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Abstract

As the follicle develops, the thickening of the granulosa compartment leads to progressively
deficient supply of oxygen in GCs due to the growing distances from the follicular vessels.
These conditions are believed to cause hypoxia in GCs during folliculogenesis. Upon hypoxic
conditions, several types of mammalian cells have been reported to undergo cell cycle arrest.
However, it remains unclear whether hypoxia exerts any impact on cell cycle progression of
GCs. On the other hand, although the GCs may live in a hypoxic environment, their mitotic
capability appears to be unaffected in growing follicles. It thus raises the question whether
there are certain intra-ovarian factors that might overcome the inhibitory effects of hypoxia.
The present study provides the first evidence suggesting that CoCl,-mimicked hypoxia
prevented G1-to-S cell cycle progression in porcine GCs. In addition, we demonstrated that
the inhibitory effects of CoCl, on GCs cell cycle are mediated through
HIF-10/FOXO1/Cdknlb pathway. Moreover, we identified IGF-I as an intra-follicular factor
required for cell cycle recovery by binding to IGFR in GCs suffering CoCl, stimulation.
Further investigations confirmed a role of IGF-1 in preserving G1/S progression of
CoCl,-treated GCs via activating the cyclin E/CDK2 complex through the
PIBK/AKT/FOXO1/Cdknlb axis. Although the present findings were based on a hypoxia
mimicking model by using CoCl,, our study might shed new light on the regulatory

mechanism of GCs cell cycle upon hypoxic stimulation.

Key words: hypoxic stimulation / IGF-1 / HIF-1a / cell cycle / G1/S arrest / porcine
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granulosa cells

1. Introduction

In mammalian ovaries, follicular angiogenesis is restricted to the theca interna layer, while
the granulosa cells (GCs) and oocytes develop in an environment without blood vessels [1].
The vascularized and non-vascularized follicle compartment is separated by the basement
membrane, which prevents the follicular vasculature from penetrating into the granulosa layer
throughout folliculogenesis [2, 3]. As the follicle develops, the proliferation of GCs and
thickening of the granulosa compartment might lead to progressively deficient supply of
oxygen and nutrients in GCs due to the growing distances from the follicular vessels [2-4].
These conditions seem to cause hypoxia in GCs during folliculogenesis. In fact, it has been
suggested that the ovarian follicles have structural similarity to a tumor, because both of them
were presumed to contain a hypoxic core [5, 6]. As a result of steadily increasing cell density
in the GCs layers, the decreased O, levels (the O, level was modeled rather than actually
measured) [7] trigger a hypoxic response that was also found in other tumor cells enduring
low oxygen tension [8].

One of the decisive elements involved in the physiological responses to hypoxia is the
hypoxia-inducible factor 1 (HIF-1) [9]. HIF-1 is a heterodimeric protein consistsing of a
oxygen-sensitive a subunit and a constitutively expressed B subunit [10]. In normoxia
conditions, HIF-1o undergoing post-translational modifications (including hydroxylation and
ubiquitination) is rapidly degraded by the ubiquitin—proteasome pathway [11-13]. Upon

hypoxic exposure, the stabilization of HIF-1a results in activation of the HIF-1 transcription
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factor complex that regulates expression of genes required for angiogenesis, glycolysis, and
cell survival [14]. In the ovary, HIF-1a expression was detected in GCs of preantral, antral,
and preovulatory follicles [15]. Moreover, emerging evidence indicates a role for HIF-1a in
follicular development and ovulation [16].

Hypoxia has been suggested to alter cell cycle progression[17]. There are studies which
have reported that hypoxia is responsible for cell cycle arrest in GO/G1 and blocked G1/S
transitions [18, 19]. Several lines of research have indicated that hypoxia-induced cell cycle
arrest is associated with a decreased activity of certain cyclin-CDK complexes [18, 20].
Although these studies revealed an down-regulation of cyclin-CDK components, such as
CDKA4, and cyclin D, cyclin E, and an up-regulation of cyclin-dependent kinase inhibitors,
such as Cdknlb, most of the data were obtained from experiments using transformed or
immortalized cells where the cell cycle machinery has already been manipulated [21, 22]. On
the other hand, although a recent study on bovine GCs revealed a GO/G1 arrest induced by
low oxygen exposure [23], there are no reports of cell cycle regulation in response to hypoxic
stress in porcine ovarian GCs. Several groups have shown that the hypoxic induction of cell
cycle arrest is dependent on HIF-1a, a proxy for resumed hypoxia [17]. However, it remains
unclear whether HIF-1a is relevant to GCs cell cycle regulation in developing porcine
follicles.

Insulin-like growth factor-1 (IGF-I) is a polypeptide hormone that play essential roles in
stimulating mammalian ovarian follicular development [24]. In vivo studies indicate that
IGF-I is highly expressed in the actively growing follicles of rats [25]. From the beginning in

the early postpartum period [25], concentrations of IGF-I in follicular fluid increase with
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increased follicular size in gilts [26]. In rat growing follicles, the expression of IGF-I is
selectively confined to GCs [25, 27], where the IGF-I receptor is also concentrated [25, 28].
IGF-I is well recognized for its ability to promote proliferation as well as survival in several
types of cells including GCs [29]. For example, IGF-I has been shown to induce mitosis of
mouse ovarian GCs cultured in vitro [30]. In contrast, GCs proliferation is blocked in the
ovary of Igfl null mice [31]. However, current evidence does not indicate a direct action of
IGF-1 on hypoxia-induced cell cycle arrest of porcine GCs.

FOXO1, a member of the forkhead box O (FOXO) family, plays essential roles in
diverse cellular and physiological processes [32]. Previous studies demonstrated that insulin
or IGF-I increased FOXOL1 phosphorylation via activation of phoshatidylinositol-3 kinase
(P13K)/AKT signaling [32]. In the presence of insulin and/or growth factors, PI3K activates
AKT through phosphorylation, and active AKT, in turn, inhibits the transcriptional activation
of FOXOL1 via phosphorylation-dependent nuclear exclusion [32]. FOXO1 has been reported
to inhibit cell cycle progression by inducing expression of some CDK inhibitors including
Cdknlb [33]. However, little is known regarding whether the PISBK/AKT/FOXO1 pathway
plays a role in the cell cycle regulation of GCs in response to hypoxia stimulation.

In this study, we documented that CoCl,-mimicked hypoxic stimulation impairs the
G1/S cell cycle transition of porcine GCs by increasing HIF-lo accumulation, which
compromises cyclin E/CDK2 activity through FOXO1-dependent induction of Cdknlb
function. In addition, we identified IGF-I as a potential intra-ovarian factor required for
maintaining GCs cell cycle progression upon hypoxic exposure by activating the

PIBK/AKT/FOXO1/Cdknlb axis, which in turn release cyclin E/CDK2 complex from
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Cdknlb-mediated inhibition, and thus restoring the G1/S transition of porcine GCs.

2. Material and Methods

2.1 Reagents and antibodies

PX-478 (S7612), AS1842856 (S8222), H89 (S1582), LY294002 (S1105), Go6983 (S2911),
SCH772984 (S7101), and GSK1904529A (S1093) were purchased from Selleck Chemicals

(Houston, TX, USA). Antibodies against HIF-1a (Cat.No. 14179; Lot.No. 1), mTOR

(mTORC1, Cat.No. 2983; Lot.No. 16), p-mTOR (Cat.No. 5536; Lot.No. 7), a-Tublin (Cat.No.

2125; Lot.No. 11), Cdknlb (Cat.No. 3686; Lot.No. 5), FOXO1 (Cat.No. 2880; Lot.No. 11),
p-FOXO1 (Cat.No. 9461; Lot.No. 9), AKT (Cat.No. 9272; Lot.No. 17), and p-AKT (Cat.No.
4060; Lot.No. 16) were obtained from Cell Signaling Technology (Beverly, MA, USA).
Antibodies against cyclin E (Cat.No. A14225; Lot.No. 0212390301), cyclin D1 (Cat.No.
A11022; Lot.No. 1154390201), CDK6 (Cat.No. AOQ705; Lot.No. 1000870201), CDK4
(Cat.No. A0366; Lot.No. 0074920201), and CDK2 (Cat.No. A0294; Lot.No. 3560007104)
were purchased from ABclone (Woburn, MA, USA). Human LR3 IGF-1/IGF-1/IGF-1 Protein

(10598-HNAY1) was bought from Sino Biological (Beijing, China).

2.2 Sample collection, cell culture and treatments

Porcine ovaries collected from 1200 mature sows at a local slaughterhouse (Changzhou
Erhualian Pig Production Cooperation, Jiangsu, China) were transferred to the laboratory
within 2 h in 0.9% saline maintained at 37°C, washed six times with 0.9% sterilized NaCl

solution plus gentamicin sulfate (1:400) (Kelong Veterinary Drugs Co., Shanxi, China), and
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GCs (a mixture of cumulus granulosa cells and mural granulosa cells) were then obtained
from 3-5 mm antral follicles by aspiration using a syringe with a 20-gauge needle. After
washing with PBS (Gibco; 1 mM KH,PO,, 155 mM NaCl, 3 mM Na;HPQO,4-7H,0), cells
were centrifuged at 1000 g for 5 min, and immediately seeded into 6-wells plates at a density
of 5% 10°/ml, and grown in DMEM/F-12 (1:1) medium (Gibco) containing 10% fetal bovine
serum (FBS; Sigma), 100 units/ml penicillin, and 100 1 g/ml streptomycin (Gibco) for 2
days at 37°C with 5% CO,. For drug administration, GCs were incubated with/without 100
uM CoCl, (Sigma) in the presence or absence of IGF-I (30 ng/ml) for 6 h or 24 h. In some
experiments, cells were treated with the HIF-1a inhibitor PX-478 (2 uM), FOXOI1 inhibitor
AS1842856 (500 nM), IGF-I receptor (IGFR) inhibitor GSK1904529A (5 uM), PKA
inhibitor H89 (5 uM), PI3K/AKT inhibitor LY294002 (10 uM), PKC inhibitor Go6983 (5

uM), or ERK1/2 inhibitor SCH772984 (5 uM) for 2 h before CoCl, incubation.

2.3 Flow Cytometry

GCs received desired treatments were digested in 0.25% trypsin (Gibco), rinsed with cold
PBS (Gibco; 1 mM KH;PQO4, 155 mM NaCl, 3 mM Na;HPO,-7H,0), and fixed with 70%
ethanol for 2 h. After washing with PBS (Gibco; 1 mM KH,PO,, 155 mM NaCl, 3 mM
Na;HPO,4-7H,0), cells were incubated with the propidium iodide (Pl)/RNase A staining
solution (Rnase A:P1=9:1; KeyGEN) for 30-60 min at 4°C in the dark. Cell cycle assay was

then performed using a BD Accuri C6 flow cytometer (Becton Dickinson).

2.4 cyclin E/CDK2 activity assay
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The activity of cyclin E/CDK2 complex was determined using a GENMED cyclin E/CDK2
activity detection kit (GMS50147, GENMED , Shanghai, China). This colorimetric strategy
is based on CDK1-mediated phosphorylation of Ser in target sequence HHASPRK, which in
turn promotes the conversion of NADH into NAD+ via the pyruvate kinase/lactate
dehydrogenase reaction system. The alterations of optical density at 340 nm were analyzed to
quantify the specific activity of cyclin E/CDK2. Briefly, GCs cultured in 100 mm petri dish
were grown to a total number of 1 X 10’, washed with GENMED cleaning solution (Reagent
A), gently scraped off the cells using a cell scraper. After centrifugation at 300 g (4°C) for 5
min, GENMED lysis buffer (Reagent B) were added into the cell pellets, and incubated on
ice for 30 min. The cytosolic extracts were centrifuged at 16,000 g at 4°C for 5 min, and
protein concentrations were determined using a Bradford Protein Assay Kit (P0006,
Beyotime Institute of Biotechnology, Shanghai, China). A total of 100 pg of protein was
incubated with 10 pLL chromophoric substrate at 37°C. The optical density of each sample
was immediately determined at 340 nm under a microplate spectrophotometer (Thermo

Fisher Scientific, Camarillo, CA, USA).

2.5 Immunofluorescent and confocal microscopy

GCs seeded on coverslips (10 X 10 mm?) at a density of 5% 10°/ml were grown to
approximately 70% confluence, subjected to the desired treatment, and then fixed using 4%
paraformaldehyde (PFA) for 1 h at room temperature. Cells were washed three times in PBS
(Gibco; 1 mM KH,PQ4, 155 mM NaCl, 3 mM Na,HPO,-7H,0), and then permeabilized with

0.5% Triton X-100 (Sigma-Aldrich, T8787) for 10 min at 4 ‘C. After blocking with 1% BSA
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(Sigma-Aldrich, A3059) for 1 h at room temperature, GCs were incubated with anti-FOXO1
(1:100) antibody or anti-HIF-1a (1:100) antibody for 1h at 37 °C, followed by incubation
with an Alexa Fluor 488-conjugated secondary antibody (1:200; excitation wavelength: 488
nm; emission wavelength: 520 nm) for 1h, and the nuclei were counterstained with DAPI
(excitation wavelength: 358 nm; emission wavelength: 461 nm) for 10 min at room
temperature. Fluorescent images were captured using a laser-scanning confocal fluorescent

microscope (Carl Zeiss, Oberkochen, Germany).

2.6 Western blot

Equal amounts of proteins extracted from cultured GCs using radioimmune precipitation
assay buffer (Beyotime Institute of Biotechnology, Shanghai, China) were fractioned by
electrophoresis on a 4-20 % Sure PAGE gel (Genscript, Nanjing, China) and transferred to
PVDF membranes (Millipore, Bedford, MA) by electroblotting. Nonspecific binding sites
were blocked with TBST (Solarbio) containing 5% bovine serum albumin. The membranes
were then treated with primary antibodies (1:1000) in blocking solution overnight at 4°C.
After washing in TBST three times, the membranes were incubated with an appropriate
secondary antibody (1:2000) at room temperature for 2 h. Signal detection was performed
using WesternBright ECL HRP substrate kit (Advansta) under a LAS-4000 luminescent
image analyzer (Fuji Film Co., Ltd., Tokyo, Japan). Bands were quantified with ImageJ 1.42q
software. The relative expression of target proteins was normalized to TUBA1A as the

loading control.

6102 1snBny £z uo Jasn ajiseomaN Jo Alsianiun Aq L£0ZSSG/Z91201/41010/€60 1 "0 | /I0p/A0RISqe-8|0ile-80UBAPER/pOIdal|olg/Ww oo dno-olWwspeoe.//:sdiy WoJj papeojumoq



2.7 Immunoprecipitation assay

GCs washed with PBS (Gibco; 1 mM KH,PQOy, 155 mM NaCl, 3 mM Na,HPO,-7H,0) were
lysed on ice using IP lysis buffer (Beyotime Institute of Biotechnology, Shanghai, China)
containing protease inhibitor cocktail (Roche, Mannheim, Germany). Whole-cell lysates
(WCL) were subjected to immunoprecipitation with anti-Cdkn1b antibody. We added 5 pL of
antibody to 500 uL of cell lysate to reach a final concentration at 20 ng/uL. The mixture was
then incubated at 4°C overnight. After addition of 25 pL Protein A/G Magnetic Beads (88802,
Thermo Scientific, San Jose, CA), the mixture were incubated with gentle rocking for 1 h at
4 “C. Pellet beads using magnetic force and discard the supernatant. The pellets were washed
using 1xcell lysis buffer, magnetized again to remove the supernatant, resuspended with
1xSDS loading buffer (SunShineBio, Nanjing, China), and then processed for western

blotting with the indicated antibodies.

2.8 Statistical analysis

Statistical analyses were performed using the SPSS software version 20.0 (SPSS). Data were
presented as mean + SEM of at least three independent experiments. Differences between two
groups were assessed using the Student t-test, and between multiple groups using one-way
ANOVA, followed by LSD post hoc test. At least three technical repeats were included in

each experiment. P-values less than 0.05 were considered significant.

3. Results

3.1 CoCl,-induced hypoxia causes a cell cycle arrest in porcine GCs
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Cobalt chloride (CoCl,) has been widely used as a hypoxia-mimicking agent in both in vivo
and in vitro studies [34, 35]. CoCl, simulates hypoxia, at least in part, by inhibiting the
hydroxylation of HIF-1a, thus preventing it from pVHL-mediated degradation [36]. CoCl,
has also been shown to activate downstream signaling pathways of hypoxic stress [37]. To
examine whether CoCl;, exposure induces hypoxic response in vitro, primary cultured porcine
GCs were treated with the indicated concentration of CoCl, for 0, 2, 4, 6, or 12 h, and then
collected for western blotting using an antibody against the hypoxia marker HIF-1a. As
shown in Fig 1A, the protein level of HIF-1a was significantly increased after CoCl,
treatment. This suggested that the hypoxia-mimetic agent CoCl, successfully stimulated the
hypoxic response in porcine GCs.

We next tested the effect of CoCl, on the cell cycle progression of GCs. As shown in Fig
1B, treatment with CoCl; significantly increased the percentage of cells in GO/G1 phases, but
reduced the population in S phase, indicating an impaired G1/S transition. Both western blot
analysis and immunofluorescence staining results showed that, compared with control cells,
expression of protein for the cyclin-dependent kinase (CDK) inhibitor Cdknlb was markedly
increased after 24 h of CoCl, exposure (Fig 1C and D). Correspondingly, decreased activity
of the cyclin E/CDK2 complex was detected after CoCl, incubation (Fig 1E). These data
clearly suggested that GCs respond to CoCl,-mimicked hypoxia through a compromised

progression from G0/G1 to S phase.

3.2 CoCl,-mimicked Hypoxic stimulation of HIF-Ia prevents porcine GCs from G1/S

transition
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To determine whether it is HIF-1a, rather than other hypoxic effects, that induces cell cycle
arrest, we used PX-478, a HIF-1a antagonist that was reported to suppress HIF-1a at both
transcriptional and translational levels [38], to restrain HIF-1a activity and examined GCs
cell cycle by flow cytometry. As shown in Fig 2A and B, the proportion of G1/S-arrested cells
upon CoCl, exposure was significantly reduced in GCs received 2 uM PX-478 administration,
thus PX-478 concentration at 2 uM were Selected for our subsequent experiments. The results
suggested that HIF-1a is responsible for the inhibition of GCs cell cycle under
CoCl,-mimicked hypoxic conditions. Consistent with this, the blocking of HIF-1a function
repressed the CoCl,-induced up-regulation of Cdknlb (Fig 2C and D), which was associated
with a recovery of cyclin E/CDK2 activity (Fig 2E). However, no significant change in the
levels of cyclin D1, cyclin E, CDK2, CDK4, and CDK6 was observed after inhibiting HIF-1a

in CoCl,-treated porcine GCs (Fig 2C).

3.3 Inhibition of cyclin E/CDK2 activity through the HIF-1a/FoxO01/Cdknlb axis is
required for the induction of G1/S arrest

It has been documented that FOXOL is involved in cell cycle regulation by targeting some
CDK inhibitors including Cdknlb [33]. We thus examined whether FOXO1 is correlated with
CoCl,-mediated G1/S arrest in cultured porcine GCs. As reported, the specific functions of
FOXOL1 are achieved by post-translational modifications and subcellular localization. In
particular, phosphorylation of FOXO1 by PI3K/AKT results in the exportation of FOXO1
from the nucleus and thus inhibiting FOXO1-dependent transcription [39]. In contrast, AKT

suppression induces dephosphorylation and nuclear distribution of FOXO1 [39]. As shown in
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Fig 3A, CoCl, incubation increased the expression of total FOXO1 and led to its
dephosphorylation at Ser256 (In this study, p-FOXOL1 refers to phosphorylation of FOXO1 at
Ser256). In accordance with this, AKT, a major inhibitory kinase of FOXO1, displayed
decreased activity (as suggested by decreased phosphorylation of AKT) following CoCl;
treatment (Fig 3B). Accordingly, the phosphorylation of mTOR, a downstream effector and
indicator of AKT activity [40], was also reduced in CoCl,-treated GCs, further confirmed the
inhibitory effects of CoCl, on AKT activity. Notably, the induction of FOXOL1 (as reflected
by increased expression and decreased phosphorylation) was blocked after inhibiting HIF-1a
with PX-478, which also abolished the dephosphorylation of AKT upon CoCl;, stimulation
(Fig 3C), suggesting that CoCl, might depress the p-AKT/p-FOXO1 pathway through a
HIF-10 dependent manner. We next determined the subcellular localization of FOXO1 upon
CoCl, stimulation. As shown in Fig 4A, compared with the control group, the nuclear
distribution of FOXO1 was significantly increased in porcine GCs after treatment with CoCl,
for 6 h. To test whether FOXOL1 is required for CoCl,-induced Cdknlb expression, GCs were
treated with AS1842856, an inhibitor that blocks the transcription activity of FOXO1. The
results in Fig 4B and C showed that the CoCl,-upregulated expression of Cdknlb was
significantly decreased in GCs treated with the FOXOL1 inhibitor. On the other hand,
inactivation of FOXO1 provided no obvious inhibitory effects on the expression levels of
p-AKT (Ser473) during CoCl, exposure (Fig 4B).

Since Cdknlb has been reported as a repressor of G1/S progression by interacting with
the cyclin E/CDK2 complex and blocking its activity [41], we wonder whether

CoCly-induced activation of FOXO1/Cdknlb pathway affects the binding status between
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Cdknlb and cyclin E/CDK2 in GCs suffering CoCl, exposure. To test this assumption, GCs
exposed to CoCl, incubation were collected for immunoprecipitation with the antibody
against Cdknlb. As shown in Fig 4D, both cyclin E and CDK2 were coprecipitated by the
Cdkn1b antibody. Upon CoCl, treatment, the binding affinity of Cdknlb to cyclin E/CDK2
was markedly increased, implying an enhanced physical interaction between Cdknlb and
cyclin E/CDK2 under CoCl,-mimicked hypoxic conditions. In accordance with this,
compared with the control cells, significantly lower activity of the cyclin E/CDK2 complex
was detected in GCs treated with CoCl, (Fig 1E). Moreover, the inhibition of both HIF-1a
and FOXOL1 partly reduced the association between Cdknlb and cyclin E/CDK2 complex
upon CoCl, exposure, but the FOXOL1 inhibitor failed to further repress Cdknlb-cyclin
E/CDK2 interaction in cells pretreated with PX-478 (Fig 4E). Correspondingly, antagonists
against HIF-1a and/or FOXO1 restored cell cycle progression in CoCl,-treated GCs (Fig 4F
and Supplementary Figure 1). However, inhibition of FOXO1 provided no additional effects
on facilitating G1-to-S phase progression in PX-478-treated cells (Fig 4F). Consistent results
were obtained by determining cyclin E/CDK2 activity of GCs (Fig 4G), further confirming
that the deactivation of cyclin E/CDK2 complex through the HIF-1a/FOXO1/Cdknlb
pathway might be an essential step in CoCl,-mediated suppression of G1/S transition in

porcine GCs.

3.4 IGF-I restores G1/S transition in CoCl,-treated porcine GCs
Follicular growth is accompanied by the proliferation of GCs. Since the multiplication of the

GCs does not spontaneously stop in larger follicles, which tended to have lower levels of
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oxygen partial pressure (pO2) [5], we suspected that certain intra-ovarian factors might
overcome the inhibitory effects of hypoxia on GCs cell cycle in vivo. To identify the factors
that prevent GCs from hypoxia-induced G1/S arrest, we examined the possible effects of FSH,
E2, and IGF-I, all of which have been implicated in the regulation of GCs proliferation
during follicular development [42, 43]. As shown in Supplementary Figure 2, FSH, LH, and
E2 failed to activate G1/S transition when GCs were exposed to CoCl,. In contrast IGF-I
remarkably reduced the proportion of G1/S-arrested cells (Fig 5A-D). Accordingly, GCs with
IGF-1 treatment showed a significant restoration of cyclin E/CDK2 activity upon
CoCl,-mimicked hypoxic stimulation (Fig 5E).

In GCs, IGF-I-mediated effects are achieved via its binding to the IGF-1 receptor
(IGF-IR) [25, 27, 28]. To determine whether the recovery of G1/S transition by IGF-1 is an
IGF-IR-dependent event, we treated cells with GSK1904529A, a specific antagonist of
IGF-IR. As shown in Supplementary Figure 3, GSK1904529A abrogated IGF-1-induced G1/S
transition in GCs received CoCl, administration. Based on these data, we proposed that IGF-I
might be essential for maintaining cell cycle progression of porcine GCs during CoCl,

stimulation.

3.5 IGF-1 overcomes CoCl,-induced G1/S arrest via activating the PI3K/AKT signaling
IGF-1 has been suggested to activate multiple downstream signaling cascades in GCs,
including PKA, PI3K, AKT, PKC, and ERK1/2 [30, 44, 45]. To test whether these pathways
might be involved in IGF-lI-mediated cell cycle regulation in GCs, we performed flow

cytometric assay. As shown in Fig 6A-D and Supplementary Figure 4, blocking PISK/AKT
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with LY294002 restored CoCl,-induced G1/S arrest in the presence of IGF-I, whereas
inhibitors against PKA (H89), PKC (G06983), or ERK1/2 (SCH772984) had no effect.
Consistent results were observed by determining cyclin E/CDK2 activity, which showed a
significant decline in IGF-I-treated GCs following the inhibition of PI3K/AKT, rather than
PKA, PKC, or ERK1/2 (Fig 6E-H). These data indicated that the PI3K/AKT pathway might
be involved in IGF-1-mediated resumption of G1/S transition in porcine GCs in the presence

of a signal for hypoxia.

3.6 The effects of IGF-1 are mediated by activating cyclin E/CDK2 through the
PI13K/AKT/FOXO1/Cdknlb axis

To further probe the IGF-I signaling, we determined the activation of AKT, FOXO1, and
HIF-1a. As shown in Fig 7A, IGF-I1 markedly inhibited CoCl,-induced dephosphorylation of
both  AKT and FOXO1, but did not influence the accumulation of HIF-1a.
Immunofluorescence staining indicated that the nuclear localization of FOXO1 upon CoCl,
stimulation was blocked after IGF-I treatment (Fig 7B and Supplementary Figure 5A). By
contrast, the PI3BK/AKT inhibitor LY 294002 restored CoCl,-induced nuclear transportation of
FOXO1 in GCs despite IGF-1 administration (Fig 7B and Supplementary Figure 5A).
Consistently, the actions of IGF-1 in suppressing CoCl,-upregulated Cdknlb expression were
reversed by inhibiting the PISBK/AKT pathway (Fig 7C, Supplementary Figure 5B, and Fig
7D). These data suggested that the CoCl,-triggered induction of FOXO1/Cdknlb pathway
was suppressed by IGF-I through the PI3K/AKT signaling.

We next tested whether the PISK/AKT/FOXO01/Cdknlb axis is correlated with
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IGF-I-mediated cell cycle recovery upon CoCl;, stimulation. Using immunoprecipitation, we
found that IGF-1 significantly repressed Cdknlb-cyclin E/CDK?2 interaction following CoCl,
incubation (Fig 7E). Corresponding, IGF-1 reversed the inhibition of cyclin E/CDK2 activity
by CoCl, (Fig 5E). Conversely, the inhibition of PI3K/AKT restored the association between
Cdknlb and cyclin E/CDK2 (Fig 7E), which was accompanied by an impaired cyclin
E/CDK2 activity in GCs with IGF-I treatment (Fig 7F). However, the inhibitory effects of
Cdknlb on cyclin E/CDK2 were abolished after repressing FOXO1 in LY?294002-treated
GCs (Fig 7F and G). Accordingly, inhibition of FOXO1 in GCs with IGF-I treatment induced
G1-to-S phase progression despite LY294002 administration. (Fig 7H and 1), which further
confirmed the role of IGF-I/PISBK/AKT/FOXO1/Cdknlb signaling in restoring G1/S

transition of porcine GCs under CoCl,-mimicked hypoxic conditions.

4. Discussion
The proliferation of GCs is critical for follicular development and ovulation [46]. However,
in normally growing follicles, the enlargement of the GCs compartment is supposed to cause
progressively more hypoxic conditions [2-4]. Hypoxia has been demonstrated to inhibit cell
cycle progression in rapidly proliferating mammalian cells [18, 19]. Since hypoxia occurs
concomitantly with GCs multiplication during follicular growth, it raises the question
whether hypoxia exerts any impact on cell cycle progression of GCs.

To investigate the correlation between hypoxia and GCs cell cycle, we performed
experiments in porcine GCs. Our current findings showed that the hypoxic stimulation

induces an accumulation of GCs in GO/G1. We also observed a decreased population of S
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phase in cells that displayed GO/G1 arrest. Although a possible G2/M delay has been reported
in some hypoxia-stimulated cell lines [47], our results revealed that the proportion of GCs in
G2/M phase was actually reduced following the CoCl, exposure. By determining the proteins
that are essential for G1/S progression, we further confirmed a potential induction of G1/S
checkpoint in GCs during hypoxic stimulation. To our knowledge, this study might provide
the first evidence demonstrating that CoCl,-mimicked hypoxia inhibits cell cycle progression
in porcine GCs by blocking the G1/S transition.

HIF-1a is a major mediator of hypoxic response in mammalian tissues [48]. Although
significant advances have been made towards understanding the precise mechanisms of
HIF-10 action in hypoxia, the role of the porcine HIF-1o in adjusting GCs to hypoxic
conditions in the follicular microenvironment remains unknown. In the present study, we
generated a chemical hypoxia in porcine GCs by using CoCl,, an agent that has been widely
used to mimic the hypoxic conditions [49, 50]. In fact, CoCl, functions in stabilizing HIF-1a
and facilitating its intracellular accumulation [50]. Here, we found that the accumulation of
HIF-1o. induced by CoCl, treatment was associated with the increased proportion of
Gl/S-arrested GCs. In contrast, HIF-1a inhibition in GCs simultaneously prevented
CoCl,-induced GO/G1 arrest, and restored the population in S phase. Therefore, these data
first demonstrate that HIF-1a is required for suppression of G1/S transition in response to
CoCl,-induced hypoxia in porcine GCs.

In addition, we found that HIF-1o induces the G1/S cell cycle arrest in GCs with a
FOXO1-dependent manner. CoCl, treatment led to accumulation of HIF-1a and increased

FOXO1 activity as reflected by elevated expression, decreased phosphorylation, and
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increased nuclear translocation. Using HIF-1o inhibitor, we showed that the induction of
FOXO1 was indeed mediated by HIF-1a. These data are in agreement with an earlier report
identifying FOXO1 as a potential target of HIF-1a in osteoblasts [51], whereas FOXO1
cellular localization was not detected, as also observed in our present study.

We also observed a significant increase in the expression of the CDK inhibitor Cdknlb
during CoCl, exposure, with a time course consistent with HIF-1a-induced FOXO1
activation. It has been documented that the Cdknlb is a downstream target of the
transcription factor FOXOL1. In other words, FOXO1 increases the transcription of Cdknlb
[52]. As shown in our study, the inactivation of FOXOL1 induced by inhibitors against the
HIF-1a or FOXO1 led to the down-regulation of Cdknlb expression, resulting in a recovery
of G1/S transition in porcine GCs. Therefore, our study demonstrated, for the first time, that
the induction of Cdknlb through HIF-1a/FOXO1 is responsible for the G1/S arrest in GCs
suffering CoCl,-mimicked hypoxia.

Cdknlb was first noted to bind to cyclin-CDK complexes and inhibit G1-to-S phase
progression [53, 54]. Our data revealed an enhanced interaction between Cdknlb and cyclin
E/CDK2 in CoCl,-treated porcine GCs. We also noticed diminished cyclin E/CDK2 activity
when Cdknlb was induced upon CoCl, stimulation. The down-regulation of Cdknlb resulted
from blocking the HIF-1a/FOXO1 pathway led to the dissociation of Cdkn1b-cyclin E/CDK2
complex, as well as a restoration of cyclin E/CDK2 activity, which might play a role in
promoting S phase entry even under CoCl,-mimicked hypoxia conditions. Thus, our data
strongly suggest that the HIF-10/FOXO1/Cdknlb axis induces a G1/S arrest by modulating

cyclin E/CDK2, although we cannot exclude the additional presence of a cyclin
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E/CDK2-independent mechanism.

Although hypoxia inhibits cell cycle in cultured GCs, it seems to exert no apparent
influence on GCs proliferation in vivo, because the multiplication of the GCs does not
spontaneously stop in normally growing follicles, which were supposed to display a low
oxygen internal environment during development [5, 6]. It thus raises the question whether
there are certain intra-ovarian factors that might overcome the inhibitory effects of hypoxia.
Insulin-like growth factor-1 (IGF-I) is well recognized for its ability to increase proliferation
and survival in a number of cell types [29]. In mammalian ovary, it has become evident that
IGF-1 regulates follicular development, for instance, by promoting proliferation and
differentiation of ovarian cells [24, 29]. However, it remains elusive whether IGF-1 is
required for the maintenance of GCs cell cycle progression during hypoxic exposure. In the
present study, the addition of IGF-I to the culture medium markedly reduced the proportion
of G1/S-arrested GCs, which was accompanied by a restoration of cyclin E/CDK2 activity
upon CoCl;, stimulation. Conversely, blocking IGF-1 function by inhibiting IGF-1 receptor in
CoCl,-treated GCs significantly impaired the G1-to-S phase progression even in the presence
of IGF-I. Therefore, these findings might provide first evidence suggesting a role of IGF-I in
preventing porcine GCs from CoCl,-mediated G1/S arrest.

IGF-I has been reported to regulate the growth and differentiation of GCs by activating
several downstream signaling pathways, including PKA, PI3K, AKT, PKC, and ERK1/2 [30,
44, 45], although their interactions in response to hypoxia remain to be investigated in GCs.
In this study, the results showed that PI3BK/AKT was activated by IGF-I in porcine GCs to

restore the G1/S transition upon CoCl, stimulation; whereas no definitive evidence was
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observed for the involvement of PKA, PKC, and ERK1/2 in regulating cell cycle of GCs with
IGF-I treatment. Previous studies indicated that FOXO1, the major downstream effector of
PI3K/AKT, is phosphorylated and deactivated after exposure to IGF-I in GCs [29]. Here, we
found that IGF-I-stimulated activation of PI3K/AKT in porcine GCs induced the
phosphorylation of FOXO1 and the resultant nuclear exclusion of phospho-FoxO1 following
CoCly-triggered G1/S arrest. In contrast, LY294002 (PI3K/AKT inhibitor) diminished
IGF-I-induced G1/S transition in cultured GCs that was accompanied by down-regulation of
FOXOL activity. Correspondingly, inhibition of the PI3K/AKT pathway in GCs abolished the
actions of IGF-1 on suppressing Cdknlb and its interaction with cyclin E/CDK2. Further
experiments using antagonists against PI3K/AKT and/or FOXO1 showed that the suppression
of FOX01/Cdknlb cascade through PISK/AKT stimulated the activation of cyclin E/CDK2
complex, which in turn promoted G1-to-S phase progression in CoCl,-treated GCs.
Collectively, this work might provide the first evidence linking the
IGF-1/PIBK/AKT/FOXO01/Cdknlb axis to GC cell cycle regulation during CoCl,-mimicked
hypoxic exposure (Fig 8).

In the present study, only medium sized follicles (3-5 mm) were included. As follicles
grow beyond this stage, hypoxia might become more apparent and other mechanisms could
also play a role. How do larger follicles overcome the influence of hypoxia remains to be
investigated in future studies. In fact, evidence has been emerged that HIF-1a in GCs might
be involved in the development of antral follicles via activating expression of downstream
genes, especially VEGFA, a critical agiogenic factor that facilitates vascularization in the

follicle [55-57]. Therefore, it is presumable that the growing number of follicular blood
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vessels might increase the oxygen supply in larger follicles, and thereby preventing
hypoxia-induced cell cycle arrest in GCs.

In summary, this study provided first evidence suggesting that CoCl,-mimicked hypoxia
induced G1/S arrest in porcine GCs. In addition, we demonstrated that the inhibitory effects
of CoCl, on GCs cell cycle are mediated through HIF-10/FOXO1/Cdknlb pathway.
Moreover, we identified a potential role for IGF-1 in maintaining G1/S transition of
CoCly-treated GCs via activating the cyclin E/CDK2 complex through the
PIBK/AKT/FOXO1/Cdknlb axis. These findings not only deeply clarify the regulatory
mechanism of GCs cell cycle upon hypoxic exposure, but also improve the understanding

about how follicles develop under hypoxic environment in the ovary.
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Figure Legends

Fig. 1. CoCl,-induced hypoxia causes a cell cycle arrest in porcine GCs. (A) Western blot

analysis of HIF-1a level in porcine GCs treated with CoCl, (100 uM). The protein level of

HIF-1o was up-regulated by CoCl,. The protein bands were quantified densitometrically

using ImageJ 1.42q software. (B) Porcine GCs were cultured in medium containing 100 uM

CoCl, for 24 h, and then collected for cell cycle analysis using flow cytometry. The cell cycle

of GCs was quantified using the ModFit LT 3.2 software. (C) Proteins levels of CDK2,

CDK4, CDKS®, cyclin D1, cyclin E1, and Cdknlb were determined by western blot. The

protein bands were quantified densitometrically using ImageJ 1.42q software. (D) Laser
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confocal-scanning microscopy was employed to observe the protein level of Cdknlb by
immunofluorescence assay, Bar, 10 um. The optical density of Cdknlb staining was
quantified using ImageJ 1.42q software. Experiments were repeated in triplicate, and three
fields of each coverslip were selected in random for counting. Data represent mean =+ S.E;
n=3. *P < 0.05. (E) After 6 h of CoCl, (100 uM) incubation, the activity of CDK2/CyclinE1l
was measured in cultured GCs. The numbers on the Y axis represent the activity unit ( & mol
NADH/min) of CDK1/cyclin E complex. Corresponding data represent mean = S.E; n = 3. *P

<0.05, **P <0.01; ***P < 0.001.

Fig. 2. CoCl,-stimulated HIF-1a prevents porcine GCs from G1/S transition. (A) Porcine
GCs were cultured for 2 h in medium containing different concentrations of PX-478, a
specific inhibitor of HIF-1a, treated with 100 uM CoCl, for 24 h, and then collected for cell
cycle analysis using flow cytometry. The cell cycle distribution of GCs was quantified using
the ModFit LT 3.2 software. (B) The quantification diagram of GCs cell cycle distribution. *
represent P < 0.05, ** represent P < 0.01; *** represent P < 0.001. (C) Western blot analysos
of cell cycle-related proteins and HIF-1a in GCs with the indicated treatments. The protein
bands were quantified densitometrically using ImageJ 1.42q software. (D) Porcine GCs were
cultured in medium containing 100 uM CoCl, and 30 puM IGF-I for 6 h. Laser
confocal-scanning microscopy was employed to observe the protein level of Cdknlb
visualized by immunofluorescence staining, Bar, 10 uM. The optical density of Cdknlb
staining was quantified using ImageJ 1.42q software. Experiments were repeated in triplicate,

and three fields of each coverslip were selected in random for counting. Data represent mean
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+ S.E; n=3.*P<0.05. (E) Porcine GCs pretreated with PX-478 (2 uM) for 2 h, then were
incubated with CoCl, (100 uM) for 6 h, and the activity of CDK2/CyclinE1l was then
determined in cultured GCs. Corresponding data represent mean *= S.E; n = 3. *P < 0.05,

**P < 0.01; ***P < 0.001.

Fig. 3. HIF-1a activates FOXOL1 activity to inhibit cyclin E/CDK2 activity. (A) Western
blot analysis of FOXO1 and p-FOXOL1 (Ser256) level in porcine GCs treated with CoCl, (100
uM). The protein level of FOXO1l was up-regulated and p-FOXO1(Ser256) was
down-regulated in a time-dependent manner when porcine GCs were treated with 100 uM
CoCl,. (B) Western blot detection of the corresponding p-AKT (Ser473) levels, which was
down-regulated in a time-dependent manner after 100 uM CoCl, treatment. (C) Porcine GCs
were pretreated with PX-478 (2 uM) for 2 h, incubated with CoCl, (100 uM) for 6 h, and the
proteins level of p-AKT (Ser473), AKT, p-mTOR (Ser2448), mTOR, p-FOXO1 (Ser256),
and FOXO1 were then determined by western blot. The protein bands were quantified

densitometrically using ImageJ 1.42q software.

Fig. 4. Inhibition of cyclin E/CDK?2 activity through the HIF-1a/FOX01/Cdknlb axis is
required for the induction of G1/S arrest. (A) Porcine GCs were cultured in medium
containing 2 uM PX-478 for 2 h, treated with 100 uM CoCl, for 6 h, and then collected to
observe the subcellular localization of of FOXO1 by immunofluorescence assay. Bar, 10 pM.
The lower panel indicates the percentage of cells with FOXOL1 in the nucleus (orange bars)

and in the cytosol (green bars). Experiments were performed in triplicate, and cells were
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counted in three randomly selected fields in each coverslip. Arrows indicate cells with
nuclear FOXO1. Data represent mean £+ S.E; n = 3. ***P < 0.001. (B) GCs pretreatment with
500 nM AS1842856,a specific inhibitor of FOXO1 for 2 h, were then incubated with CoCl,
(100 uM) for 6 h. The protein level of Cdknlb was analysed by immunofluorescence assay.
Bar, 10 uM. The optical density of Cdknlb staining was quantified using ImageJ 1.42q
software. Experiments were repeated in triplicate, and three fields of each coverslip were
selected in random for counting. Data represent mean £+ S.E; n = 3. *P < 0.05, **P < 0.01. (C)
The corresponding proteins level of Cdknlb, p-FOXO1 (Ser256), FOXO1, p-AKT (Ser473),
AKT were determined by western blot. The protein bands were quantified densitometrically
using ImageJ 1.42q software. (D) After treatment with CoCl, (100 uM) for 6 h, the
interaction of Cdknlb and CDK2/Cyclin E1 was determined by immunoprecipitation assay.
The protein bands were quantified densitometrically using ImageJ 1.42q software. WCL,
whole cell lysates. (E) Porcine GCs were pretreated with 500 nM AS1842856 and 2 uM
PX-478 for 2 h, cultured with CoCl, (100 uM) for 6 h, the interaction of Cdknlb and
CDK2/Cyclin E1 was then determined by immunoprecipitation assay. The protein bands were
quantified densitometrically using ImageJ 1.42q software. (F) Porcine GCs were pretreated
with 500 nM AS1842856 and 2 uM PX-478 for 2 h, treated with CoCl, (100 uM) for 6 h, and
then collected for cell cycle analysis using flow cytometry. The cell cycle distribution of GCs
was quantified using the ModFit LT 3.2 software. (G) The activity of CDK2/Cyclin E1 was
determined in cells with the indicated treatments. Corresponding data represent mean =+ S.E;

n=3.*P <0.05, **P <0.01; ***P < 0.001; NS, not significant, P > 0.05.
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Fig. 5. IGF-I restore G1/S transition in CoCl,-treated porcine GC. (A) Porcine GCs were
treated with CoCl, (100 uM) and IGF-I (30 nM) for 24 h, then collected for cell cycle
analysis using flow cytometry. The GO/G1 (B), S (C), G2/M (D) proportion of GCs was
quantified using the ModFit LT 3.2 software. (E) The activity of CDK2/Cyclin E1 was
determined in GCs treated as above. Corresponding data represent mean = S.E;n=3.*P<

0.05, **P < 0.01; ***P < 0.001; NS, not significant, P > 0.05.

Fig. 6. IGF-1 overcomes CoCl,-induced G1/S arrest via activating the PISK/AKT
signaling. (A) GCs pretreated for 2 h with 10 uM LY294002 (a inhibitor of PISK/AKT
pathway) were then incubated with CoCl, (100 uM) and IGF-1 (30 nM) for 24 h. Cells were
then collected for cell cycle analysis using flow cytometry. The GO/G1 (B), S (C), G2/M (D)
proportion of GCs was quantified using the ModFit LT 3.2 software. (E-H) The activity of
CDK2/Cyclin E1 was determined in porcine GCs treated with CoCl, (100 uM) and IGF-I (30
nM) for 6 h. PKA inhibitor H89 (5 uM) (E), PIBK/AKT inhibitor LY294002 (10 uM) (F),
PKC inhibitor Go6983 (5 uM) (G), or ERK1/2 inhibitor SCH772984 (1 uM) (H) were added
2 h before CoCl, incubation. Corresponding data represent mean £ S.E; n = 3. *P < 0.05,

**P < 0.01; ***P < 0.001; NS, not significant, P > 0.05.

Fig. 7. The effects of IGF-1 are mediated by activating cyclin E/CDK2 through the
PISK/AKT/FOXO1/Cdknlb axis. (A) Porcine GCs were treated with CoCl, (100 uM) and
IGF-1 (30 nM) for 6 h, the proteins level of p-AKT (Ser473), AKT, p-FOXO1 (Ser256),

FOXO1, Cdknlb and HIF-1o were determined by western blot. The protein bands were
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quantified densitometrically using ImageJ 1.42q software. (B) Porcine GCs pretreated with
10 uM LY?294002 for 2 h were incubated with CoCl, (100 uM) and IGF-1 (30 nM) for
another 24 h. Cells were then collected to observe the subcellular localization of FOXO1 by
immunofluorescence assay. Bar, 10 uM. (C) The corresponding change of Cdknlb protein
level was determined by immunofluorescence assay, Bar, 10 uM. (D) Western blot analysis of
p-AKT (Serd473), AKT, and Cdknlb protein level in GCs with the same treatment as
mentioned above. The protein bands were quantified densitometrically using ImageJ 1.42q
software. (E) The interaction between Cdknlb and CDK2/Cyclin E1 was analysed by
immunoprecipitation assay in GCs with above treatment. The protein bands were quantified
densitometrically using ImageJ 1.42q software. (F) Porcine GCs pretreated with LY294002
(10 uM) and AS1842856 (500 nM) for 2 h were incubated with CoCl, (100 uM) and IGF-I
(30 nM) for 6 h. Cells were then collected for determining the activity of CDK2/Cyclin E1.
(G) The interaction between Cdknlb and CDK2/Cyclin E1 was analysed by
immunoprecipitation assay in GCs with above treatment. The protein bands were quantified
densitometrically using ImageJ 1.42q software. (H) The cell cycle distribution was
determined by flow cytometry in GCs following the indicated treatments. (1) The GO/G1, S,
G2/M proportion of GCs was quantified using the ModFit LT 3.2 software. Corresponding
data represent mean = S.E;n=3.*P <0.05, **P < 0.01; ***P < 0.001; NS, not significant,

P> 0.05.

Fig. 8. A proposed model for IGF-I-mediated cell cycle regulation in porcine GCs

during hypoxic exposure. Under hypoxic conditions, HIF-1a is accumulated to induce
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FOXO1 activity partly by inhibiting AKT, resulting in FOXO1 dephosphorylation and
nuclear retention, which in turn transmits hypoxic signals via up-regulating the expression of
Cdknlb, an inhibitor of cyclin dependent kinase, leading to cyclin E/CDK2 deactivation and
the resultant G1/S cell cycle arrest in porcine GCs. However, in the presence of IGF-I, the
activation of PI3SK/AKT signaling blocks the nuclear translocation of FOXO1, terminating
the FOXO1-induced Cdknlb expression, thus recovering the G1-to-S phase transition in GCs

by removal of Cdknlb-mediated cyclin E/CDK2 inhibition upon hypoxic stimulation.
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