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Abstract.  Insulin receptor substrate 2 (IRS2) is a component of the insulin/insulin-like growth factor 1 (IGF1) signaling 
cascade, which plays an important role in mouse hypothalamic and ovarian functions. The present study was conducted to 
investigate the role of IRS2 in steroidogenesis, apoptosis, cell cycle and proliferation in mouse granulosa cells (GCs). Flow 
cytometry and CCK8 assay showed that IRS2 knockdown inhibited cell proliferation, reduced cell viability, and increased 
apoptosis in GCs. The study also revealed that the expression of Cyclin A1, Cyclin B1 and Bcl2 was downregulated, while 
the expression of Bax, Cyclin D1 and Cyclin D2 was upregulated. ELISA analysis showed that IRS2 knockdown decreased 
the concentrations of estradiol (E2) and progesterone (P4), which was further validated by the decreased expression of Star, 
Cyp11a1, and Cyp19a1. Moreover, IRS2 knockdown altered the expression of Has2 and Ptgs2, which are essential for 
folliculogenesis. In addition, we found that IRS2-mediated cell viability and hormone secretion are dependent on the PI3K/
AKT signaling pathway. Collectively, this study demonstrated that IRS2 plays an important role in the regulation of cell 
proliferation and steroidogenesis in mouse GCs via the PI3K/AKT signaling pathway.
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Folliculogenesis is the process of ovarian follicle development and 
involves follicular growth and follicular atresia. The fate of a 

follicle is dependent on a delicate balance of the expression and actions 
of factors stimulating follicular cell proliferation, differentiation and 
growth, and of those inducing apoptosis [1–3]. Follicular growth 
is facilitated by granulosa cell (GCs) proliferation, differentiation, 
cell cycle control, and follicular fluid formation. However, only a 
small fraction of the follicles undergo ovulation, while majority 
of them are lost before ovulation by atresia, which is a common 
physiological phenomenon during the overall process of follicular 
growth and development. This degenerative process is initiated or 
caused by apoptosis of GCs [4, 5].

GCs produce estradiol (E2), progesterone (P4) and insulin-like 
growth factor (IGF) in the ovarian micro-environment and promote 
the growth of delicate oocytes. Therefore, cultured GCs are essential 
models for elucidating the underlying molecular mechanisms of gene 
regulation during folliculogenesis [1, 6]. Insulin receptor signaling 
has complex roles in ovarian function, including the regulation of 
ovarian steroidogenesis, follicular development and GC proliferation 

[7]. The strong association between insulin resistance and ovarian 
dysfunction in polycystic ovarian syndrome also suggests a role 
of insulin signaling in ovarian function [8, 9]. The insulin receptor 
substrate (IRS) proteins are the classical substrates and signaling 
intermediates of the insulin and IGF1 receptor. The binding of IGF1 
and IRS activated phosphoinositide 3-kinases (PI3K) subsequently 
induces AKT activation by phosphorylation to regulate cell function 
[10].

The mammalian IRS protein family contains at least four mem-
bers: IRS1 and IRS2, which are widely expressed; IRS3, which is 
mainly found in adipose tissue, and IRS4, which is expressed in 
the thymus, brain, and kidney [11, 12]. IRS2 has been known to 
mediate metabolic and reproductive functions. Previous studies 
have emphasized its role in growth and proliferation via PI3K/AKT 
signaling pathway and in the expression of cell cycle-related factors 
[12–14]. Withers et al. reported that IRS2 is critical for peripheral 
carbohydrate metabolism and β-cell function [15, 16]. Moreover, the 
specific role of IRS2 protein in regulating reproductive functions has 
been foreshadowed by knockout studies [12]. A study by Burks et al. 
suggested that mice lacking IRS2 have small, anovulatory ovaries 
with reduced number of follicles during ovarian development [17]. 
Female IRS2 null mice are also infertile due to reduced pituitary 
LH levels and gonadotroph cell numbers. Additionally, they exhibit 
reduced gonadotropin stimulated ovulation and markedly reduced 
number of ovarian follicles and corpora lutea [8, 17].

The above studies demonstrate an important role of IRS2 in 
female reproduction. However, the function and signaling pathway 
of IRS2 in mouse GCs needs to be further explored. Therefore, in 
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this study, we aimed to investigate the role, function and signaling 
pathway of IRS2 in mouse GCs.

Materials and Methods

Animals and chemicals
Immature female Kunming mice (SPF grade, 21 days old) were 

purchased from the Laboratory Animal Central of Jiujiang University. 
All mice were fed a typical diet of lab chow and housed in a single 
room under conditions of constant temperature (~25–28 ± 2°C), 
humidity (55 ± 5%), and lighting (12 h light, 12 h dark cycle) [18]. 
All procedures were approved by the Committee for the Ethics on 
Animal Care and Experiments of Jiujiang University.

All chemicals were purchased from Sigma-Aldrich (St. Louis, 
MO, USA), unless otherwise stated. IGF1 was prepared as 8 μg/
ml stock solution in distilled PBS. Stock solution of 5 mM AKT 
inhibitor LY294002 was prepared in DMSO and stored at –20°C. 
The final concentrations of IGF1 and LY294002 used for culture 
were ~0–80 ng/ml and 5 μM, respectively.

Isolation and culture of mouse GCs
The immature female mice were intraperitoneally injected with 10 

IU PMSG to facilitate GC proliferation. After 44 h, primary mouse 
granulosa cells were isolated and cultured as described previously 
[19–21]. Briefly, ovaries were collected under sterile conditions and 
placed in DMEM/F-12, purchased from Hyclone (Logan, UT, USA). 
The cells were collected by needle puncture method and centrifuged 
at 3000 rpm for 3 min. Thereafter, the supernatant was removed and 
the pellets were resuspended in DMEM/F12. Finally, the cells were 
cultured in DMEM/F12 containing 100 IU/ml penicillin, 100 µg/ml 
streptomycin, and 10% FBS (Corning, USA), at 37°C in 5% CO2 
and 95% O2 for 48 h.

Transfection of mouse GCs with shRNA-IRS2 lentiviral vector
shRNA-IRS2 and shRNA-negative lentiviral vector were purchased 

from Genechem (Shanghai, China). Expression of the lentiviral 
vector (carrying green fluorescence protein (GFP)) was used to 
evaluate virus-mediated transfection efficiency, under a fluorescent 
microscope. Transfection of mouse GCs with shRNA-IRS2 lentiviral 
vector was carried out, as our previous report [22]. The mouse GCs 
were seeded into 6-well plates, which were cultured to ~60−70% 
confluence and infected by addition of 1 × 108 TU/ml lentivirus 
(10 μl), 5 μg/ml polybrene and complete medium. After 10 h of 
incubation, the lentivirus solution was replaced by complete culture 
medium and cultured for 48 h. The efficiency of shRNA-IRS2 medi-
ated knockdown was also examined by western blot and real-time 
quantitative PCR (RT-qPCR).

Cell viability assay
The cells were seeded in 96-well plates at 5000 cells/well. After 

culturing and treatment, CCK8 was added to the cells (10 µl/well). 
Thereafter, the cells were incubated for 1 h at 37°C and measured 
at 450 nm by a Microplate Reader (Bio-Rad 680). The experiments 
were performed in triplicate.

RT-qPCR
Total RNA was extracted from transfected mouse GCs using 

TRIzol (Sigma, USA) and stored at –80°C. Quantity and purity 
were checked using Nanodrop Spectrophotometer. RNA was reverse 
transcribed using the PrimeScript RT Reagent Kit (TaKaRa, China), 
following the manufacturer’s protocol. RT-qPCR was performed 
using the SYBR Premix Ex Taq II (Thermo Fisher Scientific, USA) 
on the Quant Studio 6 Flex Real-time PCR system [23]. Sequences 
of the specific primers used to detect the related genes are listed in 
Supplementary Table 1. β-actin served as a reference gene. Data 
were quantified using the 2–∆∆Ct method, and at least three biological 
replicates were performed for each sample.

Western blot
Mouse GCs were collected and washed twice with PBS, followed by 

lysis with RIPA buffer (Santa Cruz, USA) containing PMSF. The total 
protein concentration was measured by BCA assay (Dingguo, Beijing, 
China), and 50 µg of protein, from each sample, was subjected to gel 
electrophoresis. Proteins were separated on 12% polyacrylamide gel 
before transferring them to PVDF membranes (Millipore, Bedford, 
MA, USA). After blocking in TBST, supplemented with 5% skim 
milk at 25°C for 1 h, the membranes were incubated overnight at 4°C 
with primary antibodies (IRS2, 1:800, Cell Signaling Technology; 
Cyp19a1, 1:800, Cyp11a1, 1:800, Star, 1:800, Bax, 1:800, Bcl-2, 
1:800, β-actin, 1:1000, Santa Cruz). After washing, the membranes 
were incubated with secondary antibody, conjugated to horseradish 
peroxidase at 37°C for 30 min. The immunoreactive bands were 
visualized using a Super Signal West Pico kit, according to the 
manufacturer’s instructions, and the protein band densities were 
semi-quantified by densitometric analysis using ImageJ.

Measurement of E2 and P4
After 48 h of treatment, the mouse GCs were counted. Thereafter, 

E2 and P4 in the culture supernatant were measured by an ELISA 
kit (Ji Yin Mei, Wuhan, China), according to the manufacturer’s 
instructions. The sensitivity and inter- and intra-assay coefficients 
of variations of E2 and P4 ELISA kit were as follows: E2, 10 pg/ml, 
< 15%, and < 10%; P4, 0.25 ng/ml, < 15%, and < 10%. Each sample 
was measured in triplicate.

Cell cycle analysis
Mouse GCs, of the respective experimental groups, were collected 

and fixed in ice-cold 70% ethanol at 4°C for 24 h. Thereafter, the 
cells were washed with PBS and stained with a propidium iodide/
RNase A solution for 30 min, at 25°C, in the dark. Finally, the cells 
were analyzed by flow cytometry using a BD FACSCalibur system 
and ModFit LT for MacV3.0 software. A minimum of 20,000 cells 
were analyzed. All experiments were repeated three times.

Cell apoptosis analysis
Mouse GCs of the respective experimental groups were col-

lected and quantified using an Annexin V-PE and 7-AAD kit, after 
culturing for 48 h. The GCs were harvested, washed with PBS, and 
digested with 0.25% trypsin, without EDTA. Thereafter, the cells 
were centrifuged at 500 × g for 5 min, washed twice with cold PBS, 
and their density adjusted to 1 × 105 cells per milliliter. The cells 
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were then treated following the manufacturer’s instructions. First, 
cells were resuspended in 50 µl binding buffer. Secondly, 5 µl of 
7-AAD was added and the mixture was allowed to stand for 15 min 
in the dark. Finally, 450 µl binding buffer and 1 µl Annexin V-PE 
were added and incubated for 15 min in the dark. Detection by flow 
cytometry was performed within 1 h. The experiment was repeated 
independently three times.

Statistical analysis
All experimental data were analyzed using one-way ANOVA. 

Analysis was done using SPSS software (Version 13.0; SPSS, Chicago, 
IL, USA) with Tukey’s post hoc test. P < 0.05 was regarded as 
statistically significant. All data are represented as mean ± SEM, 
from at least three separate experiments.

Results

IRS2 knockdown inhibits mouse GC proliferation
Flow cytometry analysis showed that the percentage of IRS2 

knockdown GCs in S phase was higher than that of the shRNA-
negative group (Fig. 1A). However, the ratio of cells in G1 phase 
significantly decreased, and there was no significant difference in G2 
phase (Fig. 1A). The CCK8 results indicated that IRS2 knockdown 

decreased the percentage of cell viability in IRS2 knockdown groups 
compared to control groups (Fig. 1B). The mRNA levels of cell cycle 
factors (Cyclin A1, Cyclin B1, Cyclin D1 and Cyclin D2) indicated 
that IRS2 knockdown significantly decreased the mRNA expression 
of Cyclin A1 and Cyclin B1, but increased the expression of Cyclin 
D1 and Cyclin D2 (Fig. 1C- F).

IRS2 knockdown decreases hormone secretion in mouse GC 
culture medium

ELISA results showed that the levels of E2 and P4 were lower in 
the shIRS2 group than in the shRNA-negative group (Fig. 2A and 
2B). Furthermore, the mRNA or protein expression levels of IRS2 
was significantly decreased, suggesting that shRNA-IRS2 lentivirus 
efficiently inhibited IRS2 expression (Fig. 2C). The mRNA or protein 
expression levels of Star (the protein associated with the transport of 
cholesterol across the mitochondrial membrane) and Cyp11a1 (the 
rate-limiting enzyme in P4 synthesis) were both significantly reduced, 
while the expression levels of Cyp19a1 (the enzyme responsible for 
androgen aromatization to E2) was slightly decreased, but showed 
no statistically significant difference with shRNA-negative group 
(Fig. 2C–E).

Fig. 1. IRS2 knockdown inhibits mouse GC proliferation. (A) Cell cycle analysis was performed by flow cytometry. (B) Cell viability was measured by 
CCK8 assay. (C–F) The mRNA levels of cell cycle factors (Cyclin A1, Cyclin B1, Cyclin D1 and Cyclin D2). The data are presented as mean ± 
SEM of three independent experiments. Bars with different letters are significantly different (P < 0.05).
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IRS2 knockdown promotes mouse GC apoptosis
The results showed that the apoptosis rate of the shRNA-IRS2 

group was significantly higher than that of the shRNA-negative group 
(Fig. 3A). Furthermore, we measured the protein and mRNA levels 
of apoptotic regulatory genes, Bcl2 and Bax, to further elucidate 
the effects of IRS2 knockdown on mouse GC apoptosis. The results 
indicated that the expression of Bcl2 was significantly decreased, 
and the expression of Bax was increased at the protein level, but no 
difference was observed at the mRNA expression level, between the 
shRNA-IRS2 and shRNA-negative groups (Fig. 3B–E).

Effects of IGF1 on activation of AKT and IRS2 expression
It has been previously reported that AKT is a downstream regulator 

of IRS2 [24]. To further validate the relation of IRS2 and AKT in 
mouse GCs, IRS2 was induced by different doses of IGF1 and 
cultured for different time intervals. The results showed that pAKT 
was increased at 15 min, peaked at ~30–60 min and was still high 
at 24 h, but began to decrease within 48 h after culturing with 40 
ng/ml IGF1 (Fig. 4A). The IRS2 mRNA was increased at 12 h and 
peaked at 24 h (Fig. 4B). We also treated the mouse GCs with different 
doses of IGF1 (0, 10, 20, 40 and 80 ng/ml) for 24 h. The results 
showed that IGF1 induces the expression of IRS2 and the pAKT in 
a dose-dependent manner. Moreover, 20 ng/ml IGF1 was enough 
to active AKT, but the lowest concentration of IGF1 to induce IRS2 
expression was 40 ng/ml (Fig. 4C and 4D).

Fig. 2. IRS2 knockdown decreases hormone secretion in mouse GC 
culture medium. (A–B) E2 and P4 levels in mouse GC culture 
medium. (C–E) The mRNA and protein levels of IRS2, Star, 
Cyp19a1 and Cyp11a1. Protein expression was normalized 
to β-actin. The data are presented as mean ± SEM of three 
independent experiments. Bars with different letters and asterisks 
are significantly different (P < 0.05).

Fig. 3. Effect of IRS2 knockdown on cell apoptosis. (A) Cell apoptosis 
was detected by flow cytometry. (B–E) The mRNA and protein 
expression levels of Bcl2 and Bax. A1: Necrotic cells; A2: 
Progressed apoptotic cells; A3: Viable cells; A4: Early apoptotic 
cells. Protein expression was normalized to β-actin. The data are 
presented as the mean ± SEM of three independent experiments. 
Bars with different letters are significantly different (P < 0.05).

Fig. 4. Effect of IGF1 on activation of AKT and expression of IRS2 in 
mouse GCs. (A) The expression of AKT and pAKT after adding 
IGF1 at different time intervals. (B) The mRNA expression 
of IRS2 after adding IGF1 at different time intervals. (C) The 
expression of AKT and pAKT after adding different doses of 
IGF1 at 24 h. (D) The mRNA expression of IRS2 after adding 
IGF1 at 24 h. The pAKT was normalized to total AKT. The 
data are presented as the mean ± SEM of three independent 
experiments. Bars with different letters are significantly different 
(P < 0.05).
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IRS2/AKT is necessary for IGF1-induced hormone secretion
To determine the role of IRS2/AKT signaling pathway in IGF1-

induced hormone secretion, we measured the concentrations of E2 
and P4 in the mouse GC culture medium. We found that 40 ng/ml 
IGF1 promoted E2 and P4 secretion (Fig. 5A and 5B) and increased 
the mRNA and protein levels of Star, Cyp19a1, and Cyp11a1 (Fig. 
5C and 5D). In addition, IRS2 silencing or 5 μM LY294002, clearly 
inhibited the IGF1-stimulated hormone secretion (Fig. 5A and 5B) 
and the expression of Star, Cyp19a1, and Cyp11a1 (Fig. 5C and 5D).

IRS2/AKT is necessary for IGF1-induced cell viability
The CCK8 assay indicated that the rate of cell viability was higher 

in the shRNA-negative or DMSO group after treatment with IGF1, 
compared with the other groups (Fig. 6A). Moreover, IGF1 induced-
pAKT was significantly impaired by IRS2 silencing or LY294002 

(Fig. 6C). At the same time, IRS2 silencing or LY294002 altered 
the expression of the apoptotic regulatory genes, Bcl2 and Bax . The 
expression of Bcl2 was downregulated, while the expression of Bax 
was upregulated compared to the related control group (Fig. 6B and 
6C). In addition, inhibition of AKT by LY294002 had no obvious 
effect on IGF1-induced the expression of IRS2 (Fig. 6B and 6C).

IRS2/AKT is involved in the expression of key genes associated 
with folliculogenesis

We also studied the expression of key genes (Has2 and Ptgs2) 
associated with folliculogenesis, ovulation, and luteinization in mouse 
GCs. The results showed that inhibition of IRS2/AKT signaling by 

Fig. 5. IRS2/AKT signaling is necessary for IGF1-induced hormone 
secretion. (A–B) Concentrations of E2 and P4 in mouse GC 
culture medium at 48 h. (B–C) The mRNA and protein expression 
levels of Star, Cyp19a1 and Cyp11a1 at 24 h. Protein expression 
was normalized to β-actin. The data are presented as the mean ± 
SEM of three independent experiments. Bars with different letters 
are significantly different (P < 0.05).

Fig. 6. IRS2/AKT signaling is necessary for IGF1-induced cell viability. 
(A) Cell viability was measured by CCK8 at 24 h. (B–C) The 
mRNA and protein levels of IRS2, Bcl2 and Bax and the protein 
expression level of pAKT/AKT at 24 h. Protein expression was 
normalized to β-actin. The data are presented as the mean ± SEM 
of three independent experiments. Bars with different letters are 
significantly different (P < 0.05).
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RNAi or LY294002, significantly decreased the mRNA expression 
level of Has2 and Ptgs2 (Fig. 7A and 7B), suggesting that IRS2/
AKT may be involved in the process of folliculogenesis, ovulation, 
and luteinization, in the mouse ovary.

Discussion

Previous studies have demonstrated that IRS2 is a key regulatory 
factor in metabolic and reproductive functions in vivo [15, 17, 25]. 
However, little information is available on the role of IRS2 in cell 
cycle control, proliferation, apoptosis, and steroid hormone synthesis 
at cellular levels in GCs. To address these questions, we determined 
the function of IRS2 in mouse GCs, in this study.

Previous studies have reported that IRS2 expression was found 
to increase with follicular growth, [8] and FSH and IGF1 induced 
IRS2 expression in GCs [12], indicating that IRS2 may play an 
important role in follicular development. In our study, we found that 
IRS2 knockdown inhibits mouse GC proliferation in vitro; this result 
supports the previous in vivo study, where IRS2 null female mice 
exhibited decreased primary oocytes, follicles, and corpora lutea, 
compared to wild-type controls [17], suggesting that IRS2 plays a role 
in the growth and development of oocytes and follicles. A plausible 
explanation is that IRS2 activates the PI3K/AKT pathway, which 
has been earlier identified as a crucial mediator of oocyte growth, 
granulosa cell proliferation and follicular development [26, 27].

GCs play a crucial role in female reproduction by synthesizing 
sex hormones, including E2 and P4, as well as interacting with the 
oocytes [28, 29]. Therefore, we speculate that IRS2 may participate 
in steroid hormone synthesis to regulate follicular growth and ovar-
ian steroidogeneses. Thus, in this study, we demonstrated that the 
concentrations of E2 and P4 were significantly decreased in the IRS2 
silenced group compared to the shRNA-negative group. In the process 
of progesterone synthesis, transport of cholesterol from the outer 
mitochondrial membrane to the inner mitochondrial membrane by 
Star, and conversion of cholesterol into pregnenolone by Cyp11a1, 
are the rate limiting steps, which take place in the mitochondria 
[30, 31]. In the present study, we found that IRS2 silencing leads to 

decreased expression of Star and Cyp11al. This result confirms that 
IRS2 may be involved in the growth and development of oocytes and 
follicles. Decrease in the levels of the E2 and P4 could be attributed 
to the decrease in Star and Cyp11a1 expression.

In view of the importance of cell cycle regulation in follicular 
development, we evaluated the mouse GC cell cycle, after IRS2 
knockdown. Our results indicated an increase in the S phase compared 
to the shRNA-negative group, accompanied by a decrease in the G1 
phase. IRS2 knockdown decreased the mRNA level of Cyclin A1 
and Cyclin B1, but not Cyclin D1 and Cyclin D2. Cyclin A1, being 
a key regulator of cell cycle progression from the S phase to the 
G2/M phase, reduction in Cyclin A1, resulted in the S phase arrest. 
Furthermore, Cyclin B1 may function as a key regulator of cell 
cycle progression from S phase to G2/M phase, and is associated 
with cyclin-dependent kinase1 (CDK1) [6, 32]. Thus, we surmised 
that reduced mRNA expression of Cyclin B1 and Cyclin A1 may 
inhibit cell cycle progression from S to G2/M phase, after IRS2 
knockdown. Moreover, the mRNA levels of Cyclin D1 and Cyclin 
D2 were up-regulated after IRS2 knockdown. This may be attributed 
to the fact that Cyclin D1 represses DNA replication by binding to 
proliferating cell nuclear antigen (PCNA) and Cdk2 [5, 33, 34] and 
Cyclin D2 promotes the G1 to S phase transition in a coordinated 
fashion, together with its antagonist p27Kip1 [35].

In female mammals, it is estimated that there is a storage capacity 
for tens of thousands of primordial follicles at birth, but only a small 
fraction of these are selected for ovulation. More than 99% of follicles 
undergo atresia, which is a common physiological phenomenon 
during the overall process of follicular growth and development 
[4, 36]. Previous studies have suggested that GC apoptosis is the 
main cause of follicular atresia [37, 38], and is regulated by Bax 
and Bcl2 gene family members [6, 39]. IRS2 may have evolved to 
acquire a unique role in this regulation. Thus, we hypothesized that 
IRS2 may promote cell survival by attenuating mouse GC apoptosis. 
Our results showed that IRS2 knockdown has significant effect on 
apoptosis in mouse GCs, as determined via flow cytometry. At the 
transcriptional level, Bcl2 was significantly decreased by IRS2 
knockdown at mRNA and protein levels. However, the mRNA level 
of Bax showed no significant effect on apoptosis of mouse GCs.

Previous studies have reported that GCs express IGF1 during the 
early follicular phase and high levels of IGF1 were found in healthy 
follicles [40]. Some studies have reported that IGF1 affects GC 
proliferation, aromatase activity and P4 synthesis [41, 42]. Moreover, 
IGFI is capable of augmenting FSH-mediated E2 synthesis [43, 44]. 
In addition, IGF1 binding to its receptors on the cell surface activates 
IRS2 signaling, which further activates the PI3K/AKT pathway to 
influence cell function [45–48]. The potential relation between IRS2, 
AKT, cell viability and hormone secretion have been examined in 
mouse GCs. The results showed that IGF1 stimulates the expression 
of IRS2 and activates AKT in mouse GCs, which is consistent with 
previous reports [47–49]. Moreover, IRS2 knockdown inhibited 
IGF1-stimulated pAKT, cell viability and hormone secretion. Further, 
studies have revealed that IGF1-induced pAKT, cell viability and 
hormone secretion can be attenuated by LY294002. This finding is 
similar to the results of a previous study that showed that the IGF1 
induces AKT phosphorylation and cell proliferation in human GCs 
[47] and bovine GCs [43].

Fig. 7. Effects of IRS2/AKT signaling by RNAi or LY294002 on the 
expression level of the key genes associated with folliculogenesis 
in mouse GCs. (A–B) The mRNA expression of Has2 and Ptgs2 
in different groups. The data are presented as the mean ± SEM 
of three independent experiments. Bars with different letters are 
significantly different (P < 0.05).
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In addition, we also investigated IRS2/AKT signaling in fol-
liculogenesis; we detected the key genes as Has2 (the key enzyme 
in the production of hyaluronic acid) and Ptgs2 (the key enzyme in 
prostaglandin biosynthesis, mainly expressed in GCs in the ovaries) 
[30, 50] to be associated with folliculogenesis and ovulation. We 
found that transcription of Has2 and Ptgs2 was down-regulated after 
IRS2 knockdown. The decrease of Has2 and Ptgs2 are an indication of 
hyaluronan shortage during cumulus expansion, and affects ovulation 
and corpus luteum formation. Accordingly, we speculated that IRS2 
may participate in folliculogenesis, ovulation, and luteinization by 
regulating the expression of these genes in the mouse ovary.

In summary, this study provides additional evidence that IRS2 plays 
an important role in folliculogenesis, granulosa cell proliferation, 
ovulation, hormone secretion and luteal tissue formation. Previous 
studies have revealed that this process is related to the PI3K/AKT 
signaling pathway. The results of our study adds to the existing 
knowledge on the role of IRS2 and will help to better understand 
the function of IRS2 in the female reproductive process.

Conflict of interest: The authors declare that they have no competing 
interests.

References

 1. M’baye M, Hua G, Khan HA, Yang L. RNAi-mediated knockdown of INHBB increases 
apoptosis and inhibits steroidogenesis in mouse granulosa cells. J Reprod Dev 2015; 61: 
391–397. [Medline]  [CrossRef]

 2. Jiang JY, Cheung CK, Wang Y, Tsang BK. Regulation of cell death and cell survival 
gene expression during ovarian follicular development and atresia. Front Biosci 2003; 8: 
d222–d237. [Medline]  [CrossRef]

 3. Matsuda F, Inoue N, Manabe N, Ohkura S. Follicular growth and atresia in mammalian 
ovaries: regulation by survival and death of granulosa cells. J Reprod Dev 2012; 58: 
44–50. [Medline]  [CrossRef]

 4. Yang D, Jiang T, Lin P, Chen H, Wang L, Wang N, Zhao F, Wang A, Jin Y. Knock-
down of apoptosis inducing factor gene protects endoplasmic reticulum stress-mediated 
goat granulosa cell apoptosis. Theriogenology 2017; 88: 89–97. [Medline]  [CrossRef]

 5. Zhen YH, Wang L, Riaz H, Wu JB, Yuan YF, Han L, Wang YL, Zhao Y, Dan Y, Huo 
LJ. Knockdown of CEBPβ by RNAi in porcine granulosa cells resulted in S phase cell 
cycle arrest and decreased progesterone and estradiol synthesis. J Steroid Biochem Mol 
Biol 2014; 143: 90–98. [Medline]  [CrossRef]

 6. Zhao F, Wang N, Yi Y, Lin P, Tang K, Wang A, Jin Y. Knockdown of CREB3/Luman by 
shRNA in mouse granulosa cells results in decreased estradiol and progesterone synthesis 
and promotes cell proliferation. PLoS One 2016; 11: e0168246. [Medline]  [CrossRef]

 7. Willis D, Mason H, Gilling-Smith C, Franks S. Modulation by insulin of follicle-
stimulating hormone and luteinizing hormone actions in human granulosa cells of normal 
and polycystic ovaries. J Clin Endocrinol Metab 1996; 81: 302–309. [Medline]

 8. Neganova I, Al-Qassab H, Heffron H, Selman C, Choudhury AI, Lingard SJ, Diako-
nov I, Patterson M, Ghatei M, Bloom SR, Franks S, Huhtaniemi I, Hardy K, Withers 
DJ. Role of central nervous system and ovarian insulin receptor substrate 2 signaling in 
female reproductive function in the mouse. Biol Reprod 2007; 76: 1045–1053. [Medline]  
[CrossRef]

 9. Franks S, Gilling-Smith C, Watson H, Willis D. Insulin action in the normal and poly-
cystic ovary. Endocrinol Metab Clin North Am 1999; 28: 361–378. [Medline]  [CrossRef]

 10. Blair TA, Moore SF, Williams CM, Poole AW, Vanhaesebroeck B, Hers I. Phos-
phoinositide 3-kinases p110α and p110β have differential roles in insulin-like growth 
factor-1-mediated Akt phosphorylation and platelet priming. Arterioscl Throm Vas 2014; 
34: 1681–1688.  [CrossRef]

 11. Lavan BE, Lane WS, Lienhard GE. The 60-kDa phosphotyrosine protein in insulin-
treated adipocytes is a new member of the insulin receptor substrate family. J Biol Chem 
1997; 272: 11439–11443. [Medline]  [CrossRef]

 12. Anjali G, Kaur S, Lakra R, Taneja J, Kalsey GS, Nagendra A, Shrivastav TG, Devi 
MG, Malhotra N, Kriplani A, Singh R. FSH stimulates IRS-2 expression in human 
granulosa cells through cAMP/SP1, an inoperative FSH action in PCOS patients. Cell 
Signal 2015; 27: 2452–2466. [Medline]  [CrossRef]

 13. Shaw LM. The insulin receptor substrate (IRS) proteins: at the intersection of metabolism 

and cancer. Cell Cycle 2011; 10: 1750–1756. [Medline]  [CrossRef]
 14. Dearth RK, Cui X, Kim HJ, Kuiatse I, Lawrence NA, Zhang X, Divisova J, Britton 

OL, Mohsin S, Allred DC, Hadsell DL, Lee AV. Mammary tumorigenesis and metastasis 
caused by overexpression of insulin receptor substrate 1 (IRS-1) or IRS-2. Mol Cell Biol 
2006; 26: 9302–9314. [Medline]  [CrossRef]

 15. Withers DJ, Gutierrez JS, Towery H, Burks DJ, Ren JM, Previs S, Zhang Y, Bernal 
D, Pons S, Shulman GI, Bonner-Weir S, White MF. Disruption of IRS-2 causes type 2 
diabetes in mice. Nature 1998; 391: 900–904. [Medline]  [CrossRef]

 16. Withers DJ, Burks DJ, Towery HH, Altamuro SL, Flint CL, White MF. Irs-2 coordi-
nates Igf-1 receptor-mediated beta-cell development and peripheral insulin signalling. Nat 
Genet 1999; 23: 32–40. [Medline]  [CrossRef]

 17. Burks DJ, Font de Mora J, Schubert M, Withers DJ, Myers MG, Towery HH, Al-
tamuro SL, Flint CL, White MF. IRS-2 pathways integrate female reproduction and 
energy homeostasis. Nature 2000; 407: 377–382. [Medline]  [CrossRef]

 18. Yang L, Wei Q, Li W, Xi Q, Zhao X, Ma B. NPR2 is involved in FSH-mediated mouse 
oocyte meiotic resumption. J Ovarian Res 2016; 9: 6. [Medline]  [CrossRef]

 19. Li Q, Martinez LM, Agno JE, Matzuk MM. Transforming Growth Factor beta Recep-
tor Type 1 Is Essential for Female Reproductive Tract Development and Function. Biol 
Reprod 2010; 82: 88–88.

 20. Gao Y, Wen H, Wang C, Li Q. SMAD7 antagonizes key TGFβ superfamily signaling in 
mouse granulosa cells in vitro. Reproduction 2013; 146: 1–11. [Medline]  [CrossRef]

 21. Yang L, Wei Q, Ge J, Zhao X, Ma B. MAPK3/1 is conducive to luteinizing hormone-
mediated C-type natriuretic peptide decrease in bovine granulosa cells. J Reprod Dev 
2016; 62: 137–142. [Medline]  [CrossRef]

 22. Chen F, Wang N, Yang D, Wen X, Mahmoud TN, Zhou D, Tang K, Lin P, Wang A, 
Jin Y. Herp depletion arrests the S phase of the cell cycle and increases estradiol synthesis 
in mouse granulosa cells. J Reprod Dev 2016; 62: 159–166. [Medline]  [CrossRef]

 23. Yang L, Wei Q, Li W, Ge J, Zhao X, Ma B. C-type natriuretic peptide improved vitri-
fied-warmed mouse cumulus oocyte complexes developmental competence. Cryobiology 
2016; 72: 161–164. [Medline]  [CrossRef]

 24. Russo SJ, Bolanos CA, Theobald DE, DeCarolis NA, Renthal W, Kumar A, Winstan-
ley CA, Renthal NE, Wiley MD, Self DW, Russell DS, Neve RL, Eisch AJ, Nestler 
EJ. IRS2-Akt pathway in midbrain dopamine neurons regulates behavioral and cellular 
responses to opiates. Nat Neurosci 2007; 10: 93–99. [Medline]  [CrossRef]

 25. Aoki K, Tajima K, Taguri M, Terauchi Y. Effect of dehydroepiandrosterone (DHEA) 
on Akt and protein kinase C zeta (PKCζ) phosphorylation in different tissues of C57BL6, 
insulin receptor substrate (IRS)1(-/-), and IRS2(-/-) male mice fed a high-fat diet. J Steroid 
Biochem Mol Biol 2016; 159: 110–120. [Medline]  [CrossRef]

 26. Andrade GM, da Silveira JC, Perrini C, Del Collado M, Gebremedhn S, Tesfaye D, 
Meirelles FV, Perecin F. The role of the PI3K-Akt signaling pathway in the developmen-
tal competence of bovine oocytes. PLoS One 2017; 12: e0185045. [Medline]  [CrossRef]

 27. Hunzicker-Dunn ME, Lopez-Biladeau B, Law NC, Fiedler SE, Carr DW, Maizels 
ET. PKA and GAB2 play central roles in the FSH signaling pathway to PI3K and AKT 
in ovarian granulosa cells. Proc Natl Acad Sci USA 2012; 109: E2979–E2988. [Medline]  
[CrossRef]

 28. Tatone C, Amicarelli F, Carbone MC, Monteleone P, Caserta D, Marci R, Artini PG, 
Piomboni P, Focarelli R. Cellular and molecular aspects of ovarian follicle ageing. Hum 
Reprod Update 2008; 14: 131–142. [Medline]  [CrossRef]

 29. Li Y, Ma H, Lu Y, Tan BJ, Xu L, Lawal TO, Mahady GB, Liu D. Menoprogen, a 
TCM herbal formula for menopause, increases endogenous E2 in an aged rat model of 
menopause by reducing ovarian granulosa cell apoptosis. Biomed Res Int 2016; 2016: 
2574637. [Medline]

 30. Wang N, Zhao F, Lin P, Zhang G, Tang K, Wang A, Jin Y. Knockdown of XBP1 
by RNAi in mouse granulosa cells promotes apoptosis, inhibits cell cycle, and decreases 
estradiol synthesis. Int J Mol Sci 2017; 18: 1152. [Medline]  [CrossRef]

 31. Shih MC, Chiu YN, Hu MC, Guo IC, Chung BC. Regulation of steroid production: 
analysis of Cyp11a1 promoter. Mol Cell Endocrinol 2011; 336: 80–84. [Medline]  [Cross-
Ref]

 32. Xu X, Zhang H, Zhang Q, Huang Y, Dong J, Liang Y, Liu HJ, Tong D. Porcine epi-
demic diarrhea virus N protein prolongs S-phase cell cycle, induces endoplasmic reticu-
lum stress, and up-regulates interleukin-8 expression. Vet Microbiol 2013; 164: 212–221. 
[Medline]  [CrossRef]

 33. Riaz H, Liang A, Khan MK, Dong P, Han L, Shahzad M, Chong Z, Ahmad S, Hua G, 
Yang L. Somatostatin and its receptors: functional regulation in the development of mice 
Sertoli cells. J Steroid Biochem Mol Biol 2013; 138: 257–266. [Medline]  [CrossRef]

 34. Alao JP. The regulation of cyclin D1 degradation: roles in cancer development and the 
potential for therapeutic invention. Mol Cancer 2007; 6: 24. [Medline]  [CrossRef]

 35. Sherr CJ. D-type cyclins. Trends Biochem Sci 1995; 20: 187–190. [Medline]  [CrossRef]
 36. Girard A, Dufort I, Douville G, Sirard MA. Global gene expression in granulosa cells 

of growing, plateau and atretic dominant follicles in cattle. Reprod Biol Endocrinol 2015; 
13: 17. [Medline]  [CrossRef]

 37. Hussein MR. Apoptosis in the ovary: molecular mechanisms. Hum Reprod Update 2005; 

http://www.ncbi.nlm.nih.gov/pubmed/26063610?dopt=Abstract
http://dx.doi.org/10.1262/jrd.2014-158
http://www.ncbi.nlm.nih.gov/pubmed/12456353?dopt=Abstract
http://dx.doi.org/10.2741/949
http://www.ncbi.nlm.nih.gov/pubmed/22450284?dopt=Abstract
http://dx.doi.org/10.1262/jrd.2011-012
http://www.ncbi.nlm.nih.gov/pubmed/27865417?dopt=Abstract
http://dx.doi.org/10.1016/j.theriogenology.2016.10.001
http://www.ncbi.nlm.nih.gov/pubmed/24607812?dopt=Abstract
http://dx.doi.org/10.1016/j.jsbmb.2014.02.013
http://www.ncbi.nlm.nih.gov/pubmed/27973579?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0168246
http://www.ncbi.nlm.nih.gov/pubmed/8550768?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17329594?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.106.059360
http://www.ncbi.nlm.nih.gov/pubmed/10352923?dopt=Abstract
http://dx.doi.org/10.1016/S0889-8529(05)70074-8
http://dx.doi.org/10.1161/ATVBAHA.114.303954
http://www.ncbi.nlm.nih.gov/pubmed/9111055?dopt=Abstract
http://dx.doi.org/10.1074/jbc.272.17.11439
http://www.ncbi.nlm.nih.gov/pubmed/26388164?dopt=Abstract
http://dx.doi.org/10.1016/j.cellsig.2015.09.011
http://www.ncbi.nlm.nih.gov/pubmed/21597332?dopt=Abstract
http://dx.doi.org/10.4161/cc.10.11.15824
http://www.ncbi.nlm.nih.gov/pubmed/17030631?dopt=Abstract
http://dx.doi.org/10.1128/MCB.00260-06
http://www.ncbi.nlm.nih.gov/pubmed/9495343?dopt=Abstract
http://dx.doi.org/10.1038/36116
http://www.ncbi.nlm.nih.gov/pubmed/10471495?dopt=Abstract
http://dx.doi.org/10.1038/12631
http://www.ncbi.nlm.nih.gov/pubmed/11014193?dopt=Abstract
http://dx.doi.org/10.1038/35030105
http://www.ncbi.nlm.nih.gov/pubmed/26880031?dopt=Abstract
http://dx.doi.org/10.1186/s13048-016-0218-y
http://www.ncbi.nlm.nih.gov/pubmed/23633623?dopt=Abstract
http://dx.doi.org/10.1530/REP-13-0093
http://www.ncbi.nlm.nih.gov/pubmed/26655567?dopt=Abstract
http://dx.doi.org/10.1262/jrd.2015-135
http://www.ncbi.nlm.nih.gov/pubmed/26781490?dopt=Abstract
http://dx.doi.org/10.1262/jrd.2015-120
http://www.ncbi.nlm.nih.gov/pubmed/26921772?dopt=Abstract
http://dx.doi.org/10.1016/j.cryobiol.2016.02.002
http://www.ncbi.nlm.nih.gov/pubmed/17143271?dopt=Abstract
http://dx.doi.org/10.1038/nn1812
http://www.ncbi.nlm.nih.gov/pubmed/26976654?dopt=Abstract
http://dx.doi.org/10.1016/j.jsbmb.2016.03.011
http://www.ncbi.nlm.nih.gov/pubmed/28922408?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0185045
http://www.ncbi.nlm.nih.gov/pubmed/23045700?dopt=Abstract
http://dx.doi.org/10.1073/pnas.1205661109
http://www.ncbi.nlm.nih.gov/pubmed/18239135?dopt=Abstract
http://dx.doi.org/10.1093/humupd/dmm048
http://www.ncbi.nlm.nih.gov/pubmed/26981526?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/28555054?dopt=Abstract
http://dx.doi.org/10.3390/ijms18061152
http://www.ncbi.nlm.nih.gov/pubmed/21195129?dopt=Abstract
http://dx.doi.org/10.1016/j.mce.2010.12.017
http://dx.doi.org/10.1016/j.mce.2010.12.017
http://www.ncbi.nlm.nih.gov/pubmed/23562137?dopt=Abstract
http://dx.doi.org/10.1016/j.vetmic.2013.01.034
http://www.ncbi.nlm.nih.gov/pubmed/23831358?dopt=Abstract
http://dx.doi.org/10.1016/j.jsbmb.2013.06.007
http://www.ncbi.nlm.nih.gov/pubmed/17407548?dopt=Abstract
http://dx.doi.org/10.1186/1476-4598-6-24
http://www.ncbi.nlm.nih.gov/pubmed/7610482?dopt=Abstract
http://dx.doi.org/10.1016/S0968-0004(00)89005-2
http://www.ncbi.nlm.nih.gov/pubmed/25879740?dopt=Abstract
http://dx.doi.org/10.1186/s12958-015-0010-7


LEI et al.416

11: 162–177. [Medline]  [CrossRef]
 38. Matsuda-Minehata F, Inoue N, Goto Y, Manabe N. The regulation of ovarian granulosa 

cell death by pro- and anti-apoptotic molecules. J Reprod Dev 2006; 52: 695–705. [Med-
line]  [CrossRef]

 39. Sifer C, Bénifla JL, Bringuier AF, Porcher R, Blanc-Layrac G, Madélénat P, Feld-
mann G. Could induced apoptosis of human granulosa cells predict in vitro fertilization-
embryo transfer outcome? A preliminary study of 25 women. Eur J Obstet Gynecol 
Reprod Biol 2002; 103: 150–153. [Medline]  [CrossRef]

 40. Armstrong DG, Gutierrez CG, Baxter G, Glazyrin AL, Mann GE, Woad KJ, Hogg 
CO, Webb R. Expression of mRNA encoding IGF-I, IGF-II and type 1 IGF receptor in 
bovine ovarian follicles. J Endocrinol 2000; 165: 101–113. [Medline]  [CrossRef]

 41. Perks CM, Peters AR, Wathes DC. Follicular and luteal expression of insulin-like 
growth factors I and II and the type 1 IGF receptor in the bovine ovary. J Reprod Fertil 
1999; 116: 157–165. [Medline]  [CrossRef]

 42. Zhao J, Taverne MA, Van Der Weijden GC, Bevers MM, Van Den Hurk R. Insulin-
like growth factor-I (IGF-I) stimulates the development of cultured rat pre-antral follicles. 
Mol Reprod Dev 2001; 58: 287–296. [Medline]  [CrossRef]

 43. Kwintkiewicz J, Giudice LC. The interplay of insulin-like growth factors, gonadotro-
pins, and endocrine disruptors in ovarian follicular development and function. Semin 
Reprod Med 2009; 27: 43–51. [Medline]  [CrossRef]

 44. Wang HS, Chard T. IGFs and IGF-binding proteins in the regulation of human ovarian 

and endometrial function. J Endocrinol 1999; 161: 1–13. [Medline]  [CrossRef]
 45. Taguchi A, Wartschow LM, White MF. Brain IRS2 signaling coordinates life span and 

nutrient homeostasis. Science 2007; 317: 369–372. [Medline]  [CrossRef]
 46. White MF. Insulin signaling in health and disease. Science 2003; 302: 1710–1711. [Med-

line]  [CrossRef]
 47. Goto M, Iwase A, Harata T, Takigawa S, Suzuki K, Manabe S, Kikkawa F. IGF1-

induced AKT phosphorylation and cell proliferation are suppressed with the increase in 
PTEN during luteinization in human granulosa cells. Reproduction 2009; 137: 835–842. 
[Medline]  [CrossRef]

 48. Mani AM, Fenwick MA, Cheng Z, Sharma MK, Singh D, Wathes DC. IGF1 induces 
up-regulation of steroidogenic and apoptotic regulatory genes via activation of phospha-
tidylinositol-dependent kinase/AKT in bovine granulosa cells. Reproduction 2010; 139: 
139–151. [Medline]  [CrossRef]

 49. Zhou P, Baumgarten SC, Wu Y, Bennett J, Winston N, Hirshfeld-Cytron J, Stocco 
C. IGF-I signaling is essential for FSH stimulation of AKT and steroidogenic genes in 
granulosa cells. Mol Endocrinol 2013; 27: 511–523. [Medline]  [CrossRef]

 50. Anderson RA, Sciorio R, Kinnell H, Bayne RA, Thong KJ, de Sousa PA, Picker-
ing S. Cumulus gene expression as a predictor of human oocyte fertilisation, embryo 
development and competence to establish a pregnancy. Reproduction 2009; 138: 629–637. 
[Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/15705959?dopt=Abstract
http://dx.doi.org/10.1093/humupd/dmi001
http://www.ncbi.nlm.nih.gov/pubmed/16926526?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16926526?dopt=Abstract
http://dx.doi.org/10.1262/jrd.18069
http://www.ncbi.nlm.nih.gov/pubmed/12069738?dopt=Abstract
http://dx.doi.org/10.1016/S0301-2115(02)00043-X
http://www.ncbi.nlm.nih.gov/pubmed/10750040?dopt=Abstract
http://dx.doi.org/10.1677/joe.0.1650101
http://www.ncbi.nlm.nih.gov/pubmed/10505066?dopt=Abstract
http://dx.doi.org/10.1530/jrf.0.1160157
http://www.ncbi.nlm.nih.gov/pubmed/11170270?dopt=Abstract
http://dx.doi.org/10.1002/1098-2795(200103)58:3<287::AID-MRD7>3.0.CO;2-G
http://www.ncbi.nlm.nih.gov/pubmed/19197804?dopt=Abstract
http://dx.doi.org/10.1055/s-0028-1108009
http://www.ncbi.nlm.nih.gov/pubmed/10194523?dopt=Abstract
http://dx.doi.org/10.1677/joe.0.1610001
http://www.ncbi.nlm.nih.gov/pubmed/17641201?dopt=Abstract
http://dx.doi.org/10.1126/science.1142179
http://www.ncbi.nlm.nih.gov/pubmed/14657487?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14657487?dopt=Abstract
http://dx.doi.org/10.1126/science.1092952
http://www.ncbi.nlm.nih.gov/pubmed/19225041?dopt=Abstract
http://dx.doi.org/10.1530/REP-08-0315
http://www.ncbi.nlm.nih.gov/pubmed/19819918?dopt=Abstract
http://dx.doi.org/10.1530/REP-09-0050
http://www.ncbi.nlm.nih.gov/pubmed/23340251?dopt=Abstract
http://dx.doi.org/10.1210/me.2012-1307
http://www.ncbi.nlm.nih.gov/pubmed/19602522?dopt=Abstract
http://dx.doi.org/10.1530/REP-09-0144

