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A B S T R A C T

Bone morphogenetic protein 4 (BMP4) has an important role in regulating cellular proliferation,
differentiation and apoptosis. It, however, is still unclear as to the mechanisms by which BMP4
regulates the apoptosis of granulosa cells (GCs) in geese. In the present study, there was cloning
of the full-length coding sequence of goose BMP4 gene, which consisted of 1212 nucleotides
encoding 403 amino acids. Its deduced amino acid sequence comprised one signal peptide, one
TGFβ pro-peptide and one mature peptide domain. Results from conducting the quantitative real-
time PCR (qPCR) indicated the relative abundances of BMP4 mRNA in geese GCs increased
gradually from the relative abundances in pre-hierarchical follicles that were 4 to 6mm in dia-
meter to that in the fifth largest (F5) follicle and then relative abundances of BMP4 mRNA de-
creased with further development as the largest (F1) follicle. Results from use of the TUNEL assay
indicated that overexpression of the goose BMP4 gene suppressed GC apoptosis and this was
confirmed when relative abundances of the CAD, Caspase-9 and Caspase-3 proteins were de-
termined using western blotting. In addition, overexpression of the BMP4 gene induced phos-
phorylation of AKT, which was inhibited with use of the PI3K inhibitor, LY294002. Co-trans-
fection of BMP4 and LY294002 resulted in increased relative abundances of Caspase-9 and CAD
proteins but had no effect on that of Caspase-3. Taken together, these results suggested that
expression of the BMP4 gene resulted in a reduction in Caspase-9 protein leading to inhibition of
GC apoptosis via the PI3K/AKT signaling pathway in geese.

1. Introduction

Granulosa cells (GCs), located between the oocyte and peripheral theca cells (TCs) in ovarian follicle, are essential for follicular
development and maturation. The primary factor in follicle atresia is apoptosis of the GCs (Tilly et al., 1991; Inoue et al., 2011),
which occurs as a result of complex interactions between numerous extra- and intra-ovarian factors (Johnson, 2003). Among ovarian-
produced growth factors, the transforming growth factor β (TGFβ) superfamily was reported to have important roles in regulation of
ovarian functions in chickens (Onagbesan et al., 2003).

Bone morphogenetic protein 4 (BMP4), as a member of the TGFβ superfamily, has been reported to be involved in regulation of
mammalian ovarian folliculogenesis (Knight and Glister, 2006). In previous studies, there has been examination of the abundance of
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BMP4 mRNA in ovarian follicular cells of sheep (Bertoldo et al., 2014), cattle (Fatehi et al., 2005; Da et al., 2017), mice (Ding et al.,
2013), rats (Nilsson and Skinner, 2003) and chickens (Onagbesan et al., 2003). In mammals, BMP4 could function as a paracrine
factor to promote the development of follicles (Shimasaki et al., 1999). Studies in mice indicated that BMP4 could not only decrease
the rate of primordial follicle atresia through suppressing the apoptosis of oocytes (Ding et al., 2013). Furthermore, it had also been
reported that relative abundance of BMP4 was related to GC apoptosis during follicle development (Shimasaki et al., 2004). Although
the GCs had a lesser rate of apoptosis in cattle, BMP4 treatment did not affect the relative abundance of mRNA of apoptotic-related
genes (Kayamori et al., 2008). This finding implied that BMP4might regulate the GC apoptosis through other pathways. One function
of BMP4 is to inhibit the nuclear transfer of caspase-actived Dnase (CAD) protein in GCs of cattle, and the activation of CAD required
caspase-3-dependent proteolysis of CAD inhibitor (ICAD) (Lechardeur et al., 2005; Kayamori et al., 2008). These results indicated
that BMP4 might directly inhibit the activity of CAD by stimulating caspase-3 activity in regulation of GC apoptosis. It has been
reported that BMP4 inhibited apoptosis of GCs via the PI3K/PDK-1/AKT signaling pathway in cattle (Shimizu et al., 2012). Fur-
thermore, BMP4 also inhibited oocyte apoptosis and, therefore, was involved in regulation of follicular growth by the BMPs/SMADS
classical signaling pathway (Shi and Massague, 2003; Drummond, 2005; Koinuma et al., 2005; Ding et al., 2013; Zhang et al., 2015).
These data suggested that BMP4 regulated the GC apoptosis through multiple signaling pathways. At present, the relative abundances
of BMP4 mRNA in hen GCs were increased with follicular development from the pre-hierarchical stage when follicles were 3 to 5mm
in diameter to the time these follicles developed to be the fifth largest (F5) follicle (Kim et al., 2013). There was also a progressive
increase during the development of the third largest (F3) to the first largest (F1) follicle (Onagbesan et al., 2003). The regulatory
mechanisms are not understood for the BMP4 gene expression that controls amount of BMP4 transcript produced and ultimately
abundance of BMP4 protein in geese follicle development.

The present study, therefore, focused on cloning the complete coding sequence of the goose BMP4 gene followed by bioinformatic
analysis, determination of relative abundance of mRNA in follicles at different developmental stages, and elucidation of the me-
chanisms by which BMP4 regulates apoptosis of GCs. These results will help broaden the understanding of the role of BMP4 in geese
ovaries as well as its regulatory mechanisms in follicle development.

2. Materials and methods

2.1. Animals and sample collection

The Sichuan White Geese (Anser cygnoide) used in this study were 34 to 36 weeks of age, had free access to water, and was
maintained in natural lighting and temperature conditions at the Waterfowl Breeding Experimental Farm of Sichuan Agricultural
University (Sichuan, China). Three geese were used for determining the relative abundance of BMP4 mRNA in GCs of different sized
follicles and six geese were used for collection of GCs for in vitro culturing. Ovarian follicles were dissected from each goose and
subsequently washed with ice-cold sterile phosphate buffered saline (PBS, pH=7.4, Solarbio). Follicles were classified into pre-
hierarchical (4–6mm, 6–8mm, 8–10mm) and hierarchical (from the fifth to the largest follicle (F5-F1)) follicles according to dia-
meter (Wei et al., 2013). The granulosa layers of follicles were isolated using previously reported procedures (Deng et al., 2018). The
isolated granulosa layers were frozen in liquid nitrogen until RNA extraction. All procedures in the present study were approved by
the Institutional Animal Care and Use Committee (IACUC) of Sichuan Agricultural University (Permit No. DKY-B20141401).

2.2. RNA extraction and molecular cloning

Total RNA was isolated from granulosa layers of different sized follicles using TRIzol (Takara, Japan). The purity and quality of
total RNA were assessed by spectrophotometric absorbance at 260/280 nm and 260/230 nm, respectively. The integrity of RNA was
assessed with use of an agarose gel. Complementary DNA (cDNA) was synthesized from 1 μg of total RNA using a cDNA synthesis kit
(Takara, Japan) according to the manufacturer’s instruction. The PCR was performed using a program that resulted in a 95 ℃ pre-
denaturing for 10min, followed by 35 cycles of 30 s at 95 ℃, primer-specific annealing temperature for 30 s, 72 ℃ for 1min 30 s
which was subsequently followed by a final extension for 10min at 72 ℃. The PCR products were gel-purified using a gel extraction
kit (Omega Bio-Tek, Norcross, Georgia, USA). Target cDNA was ligated into the pMD-19 T vector (Takara, Japan) and was then
transformed into E. coli DH5α competent cells. Positive clones that contained the expected-size inserts were screened by using colony
PCR and were then sequenced by using the Qinke procedure (Chengdu, China). Primers of BMP4 are shown in Table 1.

2.3. Bioinformatical analysis

The BlASTn program on NCBI was used to analyze the accuracy of cloning sequence (https://blast.ncbi.nlm.nih.gov/Blast.cgi).
Homology analyses of nucleotide and amino acid sequences were performed using the DNAMAN software. ProScale (https://web.
expasy.org/protscale/) programs were used for predicting the physiochemical properties of the BMP4 protein. The structure domains
of amino acid sequence were analyzed using the Conserved Domains Database (CDD, https://www.ncbi.nlm.nih.gov/Structure/cdd/
wrpsb.cgi) and SignalIP (http://www.cbs.dtu.dk/services/SignalP/). A phylogenetic tree was calculated using the MEGA 7.0 soft-
ware by neighbor-joining method and bootstrap replicates with 1000 times.
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2.4. Quantitative real-time PCR (qPCR)

The relative abundance of BMP4 mRNA was measured in granulosa layers of different sized follicles by qPCR. The qPCR reactions
were performed in a 96-well iQTM5 system (Bio-Rad. USA) using a Takara ExTaq RT-PCR kit and SYBR Green as the detection dye
(Takara, Japan). The procedures included 95℃ for 30 s, followed by 40 cycles of 95℃ for 5 s imposing the annealing temperature for
30 s and at 72 ℃ for 10min. An 80-cycle melting curve was performed, starting at a temperature of 65 ℃ and increasing by 0.5 ℃
every 10 s to determine primer specificity. Each sample was repeated three times and the relative abundances of mRNA for genes
were normalized to β-actin and 18 s rRNA using the 2−ΔΔCt method (Livak and Schmittgen, 2001). Primers designed for qPCR are
shown in Table 1.

2.5. Culture of GCs

The GCs of pre-hierarchical follicles were used to investigate the apoptosis of GCs according to the relative abundance profiles of
BMP4 mRNA during follicle development. The cells were cultured for 48 h to treat in vitro considering the growth characteristics of
GCs that were previously reported (Deng et al., 2018). The culture medium was replaced every 24 h and it included Dulbecco’s
Modified Eagle’s Medium/Nutrient Mixture (DMEM/F12), 10% Fetal Bovine Serum (FBS, Gibco), and 1% streptomycin and penicillin
mixture (Gibco). Cells were incubated at 37 ℃ in 5% CO2-humidified atmosphere to reach 50% confluence for transfection. The cells
were seeded on 6-well plates for the TUNEL assay and protein collection, on 12-well plates for RNA extraction and on 96-well plates
for the 3-(4,5-Dimethylthiazol-2-yl) -2,5-diphenyltetrazolium bromide (MTT) assay.

2.6. Construction of BMP4 overexpression vector and transient transfection

The coding sequence (CDS) of the goose BMP4 gene was inserted into the pEGFP-N1 plasmid via Xho I and EcoR I sites. After
sequencing by Qinke (Chengdu, China), the recombinant plasmid was confirmed and termed pEGFP-N1-BMP4. To evaluate its
quality, the recombinant plasmid was extracted and double digested by Xho I and EcoR I. The pEGFP-N1 (Control), pEGFP-N1-BMP4,
LY294002 (an inhibitor of PI3K/AKT signaling pathway), pEGFP-N1-BMP4 + LY294002 respectively were transfected into GCs using
lipofectamine® 3000 (Thermofisher, USA) using the manufacturer’s protocol. The steps of transfection were as follows: initially, the
different plasmids and lipofectamine® 3000 were diluted, respectively, with serum-free DMEM without antibiotics. The diluted
lipofectamine® 3000 was subsequently added into each diluted plasmid (1:1 ratio) separately to form oligonucleotide-lipofectamine®
3000 complexes. Next, the complexes were incubated for 5–10min at room temperature. After transfection, cells were harvested for
MTT, TUNEL, qPCR and western blotting experiments. The pEGFP-N1-BMP4 plasmid or the pEGFP-N1 plasmid were transfected into
12- well plates for 24 h for conducting the qPCR experiment and 6- well plates for 48 h for the TUNEL experiment. For western
blotting experiment, pEGFP-N1-BMP4 plasmid, LY294002 and pEGFP-N1-BMP4 + LY294002 were, respectively, transfected into 6-
well plates for 48 h. For the MTT experiment, LY294002 was transfected into 96-well plates for 24 h according to the previously
described methods (Deng et al., 2018).

2.7. TUNEL assay

After transfection for 48 h, the apoptotic cells were detected using the TdT-mediated dUTP nick-end labeling (One Step TUNEL
Apoptosis Assay Kit, Beyotime Biotech, China) method (Gavrieli et al., 1992). Briefly, the medium was discarded and GCs were
washed with PBS. Then, GCs were fixed by 4% paraformaldehyde for 30min. The GCs were subsequently washed with PBS and
incubated with 0.3% Triton X-100 for 5min at room temperature. The TUNEL mixture (TdT enzyme, fluorescent marking liquid and
detection liquid) was made using the manufacturer’s protocol. There were 50 μl of the mixture added into samples and incubated for
60min avoiding light exposure. After incubating, the GCs were washed three times with PBS and fluorescence quenching was used for
sealing. Then, 2-(4-Amidinophenyl) -6-indolecarbamidine dihyrdochloride (DAPI, 10mg/ml in PBS, Beyotime Biotech, China) was
added for 5min to label all nuclei. The cells were subsequently observed using a fluorescence microscope (Nikon, Japan). Each

Table 1
Primer sequences used in the study for BMP4.

Primer name Sequence(5’-3’) Tm(℃) Size(bp)

RT-PCR
BMP4 F ATGATTCCTGGTAACCGAATGC 58 1212

R TCAGCGGCACCCGCAC
q-PCR
BMP4 F AAGTGATGAAGCCGCTGTCG 60 198

R TTGCCCTGATGAGTCTGTGC
β-actin F CAACGAGCGGTTCAGGTGT

R TGGAGTTGAAGGTGGTCTCG
60 92

18 s F TTGGTGGAGCGATTTGTC 60 129
R ATCTCGGGTGGCTGAACG

F: sense primers; R: antisense primers.
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treatment had three replicates.

2.8. Western blotting

The relative abundance of BMP4 protein, phosphorylation of AKT (p-AKT), total AKT (t-AKT), activated- Caspase-9, actived-
Caspase-3, CAD (also termed DFFB) were detected by western blotting. Briefly, total proteins of GCs were extracted from GCs using a
mixture of Radio Immunoprecipitation Assay (RIPA) lysis buffer and Phenylmethanesulfonyl fluoride (PMSF) (ratio= 1:1000)
(Beyotime Biotech, China). The concentrations of total proteins were adjusted using BCA Protein Assay Kit (Beyotime Biotech, China)
to 20 μg per well for loading. The concentration of 8% resolving gel was used for these proteins except activated-Caspase-3 using 12%
resolving gel. The proteins were transferred onto polyvinylidene difluoride (PVDF) membranes (Solarbio, China) at 200mA for
90min and then blocked with 5% (w/v) fat-free milk at room-temperature for 2.5 h. After that, the membranes were incubated with
the primary antibody at 4℃ for 12 h and the corresponding secondary antibody at 37℃ for 1 h. At last, the membranes were detected
by using the ECL kit (Bio-Rad, USA) on a ChemiDoc™ MP Imaging System (Bio-Rad, USA). The abundance of GAPDH protein was used
for the loading control. Each treatment had three replicates. Information about the antibodies that were used is shown in Table 2.

2.9. Data analysis

Each experiment was conducted in triplicate. The normal distribution and homogeneity of variances of all data were tested with a
Shapiro-Wilk test (Shapiro and Wilk, 1965) and Leven’s test (Wu and Wong, 2003), respectively. Multiple comparisons were per-
formed using an ANOVA followed by the Turkey’s test using SPSS. 24.0. An independent non-paired t-test analysis (two-tailed) was
used for the comparison between of two groups. All data are presented as the mean ± S.D. P-values of less than 0.05 were considered
statistically significant.

3. Results

3.1. Cloning and sequence analysis of goose BMP4

After sequencing, the full-length coding sequence of goose BMP4 was obtained (Fig. 1A). The complete coding sequence of goose
BMP4 (GenBank accession NO. KJ546433.1) contained 1212 nucleotides encoding 403 amino acids. The molecular weight of amino
acids was 45.94 kDa and the theoretical isoelectric point was 9.17. Homology analysis of goose BMP4 suggested there was a high
sequence homology with other avian species such as ducks (98.5%) and chickens (98%), an intermediate homology with mammals
such as humans (83.4%) and mice (83.7%), and a relatively lesser homology with that of the chameleons (70.4%) and zebrafish
(69.8%). The conserved domain analysis indicated the goose BMP4 amino acid sequence contained one signal peptide, one TGFβ pro-
peptide and one mature peptide domain (Fig. 1B). Considering the homology of each domain in various species, there were greater
homologies (more than 96%) in the mature peptide domain (Fig. 1C), in contrast, there was a relatively lesser conservation (just
79.93%) in the pro-peptide domain (Supplement 1). The predicted seven-cysteine residues were located in the mature peptide
domain and in the carboxy-terminal domain of goose BMP4 (Fig. 1A). In addition, a phylogenetic tree was built based on the BMP4
amino acid sequences for geese and other species (Fig. 2), which indicated that the goose BMP4 was similar to BMP4 of Taeniopygia
guttata.

3.2. Relative abundance profile of BMP4 mRNA in GCs during follicle development

As depicted in Fig. 3, the relative abundance of BMP4 mRNA in GCs increased during follicle development and the greatest
abundance was detected in F5 follicles with there being a lesser abundance in F4 follicles and there was less in F3 - F1 (P<0.05) than
F4 follicles.

3.3. BMP4 inhibits apoptosis of goose GCs

To evaluate the effect of BMP4 on GC apoptosis from pre-hierarchical follicles, the overexpression plasmid of BMP4 (1200∼1300

Table 2
The information of primary and secondary antibody.

Primary antibody Dilution rate secondary antibody Provider Catalogs

Mouse-monoclonal-anti-BMP4 1:500 FITC-goat anti-mouse IgG Santa Cruz (USA) sc-12721
Mouse- polyclonal-anti-GAPDH 1:5000 FITC-goat anti-mouse IgG TransGen Biotech (China) HC301-01
Rabbit- polyclonal-anti-p-AKT 1:500 FITC-goat anti-rabbit IgG Cell Signaling Technology (USA) 4060S
Rabbit- polyclonal-anti-AKT 1:200 FITC-goat anti-rabbit IgG Bioss (China) bs-0115R
Mouse-monoclonal-anti-cleaved-Caspase-9 1:500 FITC-goat anti-mouse IgG Santa Cruz (USA) NB100-56122SS
Rabbit- polyclonal-anti-cleaved-Caspase-3 1:400 FITC-goat anti-rabbit IgG Sangon (China) D260009
Rabbit- polyclonal-anti-CAD 1:200 FITC-goat anti-rabbit IgG Bioss (China) bs-0043R
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bp) was successfully constructed (Supplement 2) and was transiently transfected into GCs from pre-hierarchical follicles cultured in
vitro. After 48 h of transfection, the relative abundance of BMP4 protein was greater in pEGFP-N1-BMP4 than in the control (Fig. 4A
and B, P<0.05). Results from the TUNEL assay indicated that the apoptotic rate of GCs in pEGFP-N1-BMP4 was less (Fig. 4C and D,
P<0.05) as compared with the control. The results using the qPCR indicated that relative abundance of bcl-2 mRNA was greater
while that of caspase-3 mRNA was relatively less in pEGFP-N1-BMP4 transfected cells as compared with the relative control (sup-
plementary 3 A and 3B, P<0.05). In addition, results from western blotting indicated that the abundances of CAD (Fig. 4A and 4B,
P<0.05) and cleaved-Caspase-9, cleaved-Caspase-3 (Fig. 5A and B, P<0.05) protein were less compared with the control while the
amount of phosphorylation of AKT (Fig. 5A and B, P<0.05) was greater in pEGFP-N1-BMP4 than in the control.

3.4. There is inhibition of apoptosis in goose GCs by BMP4 via the PI3K/AKT/Caspase-9 signaling pathway

To further explore whether BMP4 inhibited apoptosis of GCs in pre-hierarchical follicles through the PI3K/AKT/Caspases sig-
naling pathway, the PI3K inhibitor LY294002 was used. The results from the MTT assay indicated that inclusion of LY294002
reduced the viability of GCs in a dose-dependent manner, and 20 μM LY294002 was utilized in subsequent experiments (supple-
mentary 4 A, P<0.05). Compared with pEGFP-N1-BMP4, the amount of AKT phosphorylation was less (Supplementary 4B and 4C,
P<0.05), while the abundance of protein for cleaved-Caspase-9, cleaved-Caspase-3 and CAD was greater (Fig. 5A and B, P<0.05)
when there was LY294002 transfection. When pEGFP-N1-BMP4 and LY294002 were co-transfected into the GCs, the amount of

Fig. 1. Nucleotide and amino acid sequences of goose BMP4 and the predicted structural domains. (A) Nucleotide and amino acids sequences are
both numbered on the left side. The entire deduced amino acid sequence is depicted in single letter code beneath the corresponding nucleotide
sequence. The stop codon TGA is with ‘*’. The Cysteine is marked by boxes. The predicted TGF-β pro-peptide domain is marked by ‘’ and TGF-β
mature peptide domain is marked by ‘’ . (B) The location of predicted structural domains in the amino acid sequence of goose BMP4. The black boxes
represent the predicted domains, the double lines represent the rest amino acid sequence. (C) The homology comparison of mature peptide domain
among different species. Amino acid sequences are numbered on the right side. The black background represent the consistency of amino acid.
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phosphorylation of AKT was less. Abundance of cleaved-Caspase-9 protein was greater with co-transfection of pEGFP-N1-BMP4 and
LY294002, but was suppressed with pEGFP-N1-BMP4 transfection (Fig. 5A and B, P<0.05). Similar to cleaved-Caspase-9, the
relative abundance of cleaved-Caspase-3 protein with co-transfection of pEGFP-N1-BMP4 and LY294002 was less than that of the
relevant control (Fig. 5A and B, P<0.05), but there was no difference compared with the pEGFP-N1-BMP4 transfected group
(Fig. 5A and B, P<0.05). The abundance of CAD protein with co-transfection of pEGFP-N1-BMP4 and LY294002 was markedly
greater compared with the pEGFP-N1-BMP4 transfected group (Fig. 5A and B, P < 0.05).

4. Discussion

There is an important role of BMP4 in the processes of cellular proliferation, differentiation and apoptosis (Jeffery et al., 2005;
Kayamori et al., 2008; Kim et al., 2013), and has previously only been widely cloned and characterized in some mammals and birds
(Nilsson and Skinner, 2003; Onagbesan et al., 2003; Fatehi et al., 2005; Bertoldo et al., 2014). Furthermore, the regulatory me-
chanisms of BMP4 are not well understood in the avian ovary, especially in geese. In the present study, the CDS of goose BMP4 was
initially cloned which contained 1212 nucleotides encoding 403 amino acids. The deduced amino acid sequence of goose BMP4 was
highly conserved with that from other species, particularly with that of ducks. Analysis of structure domains indicated that the goose

Fig. 2. A phylogenetic tree of goose BMP4. The BMP4 sequences from other species were constructed by using the maximum likelihood method. The
bootstrap sampling was performed with 1000 replicates and the numbers at the forks indicate the bootstrap proportions. The scale bar represents the
expected number of amino acid substitutions per site.

Fig. 3. Relative abundance of BMP4 mRNA in goose granulosa layers of follicles at different developmental stages. The values for relative abun-
dances are normalized to 18 s rRNA and β-actin and are compared using the 2−ΔΔCt method. The data are represented as the mean ± SD (n=3).
Different lowercase letters represent a difference in GCs among stages of follicular development (P<0.05).
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BMP4 amino acid sequence was consistent with that of the BMPs family which contained one signal peptide, one TGFβ pro-peptide
and one mature peptide domain (Granjeiro et al., 2005). The signal peptide was removed to form the mature peptide and the pro-
peptide domain was proteolytically cleaved at a consensus Arg-X-X-Arg site to yield the carboxy-terminal mature protein (Constam
and Robertson, 1999; Ducy and Karsenty, 2000; Nelsen and Christian, 2009). These results suggested that the formation of the mature
terminal protein might be the reason of high homology of the mature peptide domain among different birds and mammals. Fur-
thermore, Bragdon reported that the mature peptide domain contained seven cysteine residues that resulted in intra- or inter-
molecular disulfide bonding between these residues (Bragdon et al., 2011). Six cysteine residues formed a cysteine knot and the
seventh cysteine contributed to a dimerization which resulted in biological activity (Ozkaynak et al., 1990; Nohe et al., 2004). These
characteristics were consistent with those of humans (Van Den Wijngaard et al., 1996), mice (Kurihara et al., 1993) and zebrafish
(Hwang et al., 1997). The assessment of the phylogenetic tree indicated that goose BMP4 was located in the same group with that of
avian and mammals (Fig. 2). These results indicated that goose BMP4 was highly conserved with that of other species, suggesting
possible similar functions for avian and mammalian BMP4.

In the present study, relative abundances of BMP4 mRNA increased in geese GCs as there was development of follicles from the 4
to 6mm diameter to the F5 (largest) follicle stage, which was consistent with results of the previous study (Kim et al., 2013), and
there was a lesser relatively abundance of BMP4 in F4 - F1 follicles. In a previous study, it was documented that follicle development
underwent the transition from the pre-hierarchical to pre-ovulatory stage, which was associated with the processes of follicular
recruitment (< 4mm cohorts), selection (6–8mm cohorts) and dominance (> 9mm cohorts) in laying hens (Johnson, 2012). The
profile of relative abundances of BMP4 mRNA during follicle development in geese indicated that BMP4 might have a positive effect

Fig. 4. Effects of transient transfection with of BMP4 gene overexpression on apoptosis in granulosa cells of pre-hierarchical follicles. (A, B) The
relative abundance of BMP4 and CAD proteins detected by western blotting and semi-quantitative analysis, respectively. The values below each
western blot images represent the relative abundance of target protein compared to GAPDH. (C, D) BMP4 gene overexpression in granulosa cells
detected using the TUNEL assay method (below panel, green color), and quantification of the positive granulosa cells area and normalized against
the total number of nuclei (above panel). Different lowercase letters represent a difference between bmp4 and control (P<0.05). The numbers of
(A) on the right side represent the molecular weight of proteins. ‘Control’ represents the pEGFP-N1/Lip3000 group and ‘pEGFP-N1-BMP4’ represents
the BMP4 gene overexpression (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article).
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on the survival of GCs through regulation of follicular selection. In addition, the relative abundance of BMP4 mRNA in chickens was
greater in GCs of F1 and F2 than that of F3 follicles (Onagbesan et al., 2003).However, the least abundance of BMP4 mRNA in GCs of
geese was detected in the GCs of F3-F1 follicles. The differences in the relative abundances of BMP4 mRNA in GCs of F3 - F1 follicles
in chickens compared with geese might be due to species variation. Although the follicle development is hierarchical in chickens and
geese, the ovulation cycle of geese is longer than that of chickens. It was obvious that there were greater abundances of BMP4 in GCs
of F3 follicles of geese in the present study and this could inhibit apoptosis of GCs and, thus, maintain the follicle development in the
hierarchy.

To investigate the effect of BMP4 on apoptosis of GCs, the BMP4 gene was overexpressed in the GCs of pre-hierarchical follicles in
vitro. Results indicated that overexpression of the BMP4 gene could result in a marked decrease in the GC apoptotic rate, indicating
that the greater abundances of BMP4 could contribute to the survival of GCs. In general, apoptotic signaling is regulated by the
distinct protein families, such as the Bcl family, and the relative abundance of bcl-2 mRNA was markedly increased after over-
expression of the BMP4 gene in the present study. The relative abundance of mRNA for apoptotic-related genes in cattle, however, did
not change because of BMP4 treatment (Kayamori et al., 2008). Thus, more experiments are needed to ascertain the regulatory
mechanism through which BMP4 inhibits apoptosis of GCs via Bcl pathway. There had been some reports that growth factors
suppressed apoptosis of GCs via a mechanism other than the mitochondrial pathway (Kosaka et al., 2007; Kayamori et al., 2008;
Shimizu et al., 2012). In the present study, overexpression of the BMP4 gene resulted in a marked increase in AKT phosphorylation
but there was a lesser relative abundances of caspase-3 mRNA and cleaved-Caspase-3 and cleaved-Caspase-9 proteins. These results
are consistent with those from previous studies where activation of AKT inhibited apoptosis in a variety of cells in vitro by regulating
numerous downstream target proteins including the apoptotic initiation protein Caspase-9 (Kuida, 2000; Song et al., 2005). The
activated Caspase-3 protein could cleave the CAD-ICAD complex, and CAD could induce DNA fragmentation (Lechardeur et al.,
2005). The results of the present study indicated that overexpression of the BMP4 gene resulted in a decrease in abundance of the
CAD protein. These results suggested that BMP4 might inhibit apoptosis of GCs via both the Bcl and AKT/Caspase/CAD pathways.

The PI3K/AKT signaling pathway induced by growth factors had a pivotal role in inhibiting cell apoptosis (Downward, 1998;
Shiojima and Walsh, 2002), and proliferation as well as differentiation (Katso et al., 2001; Sen et al., 2003; Lechardeur et al., 2005).
In the present study, the amount of AKT phosphorylation was suppressed after LY294002 treatment, which indicated that LY294002
could inhibit the promoting effect of BMP4 gene overexpression on the amount of AKT phosphorylation. When pEGFP-N1-BMP4 and
LY294002 were co-transfected into GCs, the amount of AKT phosphorylation was less compared with GCs with only pEGFP-N1-BMP4
transfection, which suggested that BMP4 inhibited apoptosis of GCs via the PI3K/AKT signaling pathway. The abundances of the
Caspase-9 and Caspase-3 proteins were less because of co-transfection compared with only LY294002 transfection but that of the
Caspase-9 protein was greater compared with pEGFP-N1-BMP4 transfection, suggesting that BMP4 might inhibit the synthesis of the
Caspase-9 protein via another signaling pathway. When the combined results are considered, BMP4 might suppress both the
abundance of Caspase-9 mRNA and protein to inhibit apoptosis of GCs via the PI3K/AKT signaling pathway.

In conclusion, as a result of the present research the intact CDS of goose BMP4 was obtained which encoded for 403 amino acids
consisting of one signal peptide, one TGFβ pro-peptide and one mature peptide domain. Relative abundances of BMP4 mRNA in GCs

Fig. 5. Effects of LY294002 and BMP4 gene overexpression on apoptosis in granulosa cells of pre-hierarchical follicles via the PI3K/AKT/Caspase-9
signaling pathway. (A, B) The relative abundance of proteins of the PI3K/AKT/Caspase-9 signaling pathway detected by western blotting and semi-
quantitative analysis, respectively. The values below each western blot images represent the relative abundance of target the protein compared to
GAPDH. Different lowercase letters represent a difference among different treatment groups (P < 0.05). LY294002 is an inhibitor of PI3K. The
numbers of (A) on the right side represent the molecular weight of proteins. ‘Control’ represents the pEGFP-N1/Lip3000 group, ‘LY294002’ re-
presents the LY294002 group, ‘pEGFP-N1-BMP4’ represents the BMP4 gene overexpression and ‘pEGFP-N1-BMP4 + LY294002’ represents co-
transfection of pEGFP-N1-BMP4 and LY294002.
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increased during the development of follicles and reached the maximum in the F5 follicle. At the cellular level, overexpression of the
BMP4 gene resulted in a marked suppression of apoptosis in GCs. The BMP4 protein, therefore, might not only regulate the abundance
of bcl-2 and caspase family mRNAs, but also might directly inhibit synthesis of the CAD protein suppressing apoptosis of GCs in vitro
(Fig. 6). These results suggest that BMP4 inhibits apoptosis of GCs via PI3K/AKT/Caspase-9 signaling pathway.
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