore,
PKAII analog pairs triggered the similar events, includ-
ing CREB phosphorylation, AR and CYP51 expres-
sion, MAPK activation, and oocyte maturation as FSH
did. All these results suggested that FSH induces oo-
cyte meiotic resumption via a PKAII/CREB/CYP51
pathway within cumulus cells.

It was reported that an acute cAMP in response to
human chorionic gonadotropin can activate type II
PKA in rabbit ovarian follicles (46). In our study, an
increase of dissociated PKA RII� level were detected
in cumulus cells under the stimulation of FSH, which
coincided with the timing of a transient cAMP level
elevation in response to FSH (16). Generally, cAMP
activates PKA by causing the C subunit to physically
dissociate from the R subunit. Thus, the increased RII�
level suggested the activation of type II PKA in FSH-
induced oocyte meiotic resumption. A brief treatment
with N6-cAMP plus 8-Br-cAMP that increased RII�
subunit level not only triggered oocyte maturation,
which is consistent with the observation of Downs and

Hunzicker-Dunn (23), but also performed a sequence
of CREB phosphorylation, AR, CYP51 up-expression,
and MAPK activation as FSH did in the meiosis pro-
cess. Taken together, data in this point suggest that
FSH induces oocyte maturation by mediating PKAII
within cumulus cells of COCs. Although the previous
work found that PKAII cAMP analogs inhibit sponta-
neous maturation of DOs (24), but N6-cAMP plus 8-Br-
cAMP did not give an inhibition of GVBD of COCs in
the present experiment. It is possibly due to pulsing
COCs with PKAII analog pairs, which transiently acti-
vates PKAII in cumulus cells and leads to oocyte mat-
uration, whereas constant activation of PKAII main-
tains arrest of DOs.

As mentioned, dissociation of RC dimers of PKA
leads to C subunit activation. In the present experi-
ment, an attenuated PKA C subunit level is detected
which seems not to coincide with the increase of PKA
RII� level in response to FSH. The discordance is likely
ascribed to type I and II PKA sharing the same C
subunits (18, 19); therefore, C subunit level cannot
exactly show the activity either of two types of PKA.
Analyzing the present data, it is possible that a major-
ity of PKA C subunit is dissociated from PKAI holoen-
zyme in the HX group, with respect to lower PKA RII�
level; in contrast, a significant increase of RII� level
with a decrease of C subunit level is detected in the
FSH group, which implies an increase of PKAII activity
concurrent with the activity of PKAI decrease in re-
sponse to FSH. Namely, PKAI activity is likely down-
regulated whereas PKAII activity is up-regulated within
the cumulus cells, which mediate meiotic resumption
in response to FSH. To confirm this hypothesis, further
work on the regulation of PKA RI subunit during go-
nadotropin-induced oocyte maturation is needed. In
any case, PKA RII� level within cumulus cells in-
creased in response to FSH, which was evidence for
the activation of PKAII in FSH-induced oocyte meiotic
resumption.

Mammalian CYP51 encodes lanosterol 14�-de-
methylase, which is a key enzyme involved in FF-MAS
and steroids (e.g. testosterone, progesterone, and es-
tradiol) biosynthesis. In the present experimental
model, a dose-dependent inhibitory effect of RS21607
on FSH-induced GVBD and the similar inhibitory effect
of ketoconazole were observed. In fact, previous re-
ports about the effect of CYP51 protein inhibitors (e.g.
RS21745, RS21607, ketoconazole) on meiotic matu-
ration are inconsistent. Significantly suppressible ef-
fects of these inhibitors on FSH-induced GVBD of
COCs or FEOs have been reported by the recent re-
search in pig and mouse (27, 36, 47), whereas these
inhibitors did not prevent the LH-induced oocyte mat-
uration of FEOs, and did not affect spontaneous mat-
uration of COCs in rat (48, 49). The inconsistent results
may be explained by the following aspects. First, ke-
toconazole is not a specific inhibitor of CYP51 but an
inhibitor blocking the activity of nearly all cytochrome
P450 enzymes. Furthermore, to rule out the possibility
of undefined culture conditions, media, and the variety

Fig. 8. The Effects of Progesterone on KG-01 (KG) or
RS21607 (RS)-Inhibited Oocyte Meiotic Resumption

COCs were cultured in HX medium containing 25 �M KG-
501 or 25 �M RS21607 with or without 50 IU/liter FSH. Pro-
gesterone (P4) (100 ng/ml) was used to rescue inhibition. The
percentage of GVBD was recorded at 24 h of culture. COCs
were cultured in HX medium as a control. Columns with
different letters were significantly different (P � 0.05).
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of animal species (50), the varying results among dif-
ferent research groups may be ascribed to different
gonadotropins. It is possible that CYP51/sterol or ste-
roid pathway is necessary for FSH-induced oocyte
meiosis but not for LH-induced oocyte maturation. LH
and FSH may either directly overlap or utilize redun-
dant pathways in oocyte maturation. However, recent
studies support that progesterone is essential for LH-
induced oocyte maturation (29–31). Thus, it is neces-
sary to define in future work whether sterol or steroid
pathway is involved in LH-induced oocyte meiotic re-
sumption. Presently, we provided the evidence that
CYP51 expression of cumulus cells was significantly
up-regulated in response to FSH, which was pre- or
perimeiotic resumption; RS21607, a specific CYP51
inhibitor, significantly inhibited FSH-induced oocyte
maturation. These results suggest that CYP51 takes
part in FSH-induced mouse meiotic resumption. No-
tably, steroid production, especially progesterone,
regulated by EGFR signaling, is necessary for LH-
induced oocyte maturation (31). In our study, EGF
failed to rescue oocyte meiotic resumption sup-
pressed by RS21607, which implies a regulation of
CYP51 activity involved in EGFR signaling. Also, com-
patible with the earlier study that progesterone could
rescue the suppression of GVBD by ketoconazole (30),
progesterone here partially overrode RS21607-inhib-
ited oocyte meiotic resumption. Thereby, CYP51 in
cumulus cells perhaps exerts its role by facilitating
steroidogenesis to influence oocyte maturation in re-
sponse to gonadotropin.

As a well-known transcription factor employed by
cAMP, CREB is generally activated by phosphoryla-
tion at serine residue 133 and is believed to induce
gene expression by binding to a conserved CRE se-
quence in the promoter (51). In our study, a transient
phosphorylation of CREB could be observed under
the stimulation of FSH and PKAII analog pairs, and
interrupting the formation of CREB functional complex
by KG-501 could inhibit oocyte maturation in a dose-
dependent manner; these suggested a CREB-regu-
lated gene transcription involved in FSH/PKAII signal
cascades. Meanwhile, numerous genes were regulated
by CREB in response to hormone; we demonstrate here
that CYP51 and AR are two of the target genes in the
process of FSH-induced oocyte maturation, with the
results that KG-501 effectively down-regulated the up-
expression of CYP51 and AR mRNA induced by FSH.
Moreover, EGF successfully reversed the inhibitory ef-
fect of KG-501 on GVBD induced by FSH, which sup-
ports the finding that gene transcription is required in
FSH-induced but not EGF-induced oocyte maturation,
as Downs et al. (52) and Farin et al. (53) reported.

Accumulating evidence suggests that the MAPK
cascade in cumulus cells is necessary for gonado-
tropin-induced meiotic resumption (13, 14, 54). How-
ever, the regulation of MAPK in cumulus cells is not so
clear. In the present study, activation of MAPK occur-
ring downstream of PKAII/CREB/CYP51 within cumu-
lus cells is implicated by the following observations.

First, FSH and PKAII analog pairs stimulated phos-
phorylation of MAPK in cumulus cells. Second, KG-
501 or RS21607 blocked both phosphorylation of
MAPK and oocyte maturation induced by FSH or
PKAII analog pairs. Moreover, EGF appears to be nec-
essary for gonadotropin-induced meiotic resumption,
and p42/44MAPK in cumulus cells has been proved to
be its downstream signal response (14, 45, 55, 56).
EGFR signaling modulates MAPK phosphorylation,
and oocyte maturation possibly requires a CYP51 ac-
tivity, because EGF could rescue the activation of
MAPK and oocyte meiotic resumption suppressed by
CREB-transcriptional inhibitor but not by the specific
inhibitor of CYP51. It has been reported by Norman et
al. (57) that steroid hormone interacts with plasma
membrane steroid receptors and then activates MAPK
cascade to initiate biological responses. Recent stud-
ies found that MAPK activity is required for growth
differentiation factor 9 to promote cumulus expansion
(58). Another finding showed that MAPK mediates LH-
induced FEO maturation by interrupting cell-to-cell
communication through phosphorylation of con-
nexin43 (54). It will be interesting to investigate the
relationship between these events downstream of
MAPK and the steroids signal pathway.

Although it is still controversial whether CYP51 me-
diates LH-induced oocyte maturation, similar events
occur between LH- and FSH-induced oocyte meiotic
resumption, with respect to Gs-cAMP signaling and
MAPK activation. In addition, several studies have
demonstrated that both of the two gonadotropins use
EGFR signaling as a potential central pathway in mu-
rine oocyte maturation (32–34). These findings indicate
that the mechanism of FSH- and LH-induced oocyte
maturation may share some similarities. In the present
study, a FSH-induced meiosis model in vitro was em-
ployed, which is a useful experimental model for ex-
amining the potential signal pathways in gonadotro-
pin-induced oocyte maturation and is commonly
adopted to identify the role of cumulus cells and the
oocyte in the control of the resumption of meiosis (13,
14, 34, 59, 60). Our results indicate a possible signal
pathway in FSH-induced oocyte maturation that FSH
uses PKAII as a downstream mediator, which leads to
phosphorylation of CREB, AR, CYP51 expression, and
MAPK activation within cumulus cells. A schematic
diagram of these pathways and their interaction is
shown in Fig. 9. Our work is expected to provide some
basic information for clarifying the physiological mech-
anism of gonadotropin-induced oocyte maturation
and improving in vitro oocyte maturation systems for
animal and human clinical applications.

MATERIALS AND METHODS

Experimental Animals

Immature 21- to 23-d-old Kunming White female mice (out-
breed strain) were used for all experiments. All animal treat-
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ment procedures were approved by the Animal Care Com-
mittee of China Agricultural University. Mice were housed
under controlled temperature (24 � 1 C) and lighting (12 h
light/12 h darkness) with food and water ad libitum. Follicle
development was primed by ip injection of each mouse with
5 IU equine chorionic gonadotropin and mice were killed by
cervical dislocation 44–48 h later.

Experimental Design

Experiment 1: the Effect of FSH on PKA RII� and C sub-
units Levels. To investigate whether PKAII signal cas-
cades are activated by FSH, we detected the R and C subunit
levels of PKAII within cumulus cells during FSH-induced oo-
cyte meiotic maturation. Mouse COCs were exposed to HX
medium containing 50 IU/liter FSH. Samples of cumulus cells
were collected at various time points for Western blot anal-
ysis of PKA RII� and C subunits.
Experiment 2: the Effect of PKAII Analog Pairs on PKA
RII� and C Subunit Levels and Oocyte Meiotic Matura-
tion. COCs were pulsed with 250 �M N6-cAMP and in-
creasing concentration of 8-Br-cAMP (0–500 �M) in HX me-
dium. GVBD of oocytes was investigated at 24 h of culture,
and cumulus cells were collected at 3 h of incubation for
Western blot analysis of PKA RII� and C subunits.
Experiment 3: the Role of CREB Phosphorylation in Cu-
mulus Cells during FSH- and PKAII Analog Pairs-Induced
Oocyte Maturation. Mouse COCs were cultured in HX
medium containing 50 IU/liter FSH. Cumulus cells were col-
lected at various time points for Western blot analysis of
CREB phosphorylation. Further, KG-501 (2-naphthol-AS-
Ephosphate), which blocks cAMP induction of CREB-depen-
dent target gene transcription through interference in the
binding between the kinase-inducible domain (KID) domain of
CREB and KIX domain of CREB-binding protein (43), was
used to identify whether a CRE/CREB-dependent signal
mechanism mediates oocyte meiotic progression. Mouse

COCs were cultured in HX medium containing 50 IU/liter FSH
plus increasing concentration of KG-501. GVBD in oocytes
were investigated at 24 h of culture. Likewise, PKAII analog
pairs (N6-cAMP plus 8-Br-cAMP) were used to mimic the
action of FSH in the experiments as mentioned above.
Experiment 4: the Role and Kinetics of CYP51 in FSH-
Induced Oocyte Meiotic Resumption. COCs were cul-
tured for 24 h in HX medium containing 50 IU/liter FSH with
10 �M ketoconazole (a steroidogenetic enzymes inhibitor
which also inhibits CYP51) or different concentration of
RS21607 (a specific inhibitor of CYP51). Finally the nuclear
status of oocytes was determined. In addition, COCs were
treated with or without 50 IU/liter FSH in HX medium. Sam-
ples of cumulus cells of COCs were collected at various time
points for RT-PCR and Western blot analysis of CYP51 ex-
pression. Likewise, PKAII analog pairs (N6-cAMP plus 8-Br-
cAMP) were used to mimic the action of FSH in the experi-
ments as mentioned above.
Experiment 5: the Effect of KG-501 on FSH- and PKAII
Analog Pairs-Induced EGF-Like Factor AR and CYP51
Expression. COCs were cultured in HX medium, contain-
ing 50 IU/liter FSH, N6-cAMP plus 8-Br-cAMP, and/or 25 �M

KG-501. Samples of cumulus cells were collected for RT-
PCR and Western blot analysis of AR and CYP51 expression.
Experiment 6: the Effects of RS21607 or KG-501 on MAPK
Phosphorylation in Cumulus Cells. COCs were cultured
in HX medium, containing 50 IU/liter FSH, 250 �M N6-cAMP
plus 8-Br-cAMP, 25 �M KG-501, 25 �M RS21607, and/or 10
ng/ml EGF. GVBD of oocytes was observed at 24 h of culture,
and cumulus cells were collected at 0, 4, 6, 8, and 12 h for
analyzing the kinetics of MAPK phosphorylation. EGF (10
ng/ml) plus 10 �M U0126 (a specific inhibitor of MAPK phos-
phorylation) was used for a negative control. In addition, 100
ng/ml progesterone was used to rescued the inhibition of
KG-501 or RS21607 to examine the effect of steroid down-
stream of CYP51 on oocyte maturation.

Fig. 9. A Possible Signaling Pathway that Mediates FSH-Induced Meiotic Resumption of Mouse Oocytes
After binding with its membrane-integrated receptor in cumulus cells, FSH uses PKAII as a downstream mediator after a

transient increase of cAMP. PKAII leads to AR and CYP51 expression with the mediation of CREB. CYP51 probably participates
in the regulation of MAPK activation by mediating downstream steroidogenesis during oocyte maturation. In addition, CYP51
activity may be involved in EGF-induced MAPK phosphorylation and oocyte meiotic resumption. cat, Catalytic unit; CBP,
CREB-binding protein; FSHR, FSH receptor.
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Chemicals

All reagents and chemicals used in this study were obtained
from Sigma-Aldrich Corp (St. Louis, MO), unless otherwise
indicated. FSH and EGF were prepared as stock solutions in
distilled PBS containing 0.1% BSA, and the final concentra-
tions for culture were 0.05 IU/ml and 10 ng/ml, respectively.
RS21607 (a gift of Dr. D. C. Swinney, Roche Bioscience,
Indianapolis, IN) and progesterone was dissolved in ethanol
to 10 mM and 100 �g/ml, respectively. Ketoconazole was
dissolved in 0.5 N HCl, neutralized with 0.5 N NaOH, and
diluted with saline to 10 mM. U0126, KG-501 (2-naphthol-AS-
Ephosphate), N6-monobutyryl-cAMP (N6-cAMP), and 8-Br-
cAMP were prepared in dimethylsulfoxide to 50 mM, and the
final concentration of dimethylsulfoxide was less than 0.1%,
which had no significant effect on oocyte maturation (data
not shown). This stock solution was further diluted for culture
with the medium. The test concentrations of these reagents
were according to the previous reports (14, 23, 27, 47). Rab-
bit polyclonal antihuman CYP51 antibody was a gift of Dr.
M. R. Waterman (Vanderbilt University, Memphis, TN). Mono-
clonal mouse anti-MAPK-activated antibody (phosphorylated
ERK1 and 2), monoclonal mouse anti-phos CREB (Ser-133)
antibody, and polyclonal rabbit anti-CREB antibody were
purchased from Cell Signaling Technology (Beverly, MA).
Polyclonal rabbit anti-ERK2 antibody, polyclonal goat anti-
PKA RII� antibody, polyclonal rabbit anti-PKA C� antibody,
monoclonal mouse glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) antibody, and relative horseradish peroxi-
dase-conjugated second antibodies were purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).

Oocyte Isolation and Culture

Cumulus-enclosed and GV intact oocytes were isolated un-
der a stereomicroscope by puncturing the follicles (300–400
�m) with a 27-gauge needle in culture medium. COCs of
equal size with several layers of cumulus cells were collected.
The culture medium used for this study was M199 (GIBCO-
Invitrogen, Carlsbad, CA) medium containing 4 mM HX; 0.23
mM sodium pyruvate; 2 mM glutamine; 3 mg/ml lyophilized
crystallized BSA; 75 mg/ml potassium penicillin G; and 50
mg/ml streptomycin sulfate. This medium is designated as
HX medium. In each experiment, 50–60 COCs were cultured
in a 100-�l drop covered with paraffin oil in a 35-mm culture
dish. Oocytes were cultured at 37 C, in an atmosphere of 5%
CO2 and 100% humidity. After culture, oocytes were de-
nuded mechanically and assessed for maturation scoring for
GV (meiotic arrest), GVBD (meiotic resumption), and the PB1
(the first meiotic maturation). The percent of GVBD (including
PB1) per total number of oocytes (% GVBD) and the percent
of PB1 per total number of oocytes (% PB1) were calculated.
Oocytes that had degenerated were not included.

Site Selectivity of the cAMP Analogs Used in This Study

The site-selective cAMP analogs, 8-Br-cAMP and N6-cAMP,
were used to selectively activate PKAII, because the former

preferentially binds to site B on RII, especially in mouse COCs
(23, 61), and the latter displays a higher affinity for site A on
either PKAI or PKAII than for site B (62), the combination of
which (termed PKAII analog pairs) preferentially activates
PKAII. Considering that PKAII is preferentially activated by a
higher cAMP level (63, 64), also for mimicking the remarkable
surge of cAMP triggered by FSH (16), oocytes were exposed
to PKAII analog pairs (N6-cAMP plus 8-Br-cAMP) for 3 h,
washed, and then transferred into a fresh, analog pairs-free
HX medium for additional culture if needed. The same oper-
ation when using this analog pair to activate PKAII in the
experiments.

RNA Isolation and Semiquantitative RT-PCR

Total RNA was extracted from 200 COCs using the TRIzol
Reagent (Invitrogen, Carlsbad, CA) according to the manu-
facturer’s instructions and quantified by measuring the ab-
sorbance at 260 nm. Reverse transcription was performed
according to the protocol described by RT-PCR system (Pro-
mega Corp., Madison, WI) from total RNA at 42 C for 1 h. The
reverse transcriptase products were then amplified for 25
(�-actin) or 24 (CYP51) cycles, including denaturation at 95 C
for 30 sec, annealing at 54 C for 30 sec, and extension at 72
C for 45 sec, finally terminated with an extension of 10 min at
72 C. The PCR products were electrophoresed on 2% aga-
rose gel in Tris-acetate-EDTA (TAE) buffer for analysis. The
density of PCR products was measured by AlphaEaseFC
Software (Alpha Innotech Corp., San Leandro, CA).

Oligonucleotide primers used for amplification of CYP51,
AR, and �-actin were designed according to the mouse se-
quence from GenBank (CYP51, 9910171; AR, 31981895;
�-actin, 6671508) (Table 1). �-Actin was used as a control for
reaction efficiency and variations in concentrations of mRNA
in the original reverse transcriptase reaction.

Electrophoresis and Western Blot Analysis

Western blot analysis was carried out with standard tech-
niques as described in previous reports (14, 65). Proteins
from cumulus cells of 50 COCs per sample were extracted
with double-strength electrophoresis sample buffer after cul-
ture, supplemented with 1 mM phenylmethylsulfonylfluoride
and 1 mM sodium orthovanadate for 20 min on ice, and stored
at �70 C. Before electrophoresis, the lysates were heated to
100 C for 5 min and cooled down on ice immediately and then
centrifuged at 12,000 � g for 5 min. The proteins were
separated by SDS-PAGE with a 4% stacking gel and a 10%
separating gel for 50 min at 160 V, and electrically transferred
to a nitrocellulose membrane (Amersham Pharmacia Biotech,
Braunschweig, Germany). The membrane was saturated with
5% nonfat dry milk and then incubated with corresponding
antibody. Proteins were detected using SuperSignal West
Pico (enhanced chemiluminescence) detection system
(Pierce Chemical Co., Rockford, IL).

For reprobing total MAPK and CREB, the blots were
stripped of the bound antibodies by washing in a stripping
buffer (100 mM �-mercaptoethanol; 20% sodium dodecyl
sulfate; 62.5 mM Tris, pH 6.7) and then reprobed with anti-

Table 1. Primers Used for Determinations of Mouse CYP51, AR, and �-Actin mRNA by RT-PCR

mRNA Primer Sequence Predicted Product Size (bp) Amplification Cycle

CYP51 Sense: 5�-GGGAGAAAGCGGAGAAAGA-3� 405 24
Antisense: 3�-GTAGGAGGTGGTGGTCACG-5�

AR Sense: 5�-TTCATGGCGAATGCAATGCA-3� 402 25
Antisense: 3�-ATCCGAAAGCTCCACTTCCT-5�

�-Actin Sense: 5�-TCCAGCCTTCCTTCTTGGGTAT-3� 557 25
Antisense: 3�-TTTGACCTTGCCACTTCCGC-5�
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ERK2 antibody or anti-CREB antibody. The density of blot
was measured by AlphaEaseFC Software if needed.

Statistical Analysis

All experiments were replicated at least three times and the
values were given as mean � SEM. Statistical analyses of all
data were done by t test or ANOVA followed by Duncan’s
multiple range test (SigmaStat; Systat Software, Inc., Rich-
mond, CA). All percentage data were subjected to arc-sine
transformation before statistical analysis. P � 0.05 was con-
sidered to indicate a significant difference.
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