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Abstract

The Hippo/MST signaling pathway is a critical player in controlling cell proliferation, self-
renewal, differentiation, and apoptosis of most tissues and organs in diverse species. Previ-
ous studies have shown that Salvador homolog 1 (SAV1), a scaffolding protein which func-
tions in the signaling system is expressed in mammalian ovaries and play a vital role in
governing the follicle development. But the exact biological effects of chicken SAV1 in pre-
hierarchical follicle development remain poorly understood. In the present study, we demon-
strated that the SAV1 protein is predominantly expressed in the oocytes and
undifferentiated granulosa cells in the various sized prehierarchical follicles of hen ovary,
and the endogenous expression level of SAVT mRNA appears down-regulated from the pri-
mordial follicles to the largest preovulatory follicles (F2-F1) by immunohistochemistry and
real-time RT-PCR, respectively. Moreover, we found the intracellular SAV1 physically inter-
acts with each of the pathway members, including STK4/MST1, STK3/MST2, LATS1 and
MOB2 using western blotting. And SAV1 significantly promotes the phosphorylation of
LATS1 induced by the kinase of STK4 or STKS in vitro. Furthermore, SAV1 knockdown by
small interfering RNA (siRNA) significantly increased proliferation of granulosa cells from
the prehierarchical follicles (6—8 mm in diameter) by BrdU-incorporation assay, in which the
expression levels of GDF9, StAR and FSHR mRNA was notably enhanced. Meanwhile,
these findings were consolidated by the data of SAV1 overexpression. Taken together, the
present results revealed that SAV1 can inhibit proliferation of the granulosa cells whereby
the expression levels of GDF9, StAR and FSHR mRNA were negatively regulated. Accord-
ingly, SAV1, as a member of the hippo/MST signaling pathway plays a suppressive role in
ovarian follicle development by promoting phosphorylation and activity of the downstream
LATS1, may consequently lead to prevention of the follicle selection during ovary
development.
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Introduction

Opvarian follicular development in chicken is an intricate and highly coordinated process
involving a number of divergent biological effects on the maturation of oocytes, differentiation
and proliferation of granulosa and theca cells within the follicles directed by multiple endo-
crine, paracrine, and autocrine regulatory factors [1-3]. In which, a wide variety of local intra-
ovarian factors, such as steroidogenic acute regulatory protein (StAR), growth differentiation
factor-9 (GDF9) and cyclin D2 (CCND2), were implicated in folliculogenesis, growth and
development of the ovarian follicles as well as various members of the glycoprotein hormone
family of gonadotropins, such as follicle-stimulating hormone (FSH) and FSH receptor
(FSHR) [4-7]. And immediately before and after dominant follicle selection, the relatively
higher expression levels of FSHR mRNA and protein are required and maintained within the
granulosa cells of hen ovarian prehierarchical follicles [8]. Furthermore, many cell signaling
systems were also involved in the developmental process, wherein the Hippo/MST signaling
pathway was one of the most attractive research topics in recent years [9, 10]. The Hippo/MST
signaling pathway has initially been identified in Drosophila as an essential regulator of cell
proliferation and apoptosis during development [11, 12]. In mammals, major components of
the pathway include the two upstream serine/threonine (Ser/Thr) kinases MST1 (mammalian
Sterile 20-like kinase 1, a homologue of Hippo in Drosophila) and MST2, a scaffolding protein
Salvador homolog 1 (SAV1 or WW45), two Ser/Thr protein kinase LATS1 (large tumor sup-
pressor homolog 1) and LATS2 that interact with Mob1 protein and one transcriptional co-
activator YAP1 (Yes-associated protein, yorkie) [7, 13, 14, 15]. However, the member of MST1/
2 and Mob1 activates the LATS1/2 by multi-site phosphorylation [16, 17], and the activated
LATS1/2 then targets the proto-oncogene YAP1 to promote their cytoplasmic localization or
to bind with transcriptional enhancer activation domain family member (TEAD) for mediating
YAP-dependent gene expression [15, 18]. In Drosophila, Hippo is the central component of an
anti-proliferative pathway that responds to signals arising from cell-cell contact to regulate
negatively the oncogenic transcriptional coactivator, yorkie. Loss of Hippo function results in a
yorkie-dependent accelerated proliferation, resistance to apoptosis and massive organ over-
growth [19, 20, 21]. Furthermore, the Hippo signaling pathway has been identified to be a piv-
otal player in the regulation of stem cell proliferation, differentiation, migration and
maturation in human [22, 23, 24], but the exact functions and regulatory mechanisms of
Hippo signaling in the different tissues and organs exhibit shared or/and divergent characteris-
tics [9, 15, 21, 25]. Moreover, the recent studies in Drosophila and mammals have also shown
that the pathway plays a critical role in controlling maturation of oocytes, proliferation of gran-
ulosa cells, follicular atresia in folliculogenesis and ovarian follicle growth [9, 10, 26, 27].
Whether the Hippo/MST pathway in chicken comprises the same members as in mammals
and Drosophila, and whether these members exert the similar or different roles in regulating
the follicular development of ovary, however, has received little attention.

Our current understanding of the pathway in chicken is focused on SAV1 gene, encoding
protein SAV1 known to be a tumor suppressor in mammals and Drosophila, acts as a core part-
ner of the Ser/Thr protein kinase MSTs (MST1 and MST?2) [28, 29]. Previous studies have
demonstrated that SAV1 recruits LATS to the MST to promote the phosphorylation of LATS
mediated by MST1 (homologue of Ser/Thr kinase 4, STK4 in chicken) and MST2 (STK3 in
chicken) [30, 31], and that SAV1 is required for the correct cellular localization and function of
MST [32]. Moreover, SAV1 has been reported to have several phosphorylation residues that
were phosphorylated by MST in human [33, 34]; the phosphorylation of SAV1 by MSTs pro-
motes cell death [35]. Structural analysis has identified that SAV1 having the domains permits
protein-protein interaction, including 2 WW domains and a coiled-coil motif in its
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C-terminus, which suggest that SAV1 functions as a scaffold in a multimeric complex [33].
Disruption of SAV1 in mice results in embryonic lethality with epithelial hyperplasia accompa-
nied by defects in the terminal differentiation of various organs [32]. However, the functions
and regulatory mechanism of the members of Hippo/MST pathway in follicular development
have not been previously studied in hen ovaries, and furthermore, the detailed spatiotemporal
localizations and biological effects of SAV1 on ovarian follicle development are poorly defined.

To explore the function and regulatory mechanism of Hippo/MST signaling pathway in
ovarian follicle development, in the current work, we aimed to investigate the spatiotemporal
expression changes of SAV1 in the various-sized developing follicles, verify the physical inter-
action of SAV1 with the core components (such as STK4/MST1, STK3/MST2 andLATS1) of
the pathway, and further to reveal the biological roles of SAV1 protein in development of the
prehierarchical follicles and its molecular regulation in hen ovary.

Materials and Methods
Animals and sampling

Birds sampled in this work were layers of Lohmann brown commercial line that were reared in
laying batteries according to the management reported by us [36]; all birds for this experiment
were obtained from the population and sacrificed at 21 weeks of age. Follicles in various sizes
were taken from the hen ovaries according to the method of Stepifiska and Olszanska (1996)
[37]. A representative portion of each ovary was sampled and immediately frozen in liquid
nitrogen, and stored at -80°C; and another equal part of the tissue was fixed using 4% neutral-
buffered formalin at 4°C. All procedures performed in animals were approved by the Institu-
tional Animal Care and Use Committee of Jilin Agricultural University (Changchun, China).

Cell lines and cell culture

Chinese hamster ovary (CHO) cells were purchased from Shanghai Institute Cell Biology of
Chinese Academy of Sciences (Shanghai, China) and preserved in our laboratory. Culture of
granulosa cells (GCs) from hen prehierarchical follicles was performed according to the pub-
lished method [38]. The cultured granulosa cells used in this experiment have been purified
and quantified. The specificity of the granulosa cells been identified by the H & E staining pro-
cedure and fluorescence staining analysis [39].

Immunohistochemistry

Tissue slides of the ovarian prehierarchical follicles were prepared, pretreated and blocked, and
immunohistochemical staining was performed as our previously described procedures [39].
The slides were hybridized with rabbit anti-SAV1 (1:500, Sangon Co, Shanghai, China) as pri-
mary antibody incubated overnight at 4°C, and then incubated at room temperature for 1 h
with goat anti-rabbit secondary antibody (1:1000) labeled with horseradish peroxidase (HRP).
Photomicrographs of the sections were taken using a INOEC XS-213 biological microscope
(Jiangnan Optics & Electronics Co., Ltd. Nanjing, China).

Quantitative real-time RT-PCR

To assess mRNA expression of target genes in the GCs, real-time quantitative reverse tran-
scriptase PCR (qQRT-PCR) was conducted according to our previously described method [39].
The primers used for SAVI gene: forward 5’ —~ATGAGGCGTGAAAGCAACAG-3’ and reverse
5" ~CCGCTGTGCTCATAGTATCTGTA-3" . The 185 rRNA gene was used as an inner control
in each reaction system: forward 5’ ~-TAGTTGGTGGAGCGATTTGTCT-3’ and reverse 5’ -
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CGGACATCTAAGGGCATCACA-3' . The other primers utilized for amplification of the FSHR,
GDF9, STAR and CCND2 genes were listed in Table 1. Using the 2"**“* method, mRNA
expression results were normalized against 18S rRNA as internal control.

Construction of recombinant plasmids

Chicken SAV1 cDNA sequence (GenBank accession: XM_015276749.1) was amplified from a
chicken cDNA library by PCR and subcloned into a pFLAG-CMV-2 expression vector (Sigma,
St. Louis, MO, USA) to generate pFLAG-SAV1 expression construct (S1 Table). Similarly, the
SAV1 cDNA sequence was also subcloned into a pSF-CMV-Puro-NH2-GST expression plas-
mid (Sigma, St. Louis, MO, USA). The structure of FLAG-fusion or GST-fusion plasmids was
confirmed by sequencing with BigDye v.3.1 (ABI Applied Biosystems, Sangon Co, Shanghai,
China). The cDNA sequences of chicken STK4, STK3, LATSI and MOB?2 open reading frames
were amplified by PCR using the full-length STK4 cDNA (NM_001030853.1), SKT3
(NM_001031337.2), LATSI (XM_419666.3) and MOB2 (XM_004941451.1) as template and
then subcloned into a pcDNA3.0 expression vector (Invitrogen, Carlsbad, CA, USA), respec-
tively. Similarly, the cDNA sequences of LATSI gene was subcloned into a pPCMV-HA-N
expression vector (Clontech, Mountain View, CA, USA). By this way the recombinant expres-
sion constructs pcDNA3.0-STK4, pcDNA3.0-STK3, pcDNA3.0-LATS1, pCMV-HA-LATS1
and pcDNA3.0-MOB2 were created. Details of the plasmid constructions were listed in (S1
Table).

Cell transfection

Transfection for SAVI gene expression by using the recombinant plasmid vector pFLAG-SAV1
was performed as reported previously [7]. Briefly, the granulosa cells grouped randomly were
transfected by the plasmid pFLAG-SAV1 and pFLAG blank vector using Lipofectamine 2000
transfection reagent (Invitrogen, USA). Culture (1x10° cells/well in a 24-well plate) were con-
ducted in a basal medium containing 1ul/ml Polybrene (hexadimethrine bromide, Sigma), and
incubated at 37 °C with 5% CO,. After being continually cultured for 24 h, the granulosa cells
were collected and then lysed for immunoblot analysis and qRT-PCR analysis.

For in vitro protein binding studies using Glutathione S-transferase (GST) pull-down
method, CHO cells were transfected with recombinant pSE-GST-SAV1 construct or pSF-GST
empty vector, and the CHO cells were co-transfected with the expression constructs of
pcDNA3.0-STK4, STK3, LATS1 and MOB2, or the empty pcDNA3.0 vector based upon the
method [7, 40], respectively. For an experiment of induced LATS1 phosphorylation assay,
CHO cells were also transfected with pCMV-HA-LATS]1 expression reconstruct or vacant
pCMV-HA expression vector.

Western blotting

Following cell transfection test, western blot analysis for SAV1, phospho-SAV1, STK4, STK3,
LATSI, phospho-LATS1, MOB2 and YAP1 protein was conducted as previously described
[39] using total cellular extracts. Briefly, equivalent amounts of protein were separated by 10%
(w/v) SDS-polyacrylamide gel under reducing conditions and electro-transferred to Protran
nitrocellulose membranes (Whatman, Dassel, Germany). The affinity purified antibodies for
SAV1 and the others were used (S2 Table). The horseradish peroxidase-conjugated anti-rabbit
or anti-mouse IgG secondary antibody was incubated for 2 h at room temperature. Blots were
subsequently performed with ECL western blotting agent (Rockford, IL, USA) for 5 min and
exposed to X-ray film for 1-5 min. The outcome was visualized by the ECL Plus Western
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Table 1. Primer pairs designed for quantitative real-time PCR.

Gene Forward primer (5—3') Reverse primer (5'—3’) Accession No. Size
SAV1 ATGAGGCGTGAAAGCAACAG CCGCTGTGCTCATAGTATCTGTA XM_015276749.1 236 bp
FSHR AATACCCTGCTAGGACTG GAATACCCATTGGCTCA NM_205079.1 238 bp
GDF9 ACTTTCACTCGGTGGATT ATGCTGGGACATACTTGG AY566700.2 175 bp
STAR GCCAAAGACCATCATCAAC TCCCTACTGTTAGCCCTGA NM_204686.2 141 bp
CCND2 AACTTGCTCTACGACGACC TTCACAGACCTCCAACATC NM_204213.1 150 bp
18SrRNA TAGTTGGTGGAGCGATTTGTCT CGGACATCTAAGGGCATCACA AF173612.1 169 bp

doi:10.1371/journal.pone.0160896.t001

blotting detection system according to the manufacturer's instructions. Anti-B-actin (dilution
1:1000, Boster, China) antibody acted as loading control.

Immunoprecipitation assay

As stated above, the GCs were transfected with the pFLAG-SAV1 expression construct for 24 h
in normal culture media and then lysed and immunoprecipitated in an buffer containing 50
mM Tris—HCI, pH 7.4, 150 mM NaCl, 0.2 mM PMSF, 1% Triton X-100 and 1 mM EDTA, as
described previously [41]. For negative controls, the cell lysates were immunoprecipitated and
incubated with chicken IgG (Sangon Co, Shanghai, China). The eluted samples or cell lysates
were added to 4x SDS sample buffer and heated at 95°C for 5 min to denature the proteins.
Samples were then subjected to SDS-PAGE for western blotting.

GST pull-down assay

After the CHO cells were co-transfected with pSF-GST-SAV1 and each of the plasmids of
pcDNA3.0-STK4, STK3, LATS1 and MOB2 for 24 h, respectively; the cells were lysed and
coimmunoprecipitated as described [40] with a little modification. Briefly, the cell lysates were
incubated with Glutathione Sepharose 4B beads (Beyotime Institute of Biotechnology) over-
night. The beads were collected by centrifugation at 3,000 rpm for 3 min at 4°C, washed three
times with lysis buffer. Following boiling with 1x SDS-PAGE protein loading bufter for 5 min,
20 pl of the supernatant was separated by SDS-PAGE and transferred to a PVDF membrane.
After blocking with 5% skimmed milk at 4°C, the membrane was incubated with primary anti-
body and secondary antibody (HRP-goat anti-rabbit or anti-mouse IgG) list in S2 Table. The
co-transfection of CHO cells with empty pSF-GST vector and the pcDNA3.0-STK4, STK3,
LATS1 and MOB2 for 24 h was used as a negative control. Co-immunoprecipitated proteins
were detected by western blotting and autoradiography.

In vitro phosphorylation assay

CHO cells were transfected with the pCMV-HA-LATS]1 expression construct or an empty
pCMV-HA vector for 24 h and then lysed, cell lysates were immunoprecipitated using an anti-
body to HA. The phosphorylation assay was conducted based upon the reported procedures
[34] with a bit modification Briefly, following the immunoprecipitates were resolved by 10%
SDS-PAGE and analyzed by western blotting with the LATS1 antibody, equivalent amounts of
the purified LATS1 protein sample were added to the lysis supernatants from cells transfected
with the pFLAG-SAV1 construct or an empty pFLAG-CMV-2 vector alone, or co-transfected
with the the pcDNA3-STK4 or STK3 expression vector as aforementioned (S1 Table), Blots
were subsequently performed with ECL western blotting agent (Rockford, IL, USA) using the
primary and secondary antibodies (S2 Table).
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Transfection of siRNA

Specific siRNAs targeting SAV1 gene were designed using an Invitrogen siRNA Wizard v3.1
[42]. All designed siRNA sequences were blasted against the chicken genome database to elimi-
nate cross-silence phenomenon with nontarget genes. A most effective SAV1 specific siRNA
was further screened by qRT-PCR and Western blotting: 5'- GCUUGCAUGAGGACUACAGAU
—3'. Scrambled siRNA that does not target any gene was used as the negative control siRNA:
5'- GUAUGACGAUCCGACCUAGUCTT -3'. As mentioned above, GCs were plated in 24-well
plates and the siRNAs were transfected into the culture cells with Lipofectamine 2000 (Invitro-
gen, USA) according to the manufacturer's instructions.

Cell proliferation assay

Following the procedure of cell transfection for SAV1 expression, variation of cell proliferation
was detected using BrdU (5'-bromo-2'-deoxyuridine) Cell Proliferation Assay Kit (CST Biolog-
ical Reagents Co. Shanghai, China) according to the manufacturer’s protocol. Briefly, the con-
trol and transfected cells were seeded at a density of 1x10* cells/well in 96-well flat-bottom and
cultured for 48 h. The proliferation assay was performed 12 h following the addition of BrdU
reagent (10 ng/ml). The absorbance values measured at 450 nm wavelength represented the
rate of DNA synthesis and corresponded to the number of proliferating cells. Each experiment
was performed in triplicate and repeated five times. The number of BrdU™ cells was expressed
as percentage and calculated relative to the total number of cells counted in the microscope
fields observed in the negative control. Twenty fields were analyzed and averaged per each con-
dition to give the final data shown.

Statistical analysis

Statistical calculation was performed using the SPSS12.0 software package [43]. All the experi-
ments were repeated at least three times using different batches of sampled birds. In quantify-
ing mRNA expression levels by qRT-PCR analysis, four amplified products from independent
reactions per bird were utilized. The data were collected and analyzed with a one-way ANOVA
and Tukey’s multiple-comparison test when more than two groups were involved, or using a
Student’s ¢ test when treatment and control groups were compared after confirmation of nor-
mal distributions for parametric analysis. P < 0.01 or P < 0.05 was accepted to be statistically
significant.

Results
Expression of SAVT gene in prehierarchical follicles

This study initially localized the SAV1 protein in variously sized prehierarchical follicles (PF)
using immunohistochemistry. It was indicated that SAV1 protein was predominantly
expressed in the oocytes and undifferentiated GCs from primordial follicles (less than 20um in
diameter), primary follicles (30-90 pum in diameter) and PF (60 um to 8 mm in diameter)
examined; but an undetectable staining was observed in the theca cells of the follicles (Fig 1).
Strong immunostainings were observed in the primordial follicles, primary and small sized PF
follicles (<1 mm in diameter) (Fig 1A-1C). As follicular development, the positive staining
was becoming weaker in the oocytes and granulosa cells from the large follicles than that from
the smaller ones (Fig 1D and 1E). Furthermore, SAV1 protein was also found to be expressed
in ovarian stroma (mainly containing stromal cells, reticular and collagen fibers) that exten-
sively dispersed among all of the examined follicles at the various development stages.
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Fig 1. Immunohistochemical analysis of SAV1 protein expression in the ovarian follicles.
Paraformaldehyde-fixed tissue sections were immunostained using anti-chicken SAV1 as described above.
Panel A, strong staining is observed in all oocytes (OC) and granulosa cells (GCs) within the variously sized
prehierarchical follicles (x10). Panel B, the amplified primordial follicle and primary follicle (x100), paralleling
the one marked in the read box of panel A; Panel C, the amplified developing PF follicles with two or three
layers of GCs (x20), paralleling the one marked in the yellow box of panel A. Panel D, the amplified small PF
follicles with one or more layers of GCs (x40). Panel E, the amplified large PF follicles with more layers of
GCs (x20). Panel F, one of the negative controls for SAV1, the sections were immunostained with pre-
immune serum, no significant expression was detected. Negative control sections were prepared with the
primary antibody pre-incubated with a blocking peptide for 1 h at room temperature and for 2 h at 4°C. Five
birds were used for immunohistochemical analysis and representative microscopic fields were selected.
Scale bar =100 ym.

doi:10.1371/journal.pone.0160896.g001

As development of the ovarian follicles, expression levels of SAVI mRNA showed a signifi-
cant difference within the developmental stages of the follicles. Wherein, a highest expression
level of SAVI mRNA abundance was determined at the smallest follicles sampled (<1 mm in
diameter), and the endogenous expression level of SAVI mRNA appears down-regulated from
the smallest prehierarchical follicles to the largest preovulatory follicles (F2-F1) in the chicken

ovary (Fig 2).

1.80 1
1.60 1
1.40
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1.00
0.80
0.60 1

Relative mRNA levels
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0.40 -
0.20 -
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\} \,‘5 kh . ‘.""‘ . “,b . ,‘,% < b" < &X me

Fig 2. Quantification of expression levels of the SAVT mRNA in variously sized follicles from freshly
collected ovaries. The data are the mean + SEM from 10 hens (n = 10), and bars with different letters above
them differ significantly in the amount of mMRNA expression as normalized to the 78S rRNA gene (P < 0.05).
Horizontal ordinate represents the examined follicle sizes as indicated: 0-1mm, small follicles (<1 mm in
diameter); 1-3.9 mm, the prehierarchical follicles were from 1 to 3.9 mm in diameter; 4—4.9 mm, from 4 to 4.9
mm in diameter; and the others followed similarly.

doi:10.1371/journal.pone.0160896.g002
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Fig 3. Interaction of SAV1 and STK4, STK3, LATS1, MOB2 and YAP1 by an coimmunoprecipitation
experiment. Chicken GC cells were transfected with an empty pFLAG-CMV-2 expression vector (=) or
pFLAG-SAV1 expression construct (+). After transfection for 24 h, the cells were lysed, and the lysates were
immunoprecipitated with a control chicken IgG or an antibody to FLAG. The lysates (Lysate) and
immunoprecipitates (IP) were analyzed by immunoblotting (IB) with SAV1, STK4, STK3, LATS1, MOB2 and
YAP1 antibodies. (A) When the empty pFLAG-CMV-2 vector was used as a template (Lysate, —),
endogenous SAV1 was detected with a faint band observed, when the pFLAG-CMV-2-SAV1 construct was
used as a template (Lysate, +), SAV1 was synthesized. The endogenous STK4, STK3, LATS1, MOB2 and
YAP1 expression was also detected in the lysates prior to immunoprecipitation. The B-actin was used as the
loading control (B) When these lysates were immunoprecipitated with chicken IgG, no band was obtained for
FLAG-SAV1in immunoprecipitates from cells expressing FLAG-SAV1, and no band was obtained for all of
STK4, STK3, LATS1, MOB2 and YAP1(IP: chocken IgG). When the lysates were immunoprecipitated with an
antibody to FLAG, endogenous STK4, STK3, LATS1 and MOB2 was coimmunoprecipitated in cells
expressing FLAG-FOXL2 (IP: FLAG, +), but YAP1 was not coimmunoprecipitated in the cells. No one of the
proteins was examined in the cells expressing the empty expression vector (IP: FLAG, -).

doi:10.1371/journal.pone.0160896.g003

Interaction between SAV1 and the members of Hippo pathway by
coimmunoprecipitation

It was shown that when the pFLAG-CMV-2 vector was used as a template for protein synthe-
sis, little endogenous SAV1 was detected with a faint band observed, but when the pFLAG--
SAV1 vector was utilized as a template, SAV1 was largely synthesized in the GC lysate, with a
strong band examined (Fig 3A). Meanwhile, some endogenous STK4, STK3, LATS1, MOB2
and YAP1 expression was also detected in the GC lysates (Fig 3A). When the lysates from these
cells were immunoprecipitated with the control chicken IgG, no band was obtained for
PFLAG-SAV1 in the coimmunoprecipitates from cells expressing FLAG-SAV1, or for control
expressing the empty pFLAG-CMV-2 vector, and not even any band was obtained for SAV1,
STK4, STK3, LATS1, MOB2 and YAP1 (IgG; Fig 3B). In contrast, when the same lysates were
immunoprecipitated with an antibody to FLAG, both FLAG-SAV1 and each of SAV1, STK4,
STK3, LATS1 and MOB2 (except for YAP1) were observed in the coimmunoprecipitates from
cells expressing FLAG-SAV1, while not in coimmunoprecipitates from cells expressing the
empty pFLAG-CMV-2 vector (FLAG; Fig 3B). This result indicated that the intracellular SAV1
physically interacts with each of the members including STK4, STK3, LATS1 and MOB2, in
the GC cells of the prehierarchical follicles in hen.

Interaction between SAV1 and the members of Hippo pathway by GST
pull-down

The GST pull-down detection demonstrated that the GST- SAV1 fusion protein could bind
with STK4, STK3, LATS1 and MOB2, individually; but the GST-tagged proteins were not
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GST-SAV1

GST

STK4

STK3

LATS1

MOB2

Fig 4. Western blotting analysis for GST pull-down samples. 1, Cell lysates from the CHO cells (which do
not express endogenous chicken SAV1, STK4, STK3, LATS1 and MOB2) cotransfected by empty pSF-GST
and each of the pcDNA3.0-STK4, pcDNA3.0-STK3, pcDNA3.0-LATS1 and pcDNA3.0-MOB2 expression
constructs, respectively. 2, Cell lysates from GST-SAV1 and each of the pcDNA3.0-STK4, STK3, LATS1 and
MOB2 transfected cells, respectively. The co-transfection of CHO cells with empty pSF-GST vector and the
pcDNAB3.0-STK4, STK3, LATS1 and MOB2 for 24 h was used as a negative control. GST, glutathione S-
transferase

doi:10.1371/journal.pone.0160896.9004

capable of binding in the CHO cells (Fig 4). Therefore, the present result further validated the
interaction of SAV1 and each of the members of STK4, STK3, LATS1 and MOB2.

Phosphorylation of SAV1 by SKT3 and SKT4

As shown in Fig 5, when the FLAG-tagged SAV1 was co-expressed the presence of STK4 or
STK3 in the cells, the lysates were immunoprecipitated corresponding to the antibody of p-
SAV1, but no band was detected for the same lysates in the absence of STK4 or STK3. The
present result confirmed that SAV1 was a phosphorylation substrate of SKT4 and SKT?3 that
may mediate the Hippo/MST pathway to control cell proliferation and follicle development.

SAV1 promoting phosphorylation of LATS1

To explore whether SAV1 induced phosphorylation of LATS], as a physically interactive mole-
cule with SAV1, CHO cells (which do not express endogenous chicken LATS1) was transfected
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FLAG-SAV1 +
STK4
STK3

FLAG-SAV1

p-SAVI1 pcDNA3.0-STK4

p-SAV1 pcDNA3.0-STK3

Fig 5. Phosphorylation of SAV1 by SKT3 and SKT4 in vitro. CHO cells (which do not express
endogenous chicken SAV1, STK4 and STK3) was co-transfected with the pFLAG-SAV1 expression
construct or an empty pFLAG-CMV-2 vector, and the pcDNA3-STK4 or STK3 expression vector or a vacant
pcDNAB3 vector for 24 h. The cells were lysated and analysed by immunoblotting procedure using an antibody
to SAV1 and phosphorylated SAV1 (p-SAV1). The bands were observed corresponding to the antibody of p-
SAV1 in the presence of STK4 or STK3 in the cell lysates, but no band was detected for the same lysates in
the absence of STK4 or STKS.

doi:10.1371/journal.pone.0160896.9005

with the pPCMV-HA-LATS] expression construct or an empty pCMV-HA vector and the cell
lysates were immunoprecipitated using an antibody to HA. The immunoprecipitates were ana-
lyzed by western blotting with the LATS] antibody, and the purified LATSI protein was then
used as a substrate to be incubated with the lysates from the cells transfected with the pFLAG--
SAV1 construct or an empty pFLAG-CMV-2 vector alone, or co-transfected with the
pcDNA3-STK4 or STK3 expression vector aforementioned for an in vitro phosphorylation
assay. As shown in Fig 6, STK4 or STK3 was able to induced phosphorylation of LATS1 with a
very faint band observed, but SAV1 was not capable of inducing phosphorylation of LATSI (Fig
6A). However, a strong phosphorylated LATS1 band was detected in presence of both SAV1
and STK4, or SAV1 and STK4, respectively. These results indicated that SAV1 significantly pro-
motes the phosphorylation of LATS1 induced by the kinase of STK4 or STK3 in vitro (Fig 6B).

Effect of SAV1 knockdown by RNA interference on granulosa cell
proliferation

As shown in Fig 7, in the cells transfected with SAV1-specific siRNA, the expression of SAV1
at the mRNA and protein levels decreased significantly (P<0.01). Expression levels of FSHR,
StAR and GDF9 mRNA were remarkably increased in the cells after transfected by the SAV1--
specific siRNA (P<0.01), but no changes were detected in the CCND2 mRNA expression levels
before and after the siRNA transfections (P>0.05). Knock-downing SAVI expression, due to
repressing effect of SAV1 on the cell proliferation was attenuated, proliferation index of the
GCs was sharply enhanced compared to the negative control (P<0.01).

Effect of SAV7 overexpression on granulosa cell proliferation

To confirm the suppressive effect of SAV1 on GC proliferation, overexpression of SAV1I gene
in the GCs was performed by transfections with the pFLAG-SAV1 expression construct and
pFLAG-CMYV-2 blank vector, and a significantly increased level of mRNA and protein expres-
sion of SAV1 gene was detected in the GCs after transfected with the pFLAG-SAV1 expression
vector (P < 0.01), as shown in Fig 8. In the cells transfected by the pFLAG-SAV1 plasmid, GCs
proliferation index was significantly decreased compared to the negative control (P<0.01), fur-
thermore, expression levels of FSHR, StAR, CCND2 and GDF9 mRNA in the GCs were notably
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Fig 6. Phosphorylation of LATS1 by SAV1 in vitro. (A) CHO cells (which do not express endogenous
chicken LATS1) was transfected with the pCMV-HA-LATS1 expression construct or an empty pCMV-HA
vector for 24 h and lysed, cell lysates were immunoprecipitated using an antibody to HA. The
immunoprecipitates were analyzed by western blotting with the LATS1 antibody, and the purified LATS1
protein was then used as a substrate to be incubated with the lysates from the cells transfected with the
pFLAG-SAV1 construct or an empty pFLAG-CMV-2 vector alone, or co-transfected with the the
pcDNA3-STK4 or STK3 expression vector aforementioned for an in vitro phosphorylation assay. The B-actin
was used as the loading control. (B) Blotting signal intensity was quantified densitometrically after
phosphorimaging (shown in A), and normalized for loading by comparison to the signal for B-actin. The signal
intensity of LATS1 or phosphorylated LATS1 was expressed as the ratio $-actin signal in arbitrary units
shown in B (n =5 per mean + SEM). The Five independent experiments were carried out in triplicate. The
results are representative of at least three independent experiments. Statistical significance was marked with
different superscript symbols ** P<0.01,* P<0.05.

doi:10.1371/journal.pone.0160896.g006

down-regulated (P<0.01). These results consolidated that SAV1 protein plays a suppressive
role in GC proliferation of the hen ovarian follicles.

Discussion

The Hippo/MST signaling pathway has been identified as an important player in regulation of
apoptosis and cell cycle control in Drosophila and mammals [12, 13, 15]. The Sav (SAV1 in
chicken) is one of the most crucial members of the pathway that have been shown to restrict
cell number by coordinating cell-cycle exit and apoptosis during Drosophila development [44].
In recent years, studies have been intensively focused on effects of the Hippo signaling on
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Fig 7. Effects of silencing SAV1 on expression of FSHR, StAR, CCND2 and GDF9 mRNA examined
and cell proliferation. Granulosa cells were transfected with specific siRNAs targeting SAV7 gene,
scrambled siRNA (negative control) and no siRNA (blank control). (A) The expression of SAV1 gene before
and after the GCs transfected with specific siRNA for 24 h was examined by gRT-PCR. Quantification of
mRNA expression as normalized to the 78S rRNA gene, the values on the bar graphs are the mean + SEM of
10 hens (n = 10) from a representative experiment. (B) Expression levels of SAV1 protein in the GCs before
and after the specific siRNA interference (RNAi) was detected by western blotting. The 3-actin was used as
the loading control. (C) The influence of silencing SAV71 on FSHR, StAR, CCND2 and GDF9 mRNA
expression in the granulosa cells from prehierarchichal follicles (6 to 8 mm in diameter) was examined. (D)
The effects of silencing SAV1 on the GC proliferation were detected by BrdU incorporation assay (original
magnification x 200). Of which panel a, blank control; panel b, negative control; panel c-d, RNAi group. (E)
The number of BrdU* cells was expressed as percentage and calculated relative to the total number of cells
counted in the microscope fields observed in the negative control. For each group, bars with superscript
symbol indicates that difference was significant compared to the control group ** P<0.01,* P<0.05.

doi:10.1371/journal.pone.0160896.g007
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examined and cell proliferation. Granulosa cells were transfected with reconstructed pFLAG-SAV1
plasmids, pFLAG CMV-2 empty vector (negative control) and no plasmid (blank control). (A) The expression
of SAV1 gene before and after the GCs transfected with pFLAG-SAV1expression vector for 24 h was
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on the bar graphs are the mean + SEM of 10 hens (n = 10) from a representative experiment. (B) Expression
levels of SAV1 protein in the GCs before and after the transfection with with pFLAG-SAV1 vector was
detected by western blotting. The B-actin was used as the loading control. (C) The influence of SAV1
overexpression on FSHR, StAR, CCND2 and GDF9 mRNA abundances in the granulosa cells from
prehierarchichal follicles (6 to 8 mm in diameter) was examined. (D) The effects of SAV1 overexpression on
the GC proliferation were detected by BrdU incorporation assay (original magnification x 200). Of which panel
a, blank control; panel b, negative control; panel c-d, RNAi group. (E) The number of BrdU™ cells was
expressed as percentage and calculated relative to the total number of cells counted in the microscope fields
observed in the negative control. For each group, bars with superscript symbol indicates that difference was
significant compared to the control group ** P<0.01,* P<0.05.

doi:10.1371/journal.pone.0160896.g008
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ovarian follicle development and growth, aging and tumorigenesis in human and mice [9, 27,
45], however, the spatiotemporal expression characters and the exact functions of chicken
SAV1 in follicle development remains unknown. In the present study, we initially localized the
SAV1 protein by using immunohistochemistry in an attempt to explore the possible role of
SAV1 factor in regulation of the prehierarchical follicular development in laying hens. The spe-
cifically positive signals for SAV1 found in oocytes and GCs from primordial follicles and
undifferentiated prehierarchical follicles 60 um to 8 mm in diameter suggests its functional
importance in oocyte maturation and in granular cell proliferation, and differentiation during
the follicular growth. Meanwhile, these data also suggested that the intracellular SAV1 may be
involved in the Hippo/MST pathway by an autocrine manner to predominate its regulative
activity in the follicular development. Moreover, as development of the follicles in chicken, lev-
els of SAVI mRNA expression showed a significant difference among the different stages of
development in the hen ovarian follicles. Of which, a highest level of SAVI mRNA expression
was determined at the smallest follicles sampled (<1 mm in diameter), and the endogenous
expression level of SAV1 mRNA appears down-regulated from the smallest prehierarchical fol-
licles to the largest preovulatory follicles (F2-F1) in the ovary. In previous studies, SAV1 has
been found to act with Hpo/Mst to repress cell proliferation and to restrict tissue growth in
vivo [29, 30, 44]. The localization of SAV1 protein and the dynamic changes at mRNA expres-
sion levels may suggest a close association between different regulative capability of SAV1 on
follicular growth and the developmental stages corresponding to the various sized follicles.

It has been demonstrated that the core members of the Hippo pathway are in part coordi-
nated through oocyte maturation, granular cell proliferation, follicular atresia, and other physi-
ological processes within the mammalian ovary [10, 27, 46]. Wherein, SAV1 functions to
promote the phosphorylation and activation of the large tumor suppressor kinase Lats1 by Ste-
20 kinase Mst2 in mammals [30, 31], and Lats, Sav and Msts might form a trimeric complex in
which Sav functions as an adaptor protein to bring Wts/Lats in close proximity to Hpo/Mst
[47]. Moreover, a direct interaction was observed between Mst2 and hWW45/Sav in human
[31]. Here, our data confirmed that chicken SAV1 is not only binding directly with STK4 and/
or STK3, but also physically interacts with LATS1 and/or MOB?2 in the GCs of the prehierarch-
ical follicles in the ovary. This result suggested that the core members of the Hippo pathway,
comprising at least one of the upstream Ste-20 kinases (STK4 and STK3), SAV1 and LATSI as
well as MOB2 molecule might form a larger and more complex functional compound in which
SAV1 serves as a connector to assembly them together through a mode of action similar to the
previously reported in mammals [47]. Furthermore, the SAV1 molecule was reported to have
several phosphorylation residues that were phosphorylated by MST in human [33, 34, 35]. In
this study, we found that chicken SAV1 was also phosphorylated by SKT4 or SKT3 kinase of
the Hippo/MST pathway in the GCs of the developing ovarian follicles, and the phosphorylated
SAV1 was able to significantly enhance the phosphorylation levels of LATS1 induced by the
kinase of STK4 or STK3 in vitro. Studies have indicated that the phosphorylated LATSI then
phosphorylates and inactivates the downstream transcriptional co-activator YAP1 that is
responsible for the expression of multiple apoptosis-related genes [18, 48, 49]. Therefore, the
phosphorylation of chicken SAV1 mediated by the Ser/Thr protein kinase STK4 or STK3 may
be most important in the regulation of oocyte maturation and granular cell proliferation during
ovarian follicle growth by the Hippo/MST pathway. As for whether the detailed phosphory-
lated residues within the chicken SAV1 is consistent to those having been determined in mam-
mals [35], further studies will be required to address this possibility.

To further explore the roles of SAV1 in development of chicken ovarian follicles, SAV1
knockdown and overexpression were performed in this study. We found that knockdown of
SAV1 induced the significant increase in proliferation of the granular cells with the expression
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levels of GDF9, StAR and FSHR mRNA abundance (except for CCND2 gene) were markedly
enhanced. It have been previously reported that GDF9 and StAR factors exert a pivotal function
in granulosa cell proliferation and differentiation, and in oocyte maturation as well as in the ste-
roidogenesis during ovarian follicle growth [4, 6, 39, 50, 51], and then they act as a biomarker
for the granulosa cell differentiation and proliferation [4, 7, 39, 50]. Furthermore, FSHR is
required for follicular development and GC proliferation and differentiation by mediating stim-
ulation of pituitary FSH [39]. In the hen ovary, selection of a dominant follicle into the preovula-
tory hierarchy occurs from a small cohort of prehierarchal (6-8 mm) follicles [8, 52]. Prior to
follicle selection, a higher level of FSHR mRNA in GCs was required for the selection of PF 6-8
mm in diameter into the preovulatory hierarchy [8, 39, 52]. Herein, the enhancement of expres-
sion levels of FSHR mRNA in the GCs implied SAV1 was tightly correlated with the follicle
selection. Thus, on the basis of our present data in addition to the previous reports, it was sug-
gested that down-regulation of SAV1 may play an important role in governing the selection of
dominant prehierarchical follicles into a preovulatory stage, as well as in promoting the oocyte
maturation and granular cell proliferation during ovarian follicle development in chicken. On
the other hand, in the current study, the data showed that the GC proliferation index was signif-
icantly reduced, in which the expression levels of GDF9, StAR and FSHR mRNA (including
CCND2 gene) were notably decreased by the SAV1 overexpression. Our present result of SAV1
up-regulating expression likewise consolidated that SAV1 plays a suppressive role in ovarian fol-
licle development, and it may result in hindering the follicle selection mediated by the Hippo/
MST pathway. The current data also confirmed that it is reliable to utilize the GDF9 or StAR
gene as a marker of granulosa cell differentiation and proliferation.

It has been reported that the cyclin D2 (CCND2) expression is localized to the granulosa
cells of the ovarian follicles [53], FSH acutely increased granulosa cell CCND2 mRNA abun-
dance and CCND2 protein content as well as proliferation [54], and human granulosa cell
tumors display high levels of CCND2 mRNA compared with wild-type ovaries [53]. Con-
versely, the hypophysectomized female rats display low levels of cyclin D2 in the ovaries and
are unable to sustain follicular growth or to stimulate granulosa cell proliferation [55]. There-
fore, CCND2 is an important factor in the regulation of granulosa cell proliferation during
ovarian folliculogenesis [54, 56, 57]. CCND2 gene was considered as promising biomarker of
granular cell differentiation [5, 7, 57]. However, in the current data, a divergent effect on
expression of CCND2 abundance in GCs was detected by the SAV1 overexpression and the
SAV1 knockdown. Considering the exact roles and regulative mechanism of SAV1 in develop-
ment of the ovary follicle is currently unclear, further study to clarify whether SAV1 factor has
a dispensable effect on chicken CCND2 gene in the ovary follicle is warranted.

Conclusion

This study initially confirmed that the chicken SAV1, as a member of the hippo/MST signaling
pathway which plays a suppressive role in ovarian follicle development by promoting phos-
phorylation and activity of the downstream LATSI induced by the kinase of STK4 or STK3,
may consequently lead to prevention of the follicle selection during ovary development.
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