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ABSTRACT

Development of ovarian follicles is regulated by pituitary-
derived gonadotropins together with local ovarian paracrine
factors. Based on DNA microarray data, we performed RT-PCR
and immunostaining to demonstrate the expression of interleukin
7 transcripts in oocytes of preantral, antral, and preovulatory
follicles in rats. We also found the expression of interleukin 7
receptor and the coreceptor interleukin 2 receptor gamma in
granulosa cells, cumulus cells, and preovulatory oocytes. In
cultured rat granulosa cells obtained from early antral and
preovulatory follicles, treatment with interleukin 7 stimulated
the phosphorylation of AKT, glycogen synthase kinase (GSK3B),
and STAT5 proteins in a time- and dose-dependent manner.
Furthermore, measurement of mitochondrial reductase activity
indicated that treatment with interleukin 7, similar to gonadotro-
pins, increased the number of viable granulosa cells during a 24-h
culture period. Furthermore, monitoring of the activities of
apoptotic enzymes (caspase 3/7) indicated that treatment with
interleukin 7 suppressed apoptosis of cultured granulosa cells from
both antral and preovulatory follicles following serum withdrawal.
The apoptosis-suppressing actions of interleukin 7 were blocked by
an inhibitor of the phosphoinositol-3-kinase (PIK3)/AKT pathway.
Furthermore, treatment of cultured preovulatory follicles with
interleukin 7, like treatment with human chorionic gonadotropin,
induced germinal vesicle breakdown of oocytes. The stimulatory
effect of interleukin 7 was also blocked by inhibitors of the PIK3/
AKT pathway. The present findings suggest that oocyte-derived
interleukin 7 could act on neighboring granulosa cells as a survival
factor and promote the nuclear maturation of preovulatory
oocytes through activation of the PIK3/AKT pathway.

AKT pathway, apoptosis, caspase 3/7, granulosa cells, oocyte
maturation

INTRODUCTION

Development of ovarian follicles is regulated by pituitary-
derived gonadotropins together with local ovarian factors [1—
3]. Recent studies have indicated the important roles of oocyte-
derived growth factors in the regulation of granulosa cell
functions. Among them, growth differentiation factor 9
(GDF9) and bone morphogenetic protein 15 secreted by
oocytes are capable of regulating multiple steps of folliculo-
genesis and are essential for fertility [4, 5]. In contrast,
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granulosa cell-derived growth factors (e.g., kit ligand) play
important roles in regulating oocyte functions [6, 7]. Recent
advances in transcriptome profiling using DNA microarrays
allowed a genomewide identification of oocyte-expressed
factors for the elucidation of their potential physiological roles
during follicle development [8—10]. Among candidate ovarian
fertility genes found to be highly expressed in the oocyte [10],
the present study focused on interleukin 7 and investigated its
ovarian expression and function.

Interleukin 7 is a 25-kDa glycoprotein involved in the
regulation of lymphocyte growth. Originally defined by its
ability to stimulate the proliferation and differentiation of pre-B
cells [11, 12], interleukin 7 was subsequently shown to affect
the growth of cells of the T-cell lineage [11-18]. Interleukin 7
interacts with its receptor, interleukin 7 receptor (IL7R), and a
coreceptor, interleukin 2 receptor gamma (IL2RG), a common
gamma chain shared by receptors for interleukins 2, 4, 7, 9, and
15. Interleukin 7 activates the phosphoinositol-3-kinase
(PIK3)/AKT pathway in lymphoblasts, B-cell progenitors,
and thymocytes [13, 19] as well as the phosphorylation of
downstream glycogen synthase kinase (GSK3B) [20]. In
addition, interleukin 7 belongs to the hematopoietin yC ligand
family known to activate the JAK/STAT pathway [21].
Interleukin 7 stimulation of CD34 immature thymocytes led
to the phosphorylation of STATS [22].

In the present study, we hypothesized that oocyte-derived
interleukin 7 could serve as a local hormone to regulate ovarian
functions. We demonstrated the high expression of interleukin
7 in oocytes and showed that treatment with interleukin 7
stimulated the phosphorylation of AKT, GSK3B, and STATS
in cultured granulosa cells, together with an increased number
of viable granulosa cells and decreased level of granulosa cell
apoptosis. Treatment of cultured preovulatory follicles with
interleukin 7 also promoted the nuclear maturation of oocytes.

MATERIALS AND METHODS

Animals

Immature Sprague-Dawley rats (age, 15 and 25 days) were obtained from
Charles River Laboratories. To induce follicular maturation, some rats at 25
days of age were injected s.c. with 12 IU of equine chorionic gonadotropin
(eCG); large follicles were dissected from these rats 48 h later. All animals were
housed in an environment with controlled light, humidity, and temperature in
accordance with institutional and National Institutes of Health (NIH) animal
care guidelines.

Real-Time RT-PCR Analysis

For assessing interleukin 7, IL7R, and coreceptor IL2RG transcript levels,
ovaries were collected for total RNA extraction. Ovaries were dissected from
rats at Day 15 or Day 25 of age or from eCG-treated rats. The largest follicles
were punctured to obtain oocytes, granulosa cells, and cumulus cells. Total
RNA was extracted using an RNeasy Micro Kit (Qiagen Sciences, Inc.), and
each sample (2 pg) was reverse-transcribed for subsequent PCR analysis. Real-
time PCR was performed in a 25-pl final volume containing 2 pl of the reverse
transcriptase reaction product, 0.5 pM primers, 0.2 pM fluorescently labeled
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TABLE 1. PCR primers for different genes used for real-time RT-PCR.

Gene Forward Reverse

Interleukin 7 5'-CGCAAGTTGAGGCAATTTCT-3’ 5'-TTCCTTGCTTGTGCAGTTCA-3’
IL7R 5'-ATACCCCTGCATTCC TTTCC-3’ 5'-AAATGGTTGAGGGACAGTGC-3’
IL2RG 5'-TGGAGTAAATGGAGCCAACC-3’ 5'-AGGGATAAGCACAGCTTCCA-3’
Inhibin-alpha 5'-GGAGCCTGAGGAAGGTCTCT-3’ 5'-GGGGCCTAGAGCTATTGGAG-3'
PTX3 5'-GCTCATGCATGTGAATTTGG-3’ 5'-TCTCCAGCATGATGAACAGC-3’
GDF9 5'-GGTGACTGCCATGGAACACT-3’ 5'-GTGAATGCTCCTCTCGCTTG-3’
Histone H2A 5'-ATGACTCTACCCACGGCAAG-3’ 5'-TACTCAGCACCAGCATCACC-3'

probe (3’,5’-carboxy tetramethylrhodamine or 5’,6’-carboxy fluorescein), and
the PCR reagent mixtures (QuantiTect Probe PCR Kit; Qiagen Sciences, Inc.).
Standard curves were generated by serial dilution of each plasmid DNA. Primer
pairs and fluorescent probes used are listed in Table 1. Real-time PCR was
performed using iQ SYBR Green Supermix (Bio-Rad Laboratories), and
glyceraldehyde phosphate dehydrogenase levels were used for copy number
normalization. The assays were performed on a Smart Cycler TD System
(Cepheid) with an initial enzyme activation step of 15 min at 95°C, followed by
45 cycles of two-step PCR (94°C, 15 sec; 60°C, 60 sec). Data are presented as
relative expression and are normalized based on histone H2A levels. Results
represent the fold-change (mean *+ SEM) of normalized expression.

Immunostaining of Interleukin 7 and Connexin 45

To evaluate ovarian cell types expressing interleukin 7 antigens,
immunofluorescent staining of interleukin 7 was performed. Ovaries from rats
at Day 25 of age were removed and rinsed in phosphate buffer at room
temperature before fixation in 4% paraformaldehyde-PBS for 2 h at 4°C. After
incubation with increasing concentrations of sucrose in phosphate buffer (10%,
2 h; 30%, 2 h; Sigma), tissues were embedded in O.C.T. Compound (Tissue-
Tek), followed by freezing at —210°C. Sections (thickness, 8 pum) were cut at
—20°C and transferred to a Superfrost Plus slide (Fisher Scientific Co.). The
sections were dried, then washed in PBS before treatment with 1.5% rabbit
serum for 15 min at room temperature, followed by overnight incubation with
affinity-purified interleukin 7 antibody (1:100; Santa Cruz Biotechnology) at
4°C. After reaction, sections were rinsed in PBS three times before treatment
with fluorophore-conjugated secondary antibody (Invitrogen) for 1 h at room
temperature under darkness. Sections were then washed three times in PBS
before staining of cell nuclei using the Hoechst 33342 dye (Invitrogen) for
visualization under a fluorescence microscope. Negative control was stained
with nonimmune immunoglobulin (Ig) G.

To estimate the purity of isolated granulosa cells, immunostaining was
performed for cells isolated from Day 15 of age, Day 25 of age, and eCG-
treated rats. Cells were fixed using 4% paraformaldehyde overnight at 4°C.
After washing three times with PBS and incubation with a blocking solution
(Invitrogen) for 10 min at 23°C, cells were incubated with anti-connexin 45
(1:200 dilution; Santa Cruz Biotechnology) overnight at 4°C, followed by
exposure to secondary antibodies and staining with Hoechst 33342 before
analyses.

Granulosa Cell Cultures

Granulosa cells were punctured from ovaries of immature rats at Day 25 of
age or at 48 h after Day 25 animals had been primed with 12 IU of eCG.
Ovarian debris and small follicles were removed, and granulosa cells were
collected after centrifugation at 500 X g for 10 min. After repeated washing,
granulosa cells were resuspended in McCoy 5a media (Invitrogen) supple-
mented with 1077 M androstenedione, 2 mM L-glutamine, 100 U/ml of
penicillin, and 100 pg/ml of streptomycin.

Immunoblotting Analysis

Granulosa cells from rats at Day 25 of age or from eCG-primed immature
rats were cultured at a density of 200000 cells per 60-mm plate in McCoy Sa
media. After overnight incubation, some cells were treated with interleukin 7
for different durations. After treatment, cells were washed once with chilled
PBS before extraction using the M-PER Mammalian Protein Extraction
Reagent (Thermo Fisher Scientific) containing a protease inhibitor cocktail
(Roche). After incubation in lysis reagents for 15 min, cell extracts were
centrifuged at 20000 X g for 15 min at 4°C and the resulting supernatant was
used for immunoblotting analysis. Protein (10 pg/lane) was loaded on 4%—15%
SDS-polyacrylamide gels (Bio-Rad Laboratories) and electroblotted into
Hybond-P membranes (Amersham Biosciences). Membranes were blocked
with 5% fat-free milk in Tris-buffered saline containing 0.05% Tween for 1 h at

room temperature. After blocking, membranes were incubated with antibodies
obtained from Cell Signaling Technology against phospho-AKT (Ser473;
1:1000 dilution), AKT (1:2000 dilution), phospho-GSK3B (1:1000 dilution),
GSK3B (1:2000 dilution), phospho-STATS5 (1:1000 dilution), and STATS
(1:2000 dilution). Secondary anti-rabbit or anti-mouse antibodies (1:15000
dilution; Santa Cruz Biotechnology) were used according to the manufacturer’s
recommendation. Signals were developed using enhanced chemiluminescence
(ECL kit; Amersham Biosciences) and quantitated using a densitometer.

Granulosa Cell Viability Assay

Viable cells were measured based on MTS [3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt] and
an electron-coupling reagent, phenazine methosulfate, using the CellTiter assay
(Promega). The conversion of MTS into the aqueous soluble formazan product
is accomplished by dehydrogenase enzymes found in metabolically active cells.
The quantity of formazan product as measured by the amount of 490-nm
absorbance is directly proportional to the number of living cells in culture.
Granulosa cells were seeded on 96-well plates (5000 cells/well) and incubated
at 37°C. After incubation in McCoy 5a serum-free medium with or without
interleukin 7, follicle-stimulating hormone (FSH), or human chorionic
gonadotropin (hCG) for 24 h, the substrate was added for 2 h to measure
absorbance using a scanning spectrophotometer.

Induction of Apoptosis and Caspase 3/7 Activity Assay

For apoptosis studies, granulosa cells were initially cultured in 96-well
plates (10000 cells/well) with McCoy Sa medium containing 10% fetal bovine
serum (FBS) for 24 h. Subsequently, medium was changed to McCoy 5a
medium without FBS, and apoptosis was determined at different times after
serum withdrawal. Apoptosis was assessed with caspase 3/7 activity assay
using a luminescent assay kit (Caspase-Glo 3/7 Assay; Promega). After serum
withdrawal, cells were cultured in serum-free media with or without interleukin
7, FSH, or hCG for 24 h before caspase assay. At the end of culture, 100 pl of
Caspase-Glo 3/7 reagent were added to each well of the 96-well plate, and cells
in culture medium were gently mixed and incubated at room temperature for 1
h before measuring the luminescence of each sample in a plate-reading
luminometer (Bio-Rad Laboratories).

Follicle Cultures

To evaluate the effects of interleukin 7 on oocyte maturation, preovulatory
follicles were excised from rat ovaries at 48 h after eCG treatment and cultured to
examine nuclear maturation of oocytes [23]. Follicles (n = 10-20 per 4-ml round-
bottomed vial; BD Falcon) were cultured with or without interleukin 7 in Leibovitz
L-15 medium (Invitrogen). The vials were flushed at the start of the culture with
02/N2 (at a 1:1 ratio), sealed, and cultured at 37°C for 6 h. After culture, cumulus-
oocyte complexes were isolated, and after cumulus cells were removed, oocytes
were examined for the occurrence of germinal vesicle breakdown (GVBD).

Statistical Analysis

Results are presented as the mean = SEM of three or more independent
assays. Statistical significance was determined using ANOVA, with P < 0.05
being statistically significant.

RESULTS

Expression of Interleukin 7, IL7R, and Coreceptor IL2RG
in Different Ovarian Compartments

The DNA microarray and bioinformatic analyses of gene
expression indicated high expression of interleukin 7 in
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FIG. 1. Expression of interleukin 7 (IL7), its receptor IL7R, and the coreceptor IL2RG in different ovarian compartments. A-F) Results of real-time RT-PCR
analyses of transcript levels for interleukin 7 (A), IL7R (B), IL2RG (C), inhibin-alpha (D), petraxin3 (PTX3; E), and GDF9 (F) in different ovarian
compartments. Samples were obtained from ovaries of rats at 15 days of age (d15), 25 days of age (d25), and 48 h after treatment of 25-day-old rats with
eCG. Transcript levels for histone H2A were used for normalization. Results are presented as the mean = SEM of three to four independent
determinations. CC, cumulus cells; GC, granulosa cells; Oo, oocytes. *P < 0.05. G) Immunostaining of connexin 45 was performed for isolated granulosa
cells to evaluate their purity (left: connexin-45 staining; middle: Hoechst 33342 staining; right: merged images). H) Immunofluorescence staining of
interleukin 7 in oocytes. Ovaries were obtained from rats at Day 25 of age and fixed in 4% paraformaldehyde-PBS before embedding and freezing. Frozen
sections were stained with affinity-purified interleukin 7 antibodies (green). Sections were also stained with Hoechst 33342 (blue) for cell nuclei. Negative
control was stained with nonimmune IgG. Original magnification X200.

ovulated eggs [10]. We performed real-time RT-PCR analyses
to investigate the ovarian cell types expressing interleukin 7
and its cognate receptors. Granulosa cells, cumulus cells, and
oocytes were isolated from ovaries of juvenile (age, 15 days)
and prepubertal (age, 25 days) rats. Some samples were
obtained from preovulatory follicles of prepubertal rats that had

been primed 48 h earlier with 10 IU of eCG. Total RNA was
extracted, and individual transcript levels were determined.
As shown in Figure 1A, transcripts for interleukin 7 were
highest in oocytes obtained from all three groups, with lower
levels in granulosa and cumulus cells (P < 0.05). Furthermore,
transcripts for IL7R and coreceptor IL2RG were found in all
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FIG. 2. Interleukin 7 stimulation of the phosphorylation of AKT, GSK3B, and STAT5 in cultured granulosa cells. A) Granulosa cells obtained from eCG-
treated animals were treated with interleukin 7 (1 ng/ml) for different durations. Cell extracts were used for immunoblotting analyses to detect levels of
phosphorylated AKT (pAKT), phosphorylated GSK3B (pGSK2B), and phosphorylated STAT5 (pSTAT5). Reprobing of nonphosphorylated proteins in the
same blot served as loading controls. B and C) Dose-dependency studies. Granulosa cells obtained from early antral follicles of immature rats at 25 days of
age or preovulatory follicles from eCG-treated rats were incubated with 1 or 10 ng/ml of interleukin 7 for 10 min. Cells treated with FSH or hCG served as
positive controls. Relative ratios of phosphorylated proteins to total proteins were derived from densitometric analyses and normalized based on the value
of untreated groups. Results are presented as the mean * SEM of three independent determinations. *P < 0.05, **P < 0.01 vs. control group.

three cell types (Fig. 1, B and C). Of interest, IL7R and
coreceptor IL2RG transcripts in preovulatory oocytes were
increased following eCG treatment as compared with the Day
25 group (P < 0.05). The purity of different cell populations
was validated using marker genes. Transcripts for inhibin-alpha
and petraxin 3 were higher in granulosa and cumulus cells but
lower in oocytes (Fig. 1, D and E) (P > 0.05). In contrast,
GDF9, an oocyte marker, was expressed exclusively in oocytes
(Fig. 1F). To estimate the purity of isolated granulosa cells, we
performed connexin 45 staining. As shown in Figure 1G, most
of the isolated cells expressed this granulosa cell marker,
showing 82.6% * 2.7%, 90.3% * 1.7%, and 91.8% = 3.0%
purity for samples obtained from Day 15, Day 25, and eCG-
treated groups, respectively. We further confirmed the oocyte-
specific expression of interleukin 7 by performing immuno-
fluorescence staining using ovaries from rats at Day 25 of age.
As shown in Figure 1H, interleukin 7 antigens were found in
oocytes of antral follicles (green), whereas staining with
nonimmune IgG showed negligible signals.

Interleukin 7 Treatment Enhances AKT, GSK3B, and STAT5
Phosphorylation in Granulosa Cells

Based on the expression of IL7R in granulosa cells, we
evaluated potential signaling pathways activated by interleukin
7 in cultured granulosa cells. Interleukin 7 stimulated the
phosphorylation of AKT, GSK3B, and STATS in thymocytes,
leading to the activation of the PIK3/AKT and JAK/STAT
pathways [21, 22]. We tested if interleukin 7 is also capable of
activating these pathways in granulosa cells. Therefore,
granulosa cells were collected from early antral follicles of

ovaries from prepubertal rats or from preovulatory follicles of
ovaries from prepubertal rats pretreated with eCG. Cells were
cultured overnight in serum-free conditions before treatment
with recombinant interleukin 7, followed by cell extraction and
immunoblotting analyses. As shown in Figure 2A, treatment
with interleukin 7 (1 ng/ml) stimulated the phosphorylation of
AKT, GSK3B, and STATS after 5 min of incubation, reaching
a plateau at 10 min after culture. For dose-response studies,
cells were treated with increasing doses of interleukin 7 for 10
min, and treatment with gonadotropins served as positive
controls. As shown in Figure 2B, treatment of granulosa cells
obtained from prepubertal rats with interleukin 7 stimulated the
phosphorylation of AKT, GSK3B, and STATS in a dose-
dependent manner. Similar to earlier reports, treatment with
FSH also stimulated AKT phosphorylation [24]. In addition,
FSH treatment stimulated GSK3B and STATS phosphoryla-
tion. In cultured granulosa cells obtained from eCG-treated
ovaries, treatment with interleukin 7, like treatment with hCG,
also stimulated the phosphorylation of AKT, GSK3B, and
STATS (Fig. 2C). These findings suggest that treatment with
interleukin 7 activated the PIK3/AKT/GSK3B and JAK/
STATS signaling pathways in granulosa cells from follicles
at different stages of development.

Interleukin 7 Treatment Increased the Number of Viable
Granulosa Cells

Interleukin 7 has been reported to support the growth of
lymphocytes [13]. To assess the ability of interleukin 7 to
regulate granulosa cell viability, we monitored mitochondrial
reductase activity using the MTS assay [25]. Granulosa cells
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from prepubertal and eCG-treated rats were cultured with
interleukin 7 in the presence or absence of FSH or hCG for 24
h. As shown in Figure 3A, treatment with interleukin 7
increased MTS activity in a dose-dependent manner. Although
treatment with FSH also increased MTS activity, treatment
with interleukin 7 and FSH led to an additive increase in MTS
activity. For granulosa cells obtained from eCG-treated
animals, similar stimulation of MTS activity by interleukin 7
was observed (Fig. 3B). These mature granulosa cells also
responded to hCG treatment, and an additive effect of
interleukin 7 and hCG was found (Fig. 3B).

Interleukin 7 Suppression of Apoptosis of Cultured
Granulosa Cells

To quantify granulosa cell apoptosis, the enzymatic activity
of caspase 3/7 was measured using a sensitive luminescent
assay. Granulosa cells were collected from prepubertal (Day 25
of age) and eCG-treated rats and cultured with 10% FBS for 24
h. After 24-h incubation, some cells were cultured under
serum-free conditions for different durations. As shown in
Figure 4, serum deprivation led to a time-dependent increase in
caspase 3/7 activity in granulosa cells compared with cells
cultured with serum-containing media for both types of cells
(Fig. 4, A and B). Of interest, treatment with gonadotropins or
increasing doses of interleukin 7 suppressed caspase 3/7
activity induced by serum deprivation (Fig. 4, C and D), with 1
ng/ml of interleukin 7 being as effective as the same amount of
FSH or hCG. Moreover, the suppressive effect of interleukin 7
on caspase activity was blocked by cotreatment with
LY294002, a PIK3/AKT inhibitor, but not by its inactive
analog, LY303511, suggesting the involvement of the PIK3/
AKT signaling pathway in the survival action of interleukin 7
in granulosa cells.

Interleukin 7 Promotion of the Nuclear Maturation
of Preovulatory Oocytes

The RT-PCR analyses indicated the expression of IL7R and
coreceptor IL2RG in oocytes of preovulatory follicles after
treatment of prepubertal rats with eCG. Because oocytes in
preovulatory follicles respond to the preovulatory luteinizing
hormone (LH) surge to resume meiosis, we tested if interleukin
7 could also regulate the nuclear maturation of preovulatory
oocytes. Prepubertal rats at Day 25 of age were treated with 12
IU of eCG to induce preovulatory follicles. Forty-eight hours
later, large follicles were dissected from these ovaries and
cultured for 6 h with different doses of interleukin 7, hCG, and
other reagents before assessment of the maturation status of
oocytes. As shown in Figure 5, treatment with increasing doses
of interleukin 7, like treatment with hCG, increased the fraction
of oocytes showing GVBD, reaching levels comparable to
those induced by hCG. Furthermore, cotreatment with the
interleukin 7 antibody or the PIK3 inhibitor, LY294002,
blocked the stimulatory effect of interleukin 7. In contrast, the
inactive analog (LY303511) was not effective. Furthermore,
treatment with the interleukin 7 antibody did not affect the
stimulatory action of hCG.

DISCUSSION

In the present study, we have demonstrated the expression
of interleukin 7 in oocytes of antral and preovulatory follicles,
together with the expression of IL7R and the coreceptor IL2RG
in granulosa cells, cumulus cells, and preovulatory oocytes. In
cultured granulosa cells, treatment with interleukin 7 stimulated
the phosphorylation of AKT, GSK3B, and STATS. Treatment
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FIG. 3. Interleukin 7 treatment increased the number of viable granulosa

cells in culture. Granulosa cells were obtained from early antral follicles
of animals at 25 days of age (A) or from preovulatory follicles of immature
animals pretreated with eCG (B). Cells were cultured with interleukin 7
with or without FSH or hCG for 24 h before measurement of MTS activity
to estimate the number of viable cells. Results are presented as the mean
+ SEM of three independent determinations. OD, optical density. *P <
0.05, **P < 0.01 vs. control group.

with interleukin 7 also increased the number of viable
granulosa cells and protected cultured granulosa cells from
apoptosis after serum withdrawal. In cultured preovulatory
follicles, treatment with interleukin 7 promoted the nuclear
maturation of preovulatory oocytes.

In the ovary, gonadotropins, estrogens, growth hormone,
different growth factors (insulin-like growth factor I, epidermal
growth factor [EGF]/transforming growth factor-alpha, and
basic fibroblast growth factor), cytokine (interleukin 1beta),
and nitric oxide act in concert to prevent apoptosis of cells in
preovulatory follicles based on analyses of apoptotic DNA
fragmentation [26, 27]. Caspases are the central components of
apoptosis in mammalian cells and can be classified into two
groups according to their function and structure. In contrast to
the initiator caspases (caspases 2 and 8—10), capases 3 and 7
are effector or executioner caspases, representing the final
common pathway of apoptosis [28, 29]. Using a caspase 3
assay, an earlier study demonstrated increased apoptosis of
cultured granulosa cells following serum withdrawal [30]. In
addition to confirming the survival actions of gonadotropins on
granulosa cells, the present study demonstrated the antiapop-
totic effects of interleukin 7 based on a sensitive biolumines-
cence caspase 3/7 assay and the measurement of viable cell
numbers. In addition to survival factors produced by granulosa
and theca cells, oocyte-derived interleukin 7 represents another
paracrine factor acting on granulosa cells to promote their
survival.
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FIG. 4. Interleukin 7 suppression of granulosa cell apoptosis. Granulosa cells were obtained from immature rats at Day 25 of age or from immature
animals 48 h after treatment with eCG. A and B) Granulosa cells were treated with 10% FBS for 24 h and then incubated under serum-free conditions for
different durations before monitoring apoptosis by measuring caspase 3/7 activity using a bioluminescence assay. Some cells were maintained in serum-
containing media to prevent apoptosis (FBS group). C and D) Granulosa cells were pretreated with serum for 24 h, followed by the serum-free condition
with or without interleukin 7 and/or gonadotropins (FSH or hCG). Some interleukin 7-treated cells were also treated with a PIK3 inhibitor (LY294002

[LY294]) or an inactive analog of the inhibitor (LY303511 [LY303]). Twenty-four

hours later, caspase 3/7 activity was measured using the bioluminescence

assay. Results are presented as the mean = SEM of three independent determinations. *P < 0.05, **P < 0.01 vs. control group.

The PIK3/AKT signaling pathway has been shown to be
important in the survival and proliferation of granulosa and
other cell types [24, 31, 32]. Previous studies supported an
important role for the PIK3/AKT signaling pathway in the
survival of granulosa cells in preovulatory follicles and
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FIG. 5. Treatment with interleukin 7 promoted GVBD of oocytes in
preovulatory follicles. Immature rats were pretreated with eCG 48 h
earlier to induce preovulatory follicles. Large follicles were dissected and
treated with interleukin 7 or hCG, with or without interleukin 7 antibody
(Ab), PIK3 inhibitor LY294002 (LY294), or inactive LY303511 (LY303) for 6
h. At the end of culture, oocytes were punctured out, and their maturation
status was evaluated. Numbers inside parentheses indicate the number of
follicles used. P < 0.01, PP < 0.05, “¢P > 0.05.

demonstrated that FSH treatment induces a biphasic increase
in AKT phosphorylation in granulosa cells [24, 33]. Our
studies have confirmed the role of FSH and LH as survival
factors in granulosa cells, likely by acting through the AKT
pathway [31-33]. We also found that the suppression of
caspase 3/7 by interleukin 7 was prevented by cotreatment with
LY294002, a PIK3/AKT inhibitor, but not by its inactive
analog, LY303511.

Interleukin 7 belongs to the hematopoietin yC ligand family
known to activate the JAK3/STATS pathway [21], and we
demonstrated the stimulation of STATS phosphorylation by
interleukin 7 in granulosa cells. Although activation of the
PIK3 signaling cascade plays a major role in cell growth and
survival induced by STATS5A and STATSB in Ba/F3 cells [34],
the exact relationship between the PIK3/AKT and STAT
pathways in granulosa cells remains to be elucidated. In
cultured rat granulosa cells, increased phosphorylation of
GSK3B at the Ser9 position was observed after hCG treatment,
leading to LH receptor-mediated inhibition of GSK3B activity
[35]. Although we demonstrated the phosphorylation of
GSK3B by interleukin 7 and gonadotropins, the exact role of
this pathway in granulosa cell functions also remains to be
elucidated.

A limited number of ovarian paracrine ligands have been
shown to promote GVBD of preovulatory oocytes, including
EGF family ligands [36], endothelin 1 [37], and insulin-like 3
(INSL3) [38]. These local ovarian factors are produced by
granulosa or cumulus cells. In contrast, our data demonstrated
that an oocyte-derived growth factor could also promote
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GVBD of preovulatory oocytes. Because female interleukin 7-
null mice are fertile [39, 40], oocyte-derived interleukin 7 is not
essential for oocyte maturation. The discovery of a limited
number of intraovarian factors capable of promoting the
nuclear maturation of oocytes could allow the formulation of
optimal culture supplementation for in vitro maturation of
oocytes. Because our data also demonstrate the important role
of the PIK3/AKT pathway in promoting the effects of
interleukin 7, these findings provide the basis to further
elucidate intracellular signaling pathways important for the
nuclear maturation of oocytes.

Carvalho et al. [39] reported that interleukin 7-null mice
failed to generate significant numbers of B lymphocytes via the
bone marrow. Similarly, mutant mice with defective IL7R
displayed a reduction in thymic and peripheral lymphoid cells
[40], indicating a critical role for this receptor during early
lymphoid development. However, no abnormality in female
fertility was reported for these animals, suggesting that
interleukin 7 signaling in the ovary is not obligatory for
normal fertility and that this pathway likely plays a redundant
role, similar to many other ovarian paracrine molecules.
However, an earlier report [41] demonstrated higher levels of
interleukin 7 in human follicular fluid as compared to serum
levels. The follicular fluid levels are in the same range as the
effective doses observed here. In addition, low interleukin 7
levels in follicular fluid were associated with poor oocyte
quality and failed pregnancy during IVF cycles [41]. The
present findings of granulosa cell survival and oocyte meiotic
promotion through the actions of interleukin 7 allow future use
of this molecule during follicle cultures and in vitro maturation
of oocytes. Thus, interleukin 7 expressed in oocytes could
enhance granulosa cell survival and promote nuclear matura-
tion of preovulatory oocytes. It is becoming clear that a limited
number of intraovarian ligand-receptor signaling systems have
overlapping actions to insure optimal follicle cell survival and
oocyte maturation.

ACKNOWLEDGMENTS

We thank Dr. Jing Li for technical help and Shiyun Lin for editorial
assistance.

REFERENCES

1. Zeleznik AJ. Modifications in gonadotropin signaling: a key to
understanding cyclic ovarian function. J Soc Gynecol Investig 2001; 8:
S$24-S25.

2. Richards JS. Hormonal control of gene expression in the ovary. Endocr
Rev 1994; 15:725-751.

3. McGee EA, Hsu SY, Kaipia A, Hsueh AJ. Cell death and survival during
ovarian follicle development. Mol Cell Endocrinol 1998; 140:15-18.

4. Wu X, Matzuk MM. GDF-9 and BMP-15: oocyte organizers. Rev Endocr
Metab Disord 2002; 3:27-32.

5. Vitt UA, Hsueh AJ. Stage-dependent role of growth differentiation factor-
9 in ovarian follicle development. Mol Cell Endocrinol 2001; 183:171-
177.

6. Thomas FH, Vanderhyden BC. Oocyte-granulosa cell interactions during
mouse follicular development: regulation of kit ligand expression and its
role in oocyte growth. Reprod Biol Endocrinol 2006; 4:19-27.

7. Matzuk MM. Revelations of ovarian follicle biology from gene knockout
mice. Mol Cell Endocrinol 2000; 163:61-66.

8. Pan H, O’Brien MJ, Wigglesworth K, Eppig JJ, Schultz RM. Transcript
profiling during mouse oocyte development and the effect of gonadotropin
priming and development in vitro. Dev Biol 2005; 286:493-506.

9. Wood JR, Dumesic DA, Abbott DH, Strauss JF III. Molecular
abnormalities in oocytes from women with polycystic ovary syndrome
revealed by microarray analysis. J Clin Endocrinol Metab 2007; 92:705—
713.

10. Gallardo TD, John GB, Shirley L, Contreras CM, Akbay EA, Haynie AJ,
Ward SE, Shidler MJ, Castrillon DH. Genomewide discovery and

14.

15.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

713

classification of candidate ovarian fertility genes in the mouse. Genetics
2007; 177:179-194.

. Namen AE, Lupton S, Hjerrild K, Wignall J, Mochizuki DY, Schmierer A,

Mosley B, March CJ, Urdal D, Gillis S. Stimulation of B-cell progenitors
by cloned murine interleukin-7. Nature 1988; 333:571-573.

. Goodwin RG, Lupton S, Schmierer A, Hjerrild KJ, Jerzy R, Clevenger W,

Gillis S, Cosman D, Namen AE. Human interleukin 7: molecular cloning
and growth factor activity on human and murine B-lineage cells. Proc Natl
Acad Sci U S A 1989; 86:302-306.

. Dadi H, Ke S, Roifman CM. Activation of phosphatidylinositol-3 kinase

by ligation of the interleukin-7 receptor is dependent on protein tyrosine
kinase activity. Blood 1994; 84:1579-1586.

Suda T, Okada S, Suda J, Miura Y, Ito M, Sudo T, Hayashi S, Nishikawa
S, Nakauchi H. A stimulatory effect of recombinant murine interleukin-7
(IL-7) on B-cell colony formation and an inhibitory effect of IL-1 alpha.
Blood 1989; 74:1936-1941.

Takeda S, Gillis S, Palacios R. In vitro effects of recombinant interleukin 7
on growth and differentiation of bone marrow pro-B- and pro-T-
lymphocyte clones and fetal thymocyte clones. Proc Natl Acad Sci
U S A 1989; 86:1634-1638.

. Lee G, Namen AE, Gillis S, Ellingsworth LR, Kincade PW. Normal B cell

precursors responsive to recombinant murine IL-7 and inhibition of IL-7
activity by transforming growth factor-beta. J Immunol 1989; 142:3875—
3883.

Morrissey PJ, Goodwin RG, Nordan RP, Anderson D, Grabstein KH,
Cosman D, Sims J, Lupton S, Acres B, Reed SG. Recombinant interleukin
7, pre-B cell growth factor, has costimulatory activity on purified mature T
cells. J Exp Med 1989; 169:707-716.

. Okazaki H, Ito M, Sudo T, Hattori M, Kano S, Katsura Y, Minato N. IL-7

promotes thymocyte proliferation and maintains immunocompetent
thymocytes bearing alpha beta or gamma delta T-cell receptors in vitro:
synergism with IL-2. J Immunol 1989; 143:2917-2922.

Juntilla. MM, Koretzky GA. Critical roles of the PI3K/Akt signaling
pathway in T cell development. Immunol Lett 2008; 116:104-110.
Liang J, Slingerland JM. Multiple roles of the PI3K/PKB (Akt) pathway in
cell cycle progression. Cell Cycle 2003; 2:339-345.

Schindler CW. Series introduction. JAK-STAT signaling in human
disease. J Clin Invest 2002; 109:1133-1137.

Johnson SE, Shah N, Bajer AA, LeBien TW. IL-7 activates the
phosphatidylinositol 3-kinase/AKT pathway in normal human thymocytes
but not normal human B cell precursors. J Immunol 2008; 180:8109—
8117.

Kawamura K, Kawamura N, Mulders SM, Sollewijn Gelpke MD, Hsueh
AJ. Ovarian brain-derived neurotrophic factor (BDNF) promotes the
development of oocytes into preimplantation embryos. Proc Natl Acad Sci
U S A 2005; 102:9206-9211.

Gonzalez-Robayna 1J, Falender AE, Ochsner S, Firestone GL, Richards
JS. Follicle-stimulating hormone (FSH) stimulates phosphorylation and
activation of protein kinase B (PKB/Akt) and serum and glucocorticoid-
Induced kinase (Sgk): evidence for A kinase-independent signaling by
FSH in granulosa cells. Mol Endocrinol 2000; 14:1283—1300.

Mosmann T. Rapid colorimetric assay for cellular growth and survival:
application to proliferation and cytotoxicity assays. J Immunol Methods
1983; 65:55-63.

Hsueh AJ, Eisenhauer K, Chun SY, Hsu SY, Billing H. Gonadal cell
apoptosis. Recent Prog Horm Res 1996; 51:433-455.

Hsueh AJ, Billig H, Tsafriri A. Ovarian follicle atresia: a hormonally
controlled apoptotic process. Endocr Rev 1994; 15:707-724.
Kuribayashi K, Mayes PA, El-Deiry WS. What are caspases 3 and 7 doing
upstream of the mitochondria? Cancer Biol Ther 2006; 5:763-765.
Lakhani SA, Masud A, Kuida K, Porter GA Jr, Booth CJ, Mehal WZ,
Inayat I, Flavell RA. Caspases 3 and 7: key mediators of mitochondrial
events of apoptosis. Science 2006; 311:847-851.

Chowdhury I, Xu W, Stiles JK, Zeleznik A, Yao X, Matthews R, Thomas
K, Thompson WE. Apoptosis of rat granulosa cells after staurosporine and
serum withdrawal is suppressed by adenovirus-directed overexpression of
prohibitin. Endocrinology 2007; 148:206-217.

Johnson AL, Bridgham JT, Swenson JA. Activation of the Akt/protein
kinase B signaling pathway is associated with granulosa cell survival. Biol
Reprod 2001; 64:1566—-1574.

Lawlor MA, Alessi DR. PKB/Akt: a key mediator of cell proliferation,
survival and insulin responses? J Cell Sci 2001; 114:2903-2910.
Carvalho CR, Carvalheira JB, Lima MH, Zimmerman SF, Caperuto LC,
Amanso A, Gasparetti AL, Meneghetti V, Zimmerman LF, Velloso LA,
Saad MJ. Novel signal transduction pathway for luteinizing hormone and
its interaction with insulin: activation of Janus kinase/signal transducer and

‘610" poidal|oiq Mmm Wol) peapeojumoq




714

34.

35.

36.

37.

CHENG ET AL.

activator of transcription and phosphoinositol 3-kinase/Akt pathways.
Endocrinology 2003; 144:638-647.

Nyga R, Pecquet C, Harir N, Gu H, Dhennin-Duthille I, Regnier A,
Gouilleux-Gruart V, Lassoued K, Gouilleux F. Activated STATS proteins
induce activation of the PI 3-kinase/Akt and Ras/MAPK pathways via the
Gab2 scaffolding adapter. Biochem J 2005; 390:359-366.

Flynn MP, Maizels ET, Karlsson AB, McAvoy T, Ahn JH, Nairn AC,
Hunzicker-Dunn M. Luteinizing hormone receptor activation in ovarian
granulosa cells promotes protein kinase A-dependent dephosphorylation
of microtubule-associated protein 2D. Mol Endocrinol 2008; 22:1695—
1710.

Park JY, Su YQ, Ariga M, Law E, Jin SL, Conti M. EGF-like growth
factors as mediators of LH action in the ovulatory follicle. Science 2004;
303:682-684.

Kawamura K, Ye Y, Liang CG, Kawamura N, Gelpke MS, Rauch R,

38.

39.

40.

41.

Tanaka T, Hsueh AJ. Paracrine regulation of the resumption of oocyte
meiosis by endothelin-1. Dev Biol 2009; 327:62-70.

Kawamura K, Kumagai J, Sudo S, Chun SY, Pisarska M, Morita H,
Toppari J, Fu P, Wade JD, Bathgate RA, Hsueh AJ. Paracrine regulation
of mammalian oocyte maturation and male germ cell survival. Proc Natl
Acad Sci U S A 2004; 101:7323-7328.

Carvalho TL, Mota-Santos T, Cumano A, Demengeot J, Vieira P. Arrested
B lymphopoiesis and persistence of activated B cells in adult interleukin
7(—/—) mice. J Exp Med 2001; 194:1141-1150.

Peschon JJ, Morrissey PJ, Grabstein KH, Ramsdell FJ, Maraskovsky E,
Gliniak BC, Park LS, Ziegler SF, Williams DE, Ware CB, Meyer JD,
Davison BL. Early lymphocyte expansion is severely impaired in
interleukin 7 receptor-deficient mice. J Exp Med 1994; 180:1955-1960.
Ostanin AA, Aizikovich BI, Aizikovich IV, Kozhin AY, Chernykh ER.
Role of cytokines in the regulation of reproductive function. Bull Exp Biol
Med 2007; 143:75-79.

*610°p0.da.|OIq"MMM WOJ) PEPEOJUMO(]





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU ([Based on 'AP_Press'] Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


