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STUDY QUESTION: Could the follicle proteome be mapped by identifying specific proteins that are common or differ between three
developmental stages from the secondary follicle (SF) to the antrum-like stage?

SUMMARY ANSWER: From a total of 1401 proteins identified in the follicles, 609 were common to the three developmental stages inves-
tigated and 444 were found uniquely at one of the stages.

WHAT IS KNOWN ALREADY: The importance of the follicle as a functional structure has been recognized; however, up-to-date the
proteome of the whole follicle has not been described. A few studies using proteomics have previously reported on either isolated fully-
grown oocytes before or after meiosis resumption or cumulus cells.

STUDY DESIGN, SIZE, DURATION: The experimental design included a validated mice model for isolation and individual culture of
SFs. The system was chosen as it allows continuous evaluation of follicle growth and selection of follicles for analysis at pre-determined devel-
opmental stages: SF, complete Slavjanski membrane rupture (SMR) and antrum-like cavity (AF). The experiments were repeated |3 times
independently to acquire the material that was analyzed by proteomics.

PARTICIPANTS/MATERIALS, SETTING, METHODS: SFs (n = 2166) were isolated from B6CBA/F| female mice (n = 42), |2 days
old, from 15 |. About half of the follicles isolated as SF were analyzed as such (n = | 143) and pooled to obtain 139 ug of extracted protein.
Both SMR (n = 359) and AF (n = |124) were obtained after individual culture of 1023 follicles in a microdrop system under oil, selected for
analysis and pooled, to obtain 339 pg and 170 pg of protein, respectively. The follicle proteome was analyzed combining isoelectric focusing
(IEF) fractionation with 1D and 2D LC-MS/MS analysis to enhance protein identification. The three protein lists were submitted to the
‘Compare gene list’ tool in the PANTHER website to gain insights on the Gene Ontology Biological processes present and to Ingenuity
Pathway Analysis to highlight protein networks. A label-free quantification was performed with | D LC-MS/MS analyses to emphasize proteins
with different expression profiles between the three follicular stages. Supplementary western blot analysis (using new biological replicates)
was performed to confirm the expression variations of three proteins during follicle development in vitro.

MAIN RESULTS AND THE ROLE OF CHANCE: It was found that 609 out of 1401 identified proteins were common to the three fol-
licle developmental stages investigated. Some proteins were identified uniquely at one stage: 71 of the 775 identified proteins in SF, 181 of
1092 in SMR and 192 of 1100 in AF. Additional qualitative and quantitative analysis highlighted 44 biological processes over-represented in
our samples compared to the Mus musculus gene database. In particular, it was possible to identify proteins implicated in the cell cycle, cal-
cium ion binding and glycolysis, with specific expressions and abundance, throughout in vitro follicle development.

LARGE SCALE DATA: Data are available via ProteomeXchange with identifier PXD006227.

© The Author 2017. Published by Oxford University Press on behalf of the European Society of Human Reproduction and Embryology.
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non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com
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LIMITATIONS, REASONS FOR CAUTION: The proteome analyses described in this study were performed after in vitro development.
Despite fractionation of the samples before LC-MS/MS, proteomic approaches are not exhaustive, thus proteins that are not identified in a
group are not necessarily absent from that group, although they are likely to be less abundant.

WIDER IMPLICATIONS OF THE FINDINGS: This study allowed a general view of proteins implicated in follicle development in vitro
and it represents the most complete catalog of the whole follicle proteome available so far. Not only were well known proteins of the oocyte

identified but also proteins that are probably expressed only in granulosa cells.

STUDY FUNDING/COMPETING INTEREST(S): This study was supported by the Portuguese Foundation for Science and
Technology, FCT (PhD fellowship SFRH/BD/65299/2009 to A.A.), the Swedish Childhood Cancer Foundation (PR 2014-0144 to K.A.R-.W.)
and Stockholm County Council to K.A.R-.W. The authors of the study have no conflict of interest to report.
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Introduction

The development of successful systems for in vitro growth of ovarian
follicles from the earliest stage until maturity is predicted to have an
enormous impact on assisted reproductive treatments. In particular,
the method is necessary for the increasing number of young cancer
patients undergoing cryopreservation of ovarian tissue in clinical pro-
grams for fertility preservation, but for whom the risk of reintroducing
of malignant cells precludes transplantation (Telfer and Zelinski, 2013).
The best developed systems applied to mammalian follicles that can
be translated to human follicle-culture systems have been achieved
using mice, which have proved to be an excellent model for transla-
tional reproductive research, and live offspring have been obtained
(Smitz and Cortvrindt, 2002; Xu et al, 2006; Eppig et al., 2009).
However, the current culture systems still need to be improved to
increase the possibility of obtaining fully competent oocytes in humans
(Telfer and Zelinski, 2013).

A series of biological processes is needed to achieve oocyte devel-
opmental competence for fertilization and embryo development
(Picton et al., 1998). This competence is gained gradually during follicu-
logenesis, which is a highly complex process with several mechanisms
and steps, which are not yet clear. After the activation of a primordial
follicle, important changes occur such as granulosa and theca cell dif-
ferentiation and proliferation. Simultaneously, the oocyte volume
increases and it grows until it reaches the appropriate size to induce
nuclear maturation, which finally allows fertilization and the develop-
ment of a viable embryo (Gilchrist et al., 2004). In these processes,
several critical steps, involving a cascade of molecular interactions,
have been described with high transcriptional activity for synthesis of
new proteins (Picton et al., 1998; Gilchrist et al., 2004; Eppig et dl.,
2005). However, not all mechanisms have been elucidated, and
expanding our knowledge of protein expression during the early stages
may add important information about the requirements for successful
follicle development. Proteomic approaches allow the identification
and characterization of proteins that are expressed in a cell. These
approaches present several advantages over mRNA expression profil-
ing since the presence of mMRNA in a cell is not strictly correlated with
protein expression (Ma et al., 2008).

Over the last decade, proteomic studies of female reproduction
have essentially focused on oocyte maturation and early embryonic
development of several mammalian species. In mice, the proteome of
fully-grown oocytes obtained by superovulation before and after mei-
osis resumption has been reported, and the list of proteins identified is

increasing (Ma et al,, 2008; Zhang et al, 2009; Wang et al., 2010;
Pfeiffer et al., 201 |; Demant et al., 2012). Nonetheless, these studies
report on proteins identified from isolated oocytes despite the essen-
tial role played by the bidirectional communication between oocyte
and its surrounding cells in the follicle, which is required for oocyte
growth and maturation (Matzuk et al., 2002). In mice, Meng et al.
(2007) have investigated the surrounding follicle cells using mature
cumulus-oocyte complexes (COC). However, at this stage of develop-
ment, the cumulus cells are further differentiated from the previous
granulosa cells due to the disruption of intercellular connections and
consequent expansion occurring during ovulation (Hawkins and
Matzuk, 2010).

To date, no study of the whole follicle proteome has been reported
in any species. Our study was designed to identify proteins expressed
in the follicular unit during its growth and development. For this pur-
pose, an experimental model for mouse in vitro follicle development
was used, which allows the growth and maturation of oocytes from
secondary stage follicles up to fertilizable oocytes (Cortvrindt et dl.,
[996). This system was preferred over several newly developed cul-
ture systems as it has been validated by obtaining live offspring and
because it permits continuous follicle observation (Cortvrindt et al.,
1996; Smitz and Cortvrindt, 2002; Picton et al., 2008), which makes it
possible to detect even slight morphological changes indicative of fol-
licle development at the three pre-determined morphological stages
we attempted to investigate.

Material and Methods

Animals

All animal experimentation described was previously approved by the
University Pierre et Marie Curie and conducted in accordance with
accepted standards of humane animal care.

B6CBAF| /] female mice (n = 42), 12 days old, obtained from Charles
River®, Lyon, France were sacrificed by cervical dislocation. The ovaries
were collected to a 37°C warmed dissection medium (Leibovitz LI5
(Gibco®, Cergy-Pontoise, Fance) enriched with 10% fetal bovine serum
(FBS, Gibco®), 100UI/ml penicillin  (Sigma-Aldrich®, Saint Quentin
Fallavier, France) and 100 pg/ml streptomycin (Sigma-Aldrich®).

Preantral ovarian follicle isolation, culture
and selection of follicles for analysis

Ovarian follicles were isolated by mechanical dissection under stereo-
microscope (Nikon®, France) using 27 gauge needles (Sherwood
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Medical®, Evry, France), ensuring that the follicular structure remained
intact. Secondary follicles (SFs) with a diameter between 100 and 130 pm,
a clearly visible round and central oocyte, two or more granulosa-cell
layers, and some adhering theca cells were analyzed as such or put in cul-
ture to obtain follicles with a complete Slavjanski membrane rupture
(SMR) and antrum-like follicles (AF) (Fig. 1a). The SMR stage was obtained
between Days 6 and 9 of culture, when a complete rupture of the
Slavjanski membrane and the expansion of granulosa could be observed,
as signs of growing follicles. The AF stage was collected at the end of the
culture (Day 12) when the follicles reached a diameter of at least 500 pm
and a space within the granulosa-cell layers was visible, corresponding to
the antrum formation in vivo.

Isolated SFs were cultured individually in 20 pl microdrops, |0 per Petri
dish, covered by mineral oil (Sigma—AIdrich®, Saint Quentin Fallavier,
France) in an atmosphere containing 5% CO, at 37°C. An a-minimal
essential medium with glutaMAX (a-MEM GlutaMAX, Gibco®) supple-
mented with 5% FBS (Gibco®), 10pug/ml transferrin (Boehringer
Mannheim®, Meylan, France), 5pg/ml insulin (Boehringer Mannheim®)
and 100 mIU/ml recombinant follicle stimulating hormone (rFSH, MSD®,
Puteaux, France) was used. The follicles were observed daily using an
inverted microscope (Nikon®) at a magnification of x100 or x200 to
observe morphological characteristics and follicular size. Two perpendicu-
lar diameters were taken using a calibrated ocular micrometer (Nikon®).
Follicular diameter was estimated by measuring the granulosa-cell mass,
but not the theca cells. From Day 2 onwards, half of the culture medium
was refreshed.

All follicles recovered for the study were washed three times in
phosphate-buffered saline (PBS, Gibco-BRL®), dried and stored at
—196°C until needed.

Proteomic analysis

The chemicals and material used for proteomic analysis were purchased
from Sigma-Aldrich® (Saint Quentin Fallavier, France) and GE Healthcare®
(Vélizy, France), unless otherwise indicated.

Protein extraction

Protein extraction was performed by adding |5 pl/vial of lysis buffer
containing 7 M urea, 2 M thiourea, 1% 3-[3-cholamidopropyl)dimethylamonio]- | -
propanesulfonate (CHAPS), 0.5% 3-(Decyldimethylammonio) propane-
sulfonate inner salt (SB3—10), 0.5% Triton X 100, 10% isobutanol, 50 mM
dithiothreiol (DTT) and 0.5% ampholyte 3—10. After 2 X 5 min of sonic-
ation and 45 min of 20-000 X g centrifugation at 4°C, the supernatants
were collected and identified as total protein extract (TPE). Protein con-
centration was measured three times for each sample using the Bradford
assay (Bradford, 1976) (Biorad®, France), and samples were stored at
—80°C until use.

Protein fractionation

For each group, 100 pg of TPE was loaded into Immobilized pH gradient
(IPG) Immobiline DryStrips (7 cm, pH 4-7) (Fig. Ib). Isoelectrofocusing
(IEF) migration was performed on an Ettan IPGphor Il isoelectric focusing
(IEF) system, with a multistep program: 50V for | h, 200V for | h, gradient
200-1000V in 45 min, 1000V for 45 min, gradient 1000—4000 V in | h and
4000 V for 3 h. Following isoelectric migration, the strips were treated in a
reduction buffer (6 M Urea, 75 mM Tris pH 8.8, 30% glycerol, 2% SDS,
65mM DTT) for 15 min, followed by 15 min in an alkylation buffer (6 M
Urea, 75 mM Tris pH 8.8, 30% glycerol, 2% SDS, 135 mM iodoacetamide).
Each strip was then cut into five equal pieces using a scalpel blade (I cm of
the acidic end of the strip was discarded). Proteins from each strip fraction
were extracted with a short stacking migration (I h at 10 mA) in an SDS-
PAGE gel, 12% acrylamide. Proteins from TPEs (10 pg) were stacked in the

same way. Gels were stained with Coomassie Blue R-250, using Imperial
Protein Stain (Pierce, Thermo Fischer Scientific®, Courtaboeuf, France)
(Fig. 1b). Thus, for each group, six fractions (five obtained by protein frac-
tionation and one corresponding to TPE) were treated and analyzed in
parallel.

In-gel tryptic digestion

For each fraction, a unique large band was excised and cut into several
I mm? cubes (Fig. Ib). Gel pieces were destained with a 25 mM ammo-
nium bicarbonate (AmBic) in 50% ethanol solution, dehydrated in aceto-
nitrile (ACN) and dried at room temperature. Gel slices were then
rehydrated with 70 pl of trypsin solution (200 ng/pl in 50 mM AmBic) on
ice for 30 min and incubated overnight at 37°C. Supernatants were col-
lected in new tubes, and the gel pieces were incubated twice with 60%
ACN in 0.1% trifluoroacetic acid to extract the remaining peptides. The
extracts were concentrated and dried in a Speed-Vac (Thermo Fischer
Scientific®), and then resuspended in 40 pl of 30% ACN with 0.1% formic
acid (FA) and stored at —80°C until MS analysis.

LC-MS/MS analysis

Peptide samples were desalted using Zip-Tip C 18 pipette tips (Millipore®,
Fontenay sous Bois, France), following the manufacturer’s instructions.
Two configurations of high-performance liquid chromatography (HPLC)
were used for LC-MS/MS analysis: ID LC-MS/MS and 2D LC-MS/MS.
The nanoHPLC (Ultimate 3000, Thermo Fischer Scientific®) was coupled
to an ion trap mass spectrometer (MS) (HCTultra, Bruker® (Bremen,
Germany)) used in the positive mode with the selection of eight precursors
from each MS spectrum for fragmentation by collision-induced dissoci-
ation. Six serial injections were performed for each fraction of each group,
fourin |D LC-MS/MS and two in 2D LC-MS/MS.

In the ID configuration, peptide mixtures were concentrated and
desalted for 5min on a precolumn CI8 (5mm, 300pum id., 100A,
Dionex) with a mobile phase Al (2% ACN/0.1% FA) at a flow rate of
20 pl/min. Then, the peptide mixtures were separated and eluted on an
analytical column RP-C18 (15 cm, 75 pmi.d., 100 A, Dionex) at a flow rate
of 200 nl/min, using 2-30% gradient buffer | (95% ACN, 0.1% FA).

In the 2D configuration, peptides were first separated by sequential elu-
tion from a silica capillary column strong cation exchanger (SCX, 15 mm,
300 pm i.d., Dionex) with 20 pl of 0, 20, 30, 50, 100 and 1000 mM of
ammonium acetate. Each of these salt steps was then treated as was the
| D approach.

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with the
dataset identifier PXD006227.

Data analysis

Protein identification
Tandem mass spectra data were searched against the Uniprot KB mouse
databases (June 2012) using X!'tandemPipeline V 3.3.2 (http://pappso.
inra.fr/bioinfo/xtandempipeline/), taking into consideration trypsin as the
cleavage enzyme, carbamidomethylation of cysteine residues as a fixed
modification and methionine oxidation as a variable modification, a peptide
mass tolerance of 0.5 Da and a charge of +2 or +3.

Proteins identified were only validated if they had at least one unique
peptide, a P-value < 0.05 for peptides and a P-value < 0.003 for proteins,
and a false discovery rate lower than 1%.

GO analysis
Gene Ontology (GO) was performed using the PANTHER 8.1 (Protein
ANalysis THrough Evolutionary Relationship) classification system
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B6CBAF1/] female mice 12 days old
(n=42 from 15 different litters)
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Figure | Schematic chart indicating (a) Type and numbers of animals used in the study and numbers of secondary follicles (SFs) that were isolated
and cultured in repeated independent experiments. From culture, follicles were collected when Slavjsanki Membrane Rupture (SMR) was observed or
antrum-like cavity (AF). Morphological characteristics of the follicles selected at each stage are illustrated indicating: size, visible oocyte (O), granulosa
cells (GC) theca cells (TC) and the presence of antrum (black arrow). The quantity of pooled protein obtained from selected follicles at each stage is
also indicated. (b) Schematic description of how the total protein extract (TPE) from each follicle stage was fractionated by isoelectric focusing (IEF)

with stacking in SDS-PAGE gel and manual band excision for digestion.

(http://www.pantherdb.org). Data were divided into protein classes and
biological processes. A statistical over-representation test was performed
to highlight biological processes over-represented in our samples. The
Bonferroni correction for multiple testing was used.

Label-free quantification

For label-free quantitation, Bruker® raw data files from ID LC-MS/MS
acquisitions were imported into the Progenesis LC-MS software version
4.1.4832.42146 (Nonlinear Dynamics, Newcastle upon Tyne, UK) for fea-
ture detection, alignment and quantification.

For each group, the acquisitions were aligned according to retention
time, using a combination of automatic and manual alignment. Peptide
peak picking was undertaken with an absolute ion-intensity threshold of
100 000, a maximal ion charge state of 3 and a retention time ranging from
25 to 100 min. MS/MS peak lists were generated with the 100 most
intense fragment-ion peaks. For a given peptide, only the five most intense
MS/MS spectra were used to generate MS/MS peak lists, which were
exported as mgf files. Protein identification was conducted using in-house
Mascot software version 2.2.07 (Matrix Science, London, UK) against the
Mus musculus proteome set (release 2013-05, containing 50807
sequences) from SwissProt/Trembl database, and using the same para-
meters as above for protein identification. Mascot search results were
imported back into Progenesis software to link the identified peptides to
the detected abundances of those peptides. Any peptides identified with a
Mascot score lower than 33 (significance threshold of P < 0.05) were
removed. The protein quantitation was made using non-conflicting pep-
tides. Only proteins with a fold-change >2 between the groups (ANOVA
P-value < 0.05), and with at least two peptides with significant changes
(ANOVA g-value < 0.05 and fold-change >2), were accepted.

Bioinformatics analysis

To identify biological pathways and networks that were significantly repre-
sented in our proteomic datasets, Ingenuity Pathways Analysis (IPA;
Ingenuity Systems, Qiagen Company, Redwood City, CA, USA) and
Pathway Studio (Elsevier, BV, New York, NY, USA) were used.

The IPA maps protein networks using an algorithm based on molecular
function, cellular function and functional group. Path Designer completes
the research workflow from data analysis through the creation of images
able to suggest a summary of networks selected. Fisher’s exact test was
used to calculate the P-value determining the probability of each biological
function or pathway being assigned by chance. In the test, P < 0.05 was
used, and only networks scoring >2, which have >99% confidence of not
being generated by chance, were selected.

In Pathway Studio, the proteins identified were submitted to the 9.0
ResNEt Mammal database from Elsevier, which concerns biological and
ontological interactions and pathways.

Western blotting

Western blotting was performed in a new biological replicate for each
group and repeated three times for each protein. Protein extraction and
quantification were performed as described above. From the TPE, 5 pg of
protein was loaded per well in NuPAGE®4-12% Bis-Tris Gel (Life
Technologies™, Carlsbad, CA, USA). After running the gel according to
the XCell SureLock® Mini-Cell protocol, proteins were transferred to a
PVDF membrane. The membrane was then blocked for at least 30 min
with StartingBlock Blocking Buffer (Pierce®, Carlsbad, CA, USA). The blots
were then probed with monoclonal mice PKA, (ab75996, 1:1000 dilution),
monoclonal mice LDHB (ab85319 1:10 000 dilution) and monoclonal rab-
bit p27 (ab92741, 1:1000 dilution) all from Abcam® (Cambridge, UK)
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overnight at 4°C. The blots were then washed and probed with the sec-
ondary antibody (anti-rabbit or anti-mouse HRP conjugated, 1:10 000 dilu-
tions, GE Healthcare®, Uppsala, Sweden). West Femto Maximum
Sensitivity Substrate (Pierce®) was used to detect the signal from the blot.
Band intensity was calculated on a recurring basis using Image Lab
Software from BioRad®.

Results

Proteome of ovarian follicles grown in vitro

Fractionation of the TPE from the AF stage allowed the identification
of 3.3 times more proteins than when only the TPE was analyzed
(Fig. 2a). The quality of the fractionation method was demonstrated by
the low overlap of proteins identified in several fractions, with 79% of
the proteins being only identified in one fraction (Fig. 2b). The four ser-
ial injections performed in the ID LC-MS/MS configuration allowed
the identification of 600 proteins in SF, 737 in SMR and 710 in AF. The
two serial injections in the 2D LC-MS/MS configuration allowed an
increment in the number of proteins found in follicles of all stages. The
increases were thus substantial and 25.2, 40.2 and 47.5% more pro-
teins could be identified in SF, SMR and AF, respectively.

The combination of these two configurations made it possible to
further increase the number of proteins identified and therefore to
obtain a more complete protein profile in each stage, with 775 pro-
teins identified in SF, 1092 in SMR and 1100 in AF (Supplementary
Table SI).

Of the identified proteins, 609 (43.4%) were common to the three
developmental stages, whereas 348 (24.8%) were common to two
stages of development and 444 proteins were identified in a single
stage: 71 (5.1%) in SF, 181 (12.9%) in SMR and 192 (13.7%) in AF
(Fig. 2c). From a total of 1401 different proteins identified in the fol-
licle, 290 proteins had not been previously described in proteomic
studies of metaphase Il oocyte (Mll), germinal vesicle oocyte (GV) or
COC (Fig. 3). The list of the proteins herein obtained can be consulted
in Supplementary Table S2.

GO analysis

Proteins identified in each stage were assigned to protein class and bio-
logical process using PANTHER GO analysis.

For the three stages, GO analysis distributed the hit genes in 22 pro-
tein classes (Fig. 4a). Most proteins identified in the three stages were
classified as nucleic binding proteins (18-22%). Thereafter, the four
protein classes with more proteins attributed were enzymes: hydro-
lases, oxidoreductases, transferases and enzyme modulators. These
classes together corresponded to ~45% of the proteins identified at
SF and SMR, and to 40% of the proteins identified at AF. Cytoskeletal
proteins represented 8-9% of the proteins identified in the three
stages, and chaperones, transcription factors and proteases repre-
sented about 5% each. The, remaining |3 classes each had <5% pro-
teins assigned in all groups (Fig. 4a).

Concerning biological processes, 487 proteins from SF, 701 from
SMR and 670 from AF were assigned to the metabolic process cluster.
This represented more than 60% of the proteins at every stage of
development. Cellular process, transport and specifically protein
transport, cell cycle and cell communication were also clusters with
numerous proteins assigned (Fig. 4b).

In spite of similar biological-process distribution between the stages,
some were shown to be predominant in a given stage when compared
to the whole gene Mus musculus database (Supplementary Table S3).

At the SF stage, a total of 77 identified proteins could be matched to
the cluster cellular component organization, wherein 57 and 7 proteins
were assigned to cellular component morphogenesis and mitochondrial
transport, respectively. These subclusters were over-represented only
in the SF stage, along with anatomical structure morphogenesis and
RNA localization.

Within metabolic processes, ferredoxin and pyrimidine metabolic
processes were over-represented in SMR, with |15 and 6 proteins
assigned, respectively, while the vitamin metabolic process, with 10
proteins identified, was most prominent in AF. Metabolic processes
associated to glycogen, fatty acids and DNA—in particular, DNA rep-
lication—were over-represented at SMR and AF stages, but not at SF
stage.

Over 20 other biological processes were significantly over-
represented in the three follicle groups of the study, which included:
cell cycle, more specifically mitosis within the cellular process; gener-
ation of precursor metabolites and energy; protein metabolic pro-
cesses, including protein-folding; carbohydrate metabolic processes;
translation; and nuclear and protein transport (Supplementary
Table S3).

Protein-network analysis

During follicular development, granulosa-cell proliferation and differen-
tiation are essential to achieve oocyte maturity and competence.
Culture conditions directly affect granulosa-cell health and prolifer-
ation, as well as cell stress and apoptosis levels (Eppig et al., 2000;
Picton et al., 2008). In the samples, proteins with apoptosis or DNA
repair were not over-represented in any of the groups. However,
metabolic processes related to reactive oxygen species (ROS) were
over-represented in all three stages. Pathway Studio analysis asso-
ciated |12 proteins identified in this study with ROS generation
(Fig. 5b). From these, 59 were identified at SF (52.7%), 98 at SMR
(87.5%) and 96 at AF (85.7%). For the 95 proteins attributed by this
bioinformatics analyzer to DNA repair (Fig. 5a), the distribution
between the three stages was similar to that found for proteins asso-
ciated to ROS generation. For apoptosis and DNA repair biological
processes, fewer proteins were identified at SF stage compared to the
other two stages, and more proteins were identified in SMR stage.
Through IPA analysis, proteins involved in cell-cycle processes, with
a particular focus on a cyclin-dependent kinases (CDKs) network,
were highlighted. Indeed, |12 proteins, including CDKs and related pro-
teins, exhibited a particular expression in the three stages (Fig. 6). At
the SF stage, four of those proteins, such as S-phase kinase-associated
(SKPI), F-box/WD
(FBXW12), breast cancer type 2 susceptibility protein homolog
(BRCA2) and Ubiquitin-associated protein 2-like (UBAP2L), were
identified, even if cyclins were not (Fig. 6a). At the SMR stage, three of

protein | repeat-containing protein |2

the four cyclins from this network were identified, namely, CDK |, 4
and 6. Four other proteins that are directly or indirectly associated
with those CDKs were also detected at the SMR stage, such as CDK5
regulatory subunit-associated protein 3 (CDK5RAP3), Forkhead box
protein Ol (FOXO), UDP-N-acetylglucosamine-peptide N-acetylglu-
cosaminyltransferase |10 kDa subunit (OGT) and fibronectin (FNI),
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Figure 2 Fractionation was performed to increase the likelihood of obtaining a higher number of identified proteins in the samples. The figure illus-
trates this by showing: (a) the number of proteins identified in AF stage analyzing either only TPE or only the Fractions, and the combination of both;
(b) the percentage of proteins identified in one single fraction, orin 2, 3, 4 or 5 fractions and (c) a Venn diagram of proteins identified in ovarian folli-
cles. The blue circle contains proteins identified at the SF stage; the green circle contains proteins identified at the SMR stage; and the purple circle con-

tains proteins identified at the AF stage.
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Figure 3 Venn diagram comparing the mouse follicle proteome
found in this study and the proteome of metaphase Il oocytes (MIl)
(Ma et al., 2008; Zhang et al., 2009; Wang et al., 2010; Pfeiffer et al.,
2011), germinal vesicle oocytes (GV) (Wang et al., 2010; Demant et
al., 2012) and cumulus-oocyte complex (COC) (Meng et al., 2007).

in addition to the four proteins already detected at SF stage (Fig. 6b).
At the AF stage, a cyclin-dependent kinase inhibitor 1B (CDKNIB)
was identified. Consequently, other proteins connected with this

inhibitor and identified in the previous stages were no longer
observed, such as the three CDKs, SKPI/SKP2, FBXW 12, BRCA2,
FOXOI, OGT and UBAP2L. This illustrated a complete reversal of
the CDK network protein profile at this stage (Fig. 6c).

Analysis of protein-abundance in the three
developmental stages

Label-free quantification was performed on ID LC-MS/MS data
(incompatible with 2D LC-MS/MS data) in order to emphasize
protein-abundance variations during in vitro follicle development.
Differential levels of expression were found to be significant for 57
proteins between the three stages (Table |) and were distributed into
five distinct abundance profiles (Fig. 7).

Fifteen proteins had their maximal abundance at the SF stage (Fig. 7
P1). Of these, |1 had significant variations between this stage and the
other stages, including 7 proteins associated with the oocyte, such as
zona pellucida sperm-binding proteins 2 and 3 (ZP2 and ZP3), oocyte-
expressed protein homolog (OOEP), KH domain-containing protein 3
(Filia), transducin-like enhancer protein 6 (TLE6), protein-arginine dei-
minase type-6 (PADI6) and phospholipase A2, group IVC (Pla2g4c). In
this same profile type, it was also possible to observe two proteins
with a significant variation between SF and SMR stages, but not in AF
stage. The two remaining proteins had a significantly lower abundance
at the AF stage compared to the SF and SMR stages (Table I).
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Figure 4 Gene Ontology (GO) analysis of the proteins identified at the three stages. (a) Distribution of the proteins identified for each group
according to PANTHER protein class. (b) Functional classification based on Biological Processes. *Signifies biological process over-represented in sam-

ples when compared to the whole mouse genome.

From the five proteins with the highest abundance at the SMR stage,
which characterize profile 2 (Fig. 7 P2), three calcium ion-binding pro-
teins, calreticulin (CALR), calumenin (CALU) and myosin light poly-
peptide 6 (MYL6), were significantly less abundant in the other stages.
The other two proteins varied between the SMR and AF stages.

A gradual increase in protein-abundance throughout the three
stages was the most frequent profile observed, with 28 fitting proteins
(Fig. 7 P3). Conversely, the profile with a lower abundance at SMR
stage compared to SF and AF stages, with two proteins, was the less
frequent profile (Fig. 7 P4).

At AF stage, seven proteins had their maximal abundance, with a sig-
nificant variation between this stage and the other two (Fig. 7 P5). Two
of these proteins are enzymes implicated in glycolysis: alpha-enolase
(ENOA) and phosphoglucomutase-1 (PGMI), and a third, fatty acid-
binding protein (FABPS), is a glucose transporter. A regulatory subunit
of the cAMP-dependent protein kinases involved in cAMP signaling in
cells (hnamed PKAR2B) was also particularly abundant at this stage.

Moreover, by analyzing the list of 57 differentially expressed pro-
teins, IPA suggested that glycolysis was the top canonical pathway,
with nine proteins involved in this pathway. Eight showed a regular
increase during follicle development, with maximal expression at AF
stage. Conversely, the remaining protein, L-lactate dehydrogenase
chain B (LDHB), had a maximal expression at SF stage and decreased
during development (Fig. 8).

Protein-abundance results were validated by western blot analysis
of selected proteins, namely PKAR2B and LDHB (Fig. 9).

Discussion

Previous studies of ovarian proteomics have used isolated oocytes
obtained after superovulation and mainly investigated oocyte matur-
ation. The oocytes thus obtained are fully grown and often present the
maturity signs of meiosis resumption (Metaphase Il oocytes).
However, oocyte competence for maturation, fertilization and embryo
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Figure 5 Follicle proteins identified related to (a) DNA repair and (b) ROS generation. The images were generated by Pathway Studio. Proteins
identified are shown using white background and non-identified using color background.

development is slowly acquired during oocyte development, and it is
highly dependent on the interactions between the oocyte and its sur-
rounding cells, their specialization and functioning (Picton et al., 1998;
Gilchrist et al., 2004); hence, there is interest in investigating the
growth of the complete follicle unit at early stages and following its
development.

The choice of the three follicle stages analyzed in this study was
based on morphological characteristics previously described when a
microdrop culture system is used. The culture system chosen in this
study has been previously validated, as live offspring have been
obtained, and it allows continuous observation of follicle growth to
select morphologically appropriate follicles for the study from the SFs
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Figure 6 CDKs and related protein interactions underlined by
Ingenuity Pathway Analysis (IPA). Proteins in gray were detected in
the samples, and those in white were not. This network showed 12
proteins whose expressions were different between the three stages:
(@) SF stage, (b) SMR stage and (c) AF stage. Proteins surrounded in
green indicate they were identified at that stage; proteins surrounded
in red were not identified.

up to the stage of pre-ovulatory follicle (Cortvrindt et al., 1996; Picton
etal., 2008).

Follicle proteome analyses and biological
processes identified

We attempted to seek potential biological developmental markers of
the entire functional follicle structure, rather than to study different
cell types individually. By applying a combined ID and 2D LC-MS/MS
analysis, preceded by in-gel IEF fractionation in this study, it was pos-
sible to increase the number of proteins identified in follicles. Hence,
1401 different proteins were successfully identified, representing, to
the best of our knowledge, the first protein profile of the whole ovar-
ian follicle unit. Interestingly, the qualitative and quantitative analysis of
the data pointed out not only biological processes but also proteins
which seem to have a particular behavior throughout follicle growth.

GO analysis showed a similar distribution in all three stages for pro-
tein classes and biological processes. As in previous studies concerning
the oocyte proteome, most proteins identified were assigned to meta-
bolic processes, followed by cellular processes, transport and cell
communication (Meng et al., 2007; Ma et al., 2008; Zhang et al., 2009;
Wang et al., 2010; Pfeiffer et al., 201 |; Demant et al., 2012). However,
it was observed that, compared to the whole Mus musculus genome,
44 biological processes were over-represented in the current study’s
samples. More than 20 biological processes were over-represented
simultaneously in all three stages, with special emphasis on the cell
cycle, particularly mitosis. Indeed, IPA emphasized the variable expres-
sion of twelve proteins involved in the cell cycle throughout the three
stages. We observed that at the SF stage only 4 of the |12 proteins,
with expression variation in the CDK network suggested by IPA, were
identified. In particular, CDKs themselves were not detected. This is
consistent with the fact that, at this stage, the follicle has only a few
granulosa-cell layers, and consequently, the mitotic activity is lower
than in other stages of development.

Conversely, the highest mitotic activity happened at the SMR stage,
with an extremely high level of proliferation of granulosa and theca
cells. This was underlined by identification of eleven of the |12 proteins
associated with the cell cycle. The identification of the CDKs only at
this stage sustains the intense mitotic activity of somatic cells in the
growing follicle, because these proteins, when connected with cyclins,
are responsible for cell-cycle progression and consequently granulosa-
cell proliferation (Sherr, 1994; Coqueret, 2002; Shimizu et al., 2013).
FOXOI, also only identified at SMR stage, was previously described as
being specifically expressed in the granulosa cells of growing follicles
(Tarnawa et al., 2013), with lower levels of expression in antral and
Graafian follicles (Shi and LaPolt, 2003). It was also described as regu-
lating the gene expression associated with proliferation, apoptosis and
homeostasis of granulosa cells in culture (Park et al., 2005; Liu et dl.,
2009, 2013). Furthermore, CDKs 4/6 and FOXOI have not been
previously reported in the proteome of isolated oocytes or COC, sug-
gesting that they are only expressed in granulosa cells, or at least they
are more abundant before ovulation.

A reduction in granulosa-cell proliferation at Day 9 of ovarian follicle
culture was previously described (Pesty et al.,, 2007), indicating that
even if the follicle is still increasing in size, mitotic activity decreases
from that day onward. In the present study, the same behavior was
highlighted by the identification of cyclin-dependent kinase inhibitor 1B
(CDKNIB), also known as p27Kip|, only at the AF stage. This protein
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prevents the formation of cyclin E-CDK2 and cyclin D-CDK4/CDKé
complexes, resulting in inhibition of cell-cycle progression and cell pro-
liferation (Bayrak and Oktay, 2003; Rajareddy et al., 2007). In addition,
the SPK1/SPK2 complex, which is known to be involved in CDKNIB
degradation, was not identified at this stage, although it was detected
in previous stages analyzed. Since CDKNIB has been described as
being detected in granulosa cells at all stages of follicular development,
the current study’s results showed that this protein is more abundant
at AF stage compared to the other stages (Fig. 9). Moreover, previous
studies showed the important role of this protein in follicle luteiniza-
tion and ovulation (Fero et al., 1996; Kiyokawa et al., 1996; Nakayama
et al., 1996), so it could be suggested as a marker for culture and fol-
licle quality.

Nuclear and protein transport, generation of precursor metabolites
and energy, carbohydrate metabolic process, protein-folding and
translation were other biological processes over-represented in the
three stages. These results are consistent with the major role of inter-
action between the granulosa cells and the oocyte, as well as the high
levels of transcription, inducing expression of proteins needed for fol-
licular and oocyte growth and acquisition of molecular capacities for
future events.

Otherwise, some biological processes seemed to be more relevant
to a specific stage of development since they were only over-
represented in one of the development stages chosen for this study. In
particular, the biological processes related to ferredoxins were only
over-represented in SMR stage, and it was also only at this stage that
adrenoxin (FDXI), called ferredoxin | in humans, was identified.
Ferredoxin | is described as being involved in steroidogenesis (Miller,
2005) and it seems that transcription of this protein increases with the
level of cAMP (Imamichi et al., 2013). This could be an indicator of
steroidogenesis activity increasing in developing follicles. These results
are consistent with estradiol secretion studies in ovarian follicles in cul-
ture, which associated secretion with cellular proliferation, describing
a stabilization or decrease of estradiol secretion associated with a
reduction in granulosa-cell proliferation (Boland et al., 1993; Liu et al.,
2002; Dorphin et al., 2012).

The over-representation of metabolic processes related to glycogen
and fatty acids at both SMR and AF stages supported the information
from a previous study suggesting that these metabolic processes have
an increasing role throughout follicular development (Collado-
Fernandez et al., 2012).

Analysis of protein-abundance in the three
developmental stages

Different levels of expression between the three stages were observed
for 57 proteins. The majority of the proteins that were more abundant
in SF stage are expressed in the oocyte, such as the glycoproteins ZP2
and ZP3 (Epifano et al., 1995), oocyte- and embryo-abundant PAD
(PADI6) (Wright et al., 2003) and three protein members of the sub-
cortical maternal complex (SCMC): OOEP, Filia (KHDC3) and TLE6
(Li et al., 2008). Although these proteins have been shown to increase
during oocyte development (Epifano et al., 1995; Wright et al., 2003;
Li et al, 2008; Zheng and Dean, 2009; Yurttas et al., 2010), their
expression decreased when looking at the entire follicle during in vitro
development. This is consistent with the higher representation of

oocyte proteins in SF stage follicles when compared to the later stages
where granulosa-cell growth is predominant and their proteins
become much more abundant.

At the SMR stage, quantification analysis pointed out calcium-
associated proteins, which is one of the most ubiquitous signaling
molecules and which controls a wide variety of cellular processes.
Calreticulin (CARL) is the major Ca®*-binding chaperone in oocytes
(Zhang et al., 2010). Accumulating evidence has found that intracellular
free Ca®" plays an important role in regulation of the meiotic matur-
ation of oocytes and early embryonic development (Homa et dl.,
1993; Sousa et al., 1997; Whitaker, 2006). In the current study, quanti-
tative analysis of the proteome revealed that this protein, as well as
other calcium-binding proteins, such as calumenin (CALU) and myosin
light protein 6 (MYL6), were more abundant at the SMR stage. This
suggests that calcium exchanges in the follicle may have a relevant role
at this point in development.

Quantitative analysis also highlighted carbohydrate metabolism, par-
ticularly glycolysis, which is described as an important pathway for glu-
cose utilization by larger follicles, as an important biological process in
follicle development (Harris et al., 2007; Xu et al., 2009; Collado-
Fernandez et al., 2012). Glycolysis is required for follicle growth and
estradiol secretion, and it is the main source of ATP in mouse prean-
tral follicles in vitro (Boland et al., 1994b; a). It was possible to identify
several proteins involved in this pathway, such as pyruvate kinase M2
(KPYM), PGMI, L-lactate dehydrogenase chains A and B (LDHA,
LDHB), fructose-bisphosphate aldolase A (ALDOA), alpha and gam-
ma enolase (ENOA, ENOG), ADP glucokinase (ADPGK), GAPDH,
triosephosphate isomerase (TPIS), 6-phosphofructokinase type C
(K6PP), glucose-6-phosphate (G6PD1) and phosphoglycerate mutase
| (PGAMI). The abundance for nine of these proteins was found to
vary throughout follicle development (Table I). The expression of
LDHB reached a maximum at the SF stage, while the other eight exhib-
ited an increase in abundance throughout follicle development, achiev-
ing a maximum at AF stage. These results illustrate a strong need for
energy supply at this stage of in vitro development. Previous studies
showed that LDHB and associated mRNA increased in the oocyte
during follicular development, maturation and the beginning of embry-
onic development (Brinkworth and Masters, 1978; Roller et al., 1989;
Winger et al., 2000; Li et al., 2006). Yet, our results showed a lower
abundance during follicular development, which could be interpreted
as a protein specifically localized in the oocyte.

Another protein of relevant interest, and abundant in AF stage, was
PRKAR2B, which is a regulatory subunit of the cAMP-dependent pro-
tein kinase (PKA) involved in cAMP signaling. Indeed, high levels of
cAMP within the oocyte are essential to keep the meiotic cycle on
hold. Nevertheless, the source of cAMP is still controversial since one
theory suggests that the oocyte itself generates the inhibitory cAMP
(Mehlmann et al., 2002; Horner et al., 2003; Mehlmann, 2005) whereas
another theory suggests that meiotic arrest is dependent on cumulus or
granulosa cells supplying this inhibitor (Sela-Abramovich et al., 2006).
Higher levels of a protein implicated in cAMP signaling at AF stage sug-
gest that this protein is likely to be produced in the granulosa cells since
at this stage, in the current samples there is a higher number of granulo-
sa cells compared to the other stages. It would be of great interest to
further investigate the regulation of PKA during follicle development in
order to assess its potential role in folliculogenesis.
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Table | Proteins differently expressed in the three stages.

Accession
number

Q8K3V4
P16125
F8WIV2
QICWU5S
Q9ROP9
P24549
P10761
P54869

QIDAWY
Q9WVB3
P10518
P20239
QO8EC7
P24472
QI9CWE6
P14211
Q60817

Q60605
G3UWRO
Q4VAA2
P20029
P17182
P05213
PO9103
P16858
P14152
P48036
Q99KVI
G5E8NS5
P24815

E9PXX7
P57759
008807
P29758
P51656
P53994
Q9DB|
PI17742
PO94 |
Q60715
Q9QXTO
A2A7Q5
G5E850
Q3U4W8

Protein name

Protein-arginine deiminase type-6

L-lactate dehydrogenase B chain

Protein Serpinb6a

KH domain-containing protein 3

Ubiquitin carboxyl-terminal hydrolase isozyme L1
Retinal dehydrogenase |

Zona pellucida sperm-binding protein 3

Hydroxymethylglutaryl-CoA synthase,
mitochondrial

Calponin-3

Transducin-like enhancer protein 6
Delta-aminolevulinic acid dehydratase
Zona pellucida sperm-binding protein 2
Pla2g4c protein

Glutathione S-transferase A4
Oocyte-expressed protein homolog
Calreticulin

Nascent polypeptide-associated complex subunit
alpha

Myosin light polypeptide 6

Calumenin

Protein CDV3

78 kDa glucose-regulated protein
Alpha-enolase

Tubulin alpha-1B chain

Protein disulfide-isomerase
Glyceraldehyde-3-phosphate dehydrogenase
Malate dehydrogenase, cytoplasmic
Annexin A5

DnaJ homolog subfamily B member | |
L-lactate dehydrogenase

3 beta-hydroxysteroid dehydrogenase/Delta 5— >
4-isomerase type |

Thioredoxin domain-containing protein 5
Endoplasmic reticulum resident protein 29
Peroxiredoxin-4

Ornithine aminotransferase, mitochondrial
Estradiol |7-beta-dehydrogenase |
Ras-related protein Rab-2A
Phosphoglycerate mutase |

Peptidyl-prolyl cis-trans isomerase A
Phosphoglycerate kinase |

Prolyl 4-hydroxylase subunit alpha- |
Protein canopy homolog 2

Prolyl 3-hydroxylase |

Cytochrome b-5, isoform CRA_a

Ubiquitin carboxyl-terminal hydrolase

Gene
name

Serpinbéa
Khdc3
Uchll
Aldhlal
Zp3
Hmgcs2

Cnn3
Tleé
Alad
Zp2
Pla2g4c
Gsta4
Ooep
Calr

Naca

Mylé
Calu
Cdv3
Hspa5
Enol
Tubalb
P4hb
Gapdh
Mdhl
Anxa5
Dnajb |
Ldha
Hsd3bl

Txndc5
Erp29
Prdx4
Oat
Hsd17bl
Rab2a
Pgam|
Ppia
Pgkl
P4hal
Cnpy2
Leprel
Cyb5
Usp5

Protein
score

648.1
569.8
509.7
418.6
3463
3352

308.2
239.0
230.6
189.8
188.0
153.6

94.9
276.5
270.9

174.3
161.2
106.5
2951.4
1548.7
1527.4
1416.4
701.4
462.0
445.8
420.4
412.5
394.6

380.2
361.6
358.2
354.1
351.2
330.6
329.4
3255
300.5
271.1
254.6
2259
222.6
216.6

ANOVA P-
value

2.3E-04
| .9E-06
2.0E-04
7.0E-05
2.4E-04
3.3E-04
2.0E-02
I.3E-05
|.6E-04

|.6E-03
5.1E-05
2.1E-04
2.6E-05
4.5E-07
7.0E-04
4.3E-06
|.6E-07
4.8E-06
5.5E-04
I.1E-03
3.1E-06
6.4E-03

4.7E-03
3.1E-05
4.0E-05
5.3E-04
3.6E-03
3.3E-03
6.5E-04
5.8E-03
2.8E-03
7.0E-05
3.8E-03
2.7E-03
4.9E-05
5.5E-03

Fold-
change

25
3.5
2.7
2.6
3.1
2.7
4.8
4.6
2.3

3.4
3.1
2.5
2.7
5.0
2.7
2.7
4.0
2.1
2.0
22
34
3.1

2.1
25
22
2.1
24
2.0
22
22
2.7
22
2.3
23
34
22

SF
SF
SF
SF
SF
SF
SF
SMR
SMR

SMR
SMR
SMR
AF
AF
AF
AF
AF
AF
AF
AF
AF
AF

AF
AF
AF
AF
AF
AF
AF
SMR
AF
AF
SMR
AF
AF
AF

SMR/AF
AF

SMR

AF

SMR

AF

AF

AF

AF

AF

SMR
SMR/AF
SF

AF

SF/AF
SF
AF
SF
SF
SF
SF
SF
SF
SF
SF
SF
SF

SF
SF
SF
SF
SF
SF
SF

SF
SF

SF
SF
SF

Profile Type
(Fig. 7)

Pl
Pl
Pl
Pl
Pl
Pl

P2
P2

P2
P2
P2
P3
P3
P3
P3
P3
P3
P3
P3
P3
P3

P3
P3
P3
P3
P3
P3
P3
P3
P3
P3
P3
P3
P3
P3

Continued
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Table | Continued

Accession Protein name Gene
number name
G3XAl4 Protein Akrlcl Akrlcl
P34884 Macrophage migration inhibitory factor Mif
P22935 Cellular retinoic acid-binding protein 2 Crabp2
Q9CYAO Cysteine-rich with EGF-like domain protein 2 Creld2
P63158 High-mobility group protein Bl Hmgb |
QIJKBI Ubiquitin carboxyl-terminal hydrolase isozyme L3~ Uchl3
Q9ERD7 Tubulin beta-3 chain Tubb3
P31324 cAMP-dependent protein kinase type lI-beta Prkar2b
regulatory subunit
Q05816 Fatty acid-binding protein, epidermal Fabp5
P17751 Triosephosphate isomerase Tpil
Q9DOF9 Phosphoglucomutase-| Pgml
Q99JF5 Diphosphomevalonate decarboxylase Mvd
Q62159 Rho-related GTP-binding protein RhoC Rhoc

Protein ANOVA P- Fold- Max. Min Profile Type
score value change (Fig. 7)
212.7 7.5E-03 3.4 SMR  SF P3
210.1 |.6E-05 2.1 AF SF P3
130.9 2.2E-04 2.6 AF SF P3
107.5 2.0E-02 29 AF SF P3
267.9 2.0E-03 2.5 SF SMR P4
226.8 I.1E-03 2.6 SF SMR P4
1342.8 |.6E-03 33 AF SMR P5
1129.2 |.7E-04 37 AF SF P5
781.9 9.1E-05 3.1 AF SF P5
627.6 5.7E-05 23 AF SF P5
403.2 |.2E-04 2.3 AF SF/SMR PS5
161.0 9.7E-05 3.6 AF SF P5
136.3 2.1E-04 2.4 AF SMR P5

Fold-change and ANOVA were calculated between the maximal and the minimal abundance obtained for each protein. The protein score is the sum of Mascot scores of the identified
peptides. Proteins were validated when at least two peptides were significant, with an ANOVA P-value 0.05 and a fold-change >2. Profile Type (P|1—-P5) refers to the normalized

abundance behavior of the protein (see Fig. 7).

SF SMR

P3

Figure 7 Standardized Normalized Abundance profiles of proteins
differently expressed between developmental stages. (P1) |5 proteins
with highest abundance in SF stage. (P2) 5 proteins with maximal
abundance at SMR stage. (P3) 28 proteins corresponding to increasing
abundance throughout developmental stages. (P4) 2 proteins with a
significant decrease at SMR stage compared to the other two stages.
(P5) 7 proteins with a significant variation between the two first stages
(SF and SMR) and the AF stage, which is the stage with the highest
abundance.

Apoptosis, ROS and DNA repair

During in vivo folliculogenesis, a large number of follicles will not grow
and will degenerate, mainly due to proliferation arrest of granulosa

cells and consequent apoptosis. In the ovary, almost 99% of follicles
that begin development will die; therefore apoptosis is expected to
be a major biological process in the ovary proteome (He et al., 2014).
In the current study, only 5% of the proteins identified were attribu-
ted to that biological process. Since apoptosis was not over-
represented at any stage of development, it can be concluded that
in vitro culture conditions differ from those in vivo, as there is not
increased expression of proteins related to apoptosis, taking account
of appropriate culture conditions.

In vivo, the follicles constantly compete for developmental
resources, leading to the death of the weakest. Nevertheless, in
the type of culture that we describe here, the follicles grew indi-
vidually without competition for resources. The lack of competi-
tion between follicles lead to a larger number of follicles reaching
ovulatory stage and a reduced apoptosis rate compared to in vivo
conditions.

However, Pathway Studio analysis demonstrated that at SMR and
AF stages, twice as many proteins involved in ROS production and
DNA repair were identified compared to SF stage. This could be justi-
fied by the culture conditions since the SF stage was exposed to those
conditions for a shorter time. Nevertheless, at the end of the culture,
the AF stage had fewer proteins associated with those biological pro-
cesses compared to SMR stage. These results could be justified by the
change of follicular structure in this type of culture, passing from a tridi-
mensional to a bidimensional structure, as the follicle grows attached
to the culture surface (Cortvrindt et al., 1996; Pesty et al., 2007; Picton
et al., 2008). However, if increased transcription of proteins involved
in ROS production and DNA repair is induced by this structural
change, it seems that it does not have a significant negative impact in
follicular development since these types of protein was reduced again
in the last culture phase.
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Figure 8 Abundance profile of proteins implicated in glycolysis, with a significant variation throughout follicle development in vitro. In red, eight pro-
teins with increasing abundance during the stages. In blue, one protein, LDHB, with decreasing abundance during follicle development in vitro.

SF SMR AF

PRKAR2B | S
\

LDHB

|
b

Figure 9 Western blot demonstrating variable expression of
PRKAR2B, LDHB and CDKNIB at the three stages. It is possible to
observe an increasing expression of PRKAR2B and CDKNIB during
the culture, with a higher expression in the two later stages of devel-
opment. The decreasing expression of LDHB during follicle develop-
ment is also shown by western blot, with similar abundance in the
SMR and AF stages.

Conclusion

Follicular integrity is crucial for oocyte development from follicle acti-
vation until maturation. In this study, it was possible to identify 1401
proteins expressed in the follicle during its growth in vitro, representing
the first catalog of a follicle proteome. Although this protein list is not
exhaustive, it shows the most abundant proteins expressed in the
growing follicle, and it can be used as a baseline for further studies
about the role of a protein in follicle development.

The comparative analysis of the three distinct morphological stages of
follicles made it possible to highlight several functional groups of proteins
exhibiting differential expression during in vitro development, suggesting
different roles at specific stages. The combination of qualitative and quan-
titative analyses highlighted specific expression patterns for proteins asso-
ciated with the CDK network, glycolysis, calcium binding and regulation,
as well as a regulatory subunit of PKA. Further complementary studies
should be carried out to understand the specific activation of develop-
mental pathways that allow follicle development and maturation.

This study contributes to the identification of several mechanisms
involved in the ovarian follicles development in vitro. The resulting data
may potentially serve future improvements of current and still-suboptimal

mammalian follicle-culture systems, which is particularly interesting as
alternatives for female patients treated for cancer are urgently needed.

Supplementary data

Supplementary data are available at Molecular Human Reproduction
online.
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