Paeset al. Journal of Animal Science and Biotechnology (2019) 10:94
https://doi.org/10.1186/s40104-019-0400-3

RESEARCH Open Acce

Proteome changes of porcine follicular fluid ")
during follicle development

updates
Victor M. Paég Shengfa F. LijaJose R. Figueiregd&cott T. WillatdPeter L. Ryamand Jean M. Feugahg

Abstract

Background: Ovarian follicular fluid influences follicle and oocyte growth, but the fluctuation of its protein cohtent
during folliculogenesis has not been comprehensively analyzed. Here we used a shotgun approach and
bioinformatics analyses to investigate and compare the proteomes of porcine follicular fluid (pFF) obtained [from
small (<4 mm), medium {6 mm) and large (>-6L2 mm) follicles.

Results:Follicular fluid samples containing highest estrogen levels were selected as non-atretic from small (SNA:
26.1+15ng/mL), medium (MNA: 162 £+ 54 ng/mL), and large (LNA: 290 + 37 ng/mL) follicles for proteomic gnalyses.
We detected 1627, 1699, and 1756 proteins in SNA, MNA, and LNA samples, respectively6R&ady t6€al
proteins were specific to each sample;-113% were shared in pairwise comparisons, and 247 proteins were shared
among all samples. Functional categorization indicated comparable gene ontology (GO) terms distribution per
cellular component, molecular function, and biological process categories across samples; however, the rapking of
highly significantly enriched GO terms per category revealed differences between samples. The patterns of protein-
to-protein interactions varied throughout follicle development, and proteins such as serine protease inhibitof, clade
E (SERPINE); plasminogen activator, urokinase (PLAU); and plasminogen activator, urokinase receptor (PLAUR)
appeared stage-specific to SNA, MNA, and LNA, respectiveéiyompkement and coagulation cascatiess the
common major pathway. Besides, properdin and fibulin-1 were abundant proteins that appeared absent in | NA
samples.

Conclusion: This study provides extensive and functional analyses of the pFF proteome changes during
folliculogenesis and offers the potential for novel biomarker discovery in pFF for oocyte quality assessment.
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Background follicular fluid (FF), creating a microenvironment around
Folliculogenesis and oogenesis in mammals occur irthe growing oocyte 4-7]. The FF derives from both
parallel within the ovary. These processes ensure thevarian follicle cellssecretions and trans-exudate mole-
production of fully developmental competent oocytes cules (<500 kDa) of the blood influencing follicle growth
that are capable of normal fertilization, followed by and oocyte maturation 8, 9]. The knowledge of the FF
healthy embryonic development and birth of viable composition may provide unique insights into the pro-
offspring [1]. Various intra- and extra-ovarian factors cesses regulating healthy follicle development, but its full
regulating these processes?][ allow for continuous characterization, especially its protein content, remains
follicle growth from preantral (~0.03 mm) to ovulatory unfolded.
(>10 mm) stage together with its enclosed oocyte, from The dynamic composition of the FF during follicle
~0.02mm to 0.12mm in diameter 3]. The transition growth has beneficial effects on the developmental com-
from preantral to antral follicles is characterized by the petence of oocytes in larger follicled (—~13]. Numerous
formation of a cavity filled with a fluid also known as studies have found positive correlations between follicle
size and oocyte developmental competence in various
* Correspondencgfeugang@msstate.edu species 14-19]. For example, FF of medium-size
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Indeed, FF is a vital and complex biofluid for female Estradiol (&) and protein assays
reproduction and constitutes an excellent source for dis- For each ovary collection day, 2% of fresh FF sample
covering biomarkers of the follicle and/or oocyte growth was used to evaluate the,Hevel, as described by the
[22-25]. In controlled experimental settings, numerous manufacturer (Estradiol ELISA kit; Calbiotech Inc.,
“reductionist’ studies have reported the beneficial effectsSpring Valley, CA, USA). Briefly, FF samples were thor-
of various FF molecules (e.g., gonadotropins, steroidspughly mixed with anti-& and B-HRP conjugate in a
and growth factors) on oocyte quality and resulting em- 96-well plate and incubate at room temperature (22 °C)
bryo development 26-32]. Despite the vast knowledge for 90 min. After removal of mixtures, all wells were
gained from these studies, they, unfortunately, do notwashed and dried out on an absorbent paper. Wells were
extract the full benefit of the FF due to its complexity, then refilled with the substrate to allow the reaction with
developmental-stage variations, or molecular interac-HRP. After 20 min incubation at 22 °C, the reaction was
tions. The identification of FF molecules contributing to stopped, and the absorbance was read at 450 nm with a
these variations can help understand better the molecu-microplate reader, within 15 min. A standard curve pre-
lar mechanisms regulating follicle and oocyte growth.  pared in parallel was used to determine the, Eoncen-
Large-scale technologies, in opposition to the reduction-tration in each sample. The sensitivity of the assay was
ist approaches, have been employed in humé8,[34], 3.94pg/mL and data (mean+ SD) are expressed as ng/
bovine [35, 36, horse B7], caprine [L3], and porcine B8] mL. Intra-assay and inter-assay coefficients of variations
FF to investigate their protein wealth under various ovar- were lower than 10% and 15%, respectively. Before sam-
ian physiological status. Most studies used gel-based prople assays, a preliminary validation test was conducted
teomics, whereas few used gel-free or shotgun approachder a dose-dependent detection of a water-soluble, E
to detect a higher number of proteins39]. The current routinely used for assisted reproduction. After triplicate
study uses the pig model to profile the proteome of FFmeasurements of E remaining FF samples were pooled
harvested from different developmental stage folliclesaccording to highest (non-atretic) and lowest (atreticy E
(small, <4 mm; medium, 46 mm; and large, >612mm). levels within each follicle size category (first-level pool-
Great number of proteins were generated for strongering according to & levels /replicate). Pooled samples
predictions of molecular mechanisms or pathways under-were immediately stored at -80 °C until proteome ana-
lying folliculogenesis and detection of potential bio- lysis. This procedure was repeated for each independent

markers of follicle and oocyte growth. ovary collections it = 4).

For proteomic analysis, non-atretic (NA) FF samples
Materials and methods with the highest estradiol level per ovary collection
Ovarian follicle collection and follicular fluid aspiration (~ 29 [follicle size) were thawed on ice and subsequently

Approximately 240 ovaries were harvested from post-subjected to protein content analysis (Bradford reagent;
mortem sows (=120) at a local abattoir, in four inde- Bio-Rad, Hercules, CA, USA). Thereafter, samples>Q3)
pendent replicates. Ovaries devoid of any active corpusvith comparable protein concentrations within each
luteum were kept on ice and transported to the laboratory follicle size and ovary collection were pooled. Samples
within 2 h. Ovaries were washed with a 0.9%/¢) NaCl with comparable highest estradiol levels within each
solution supplemented with 1g/mL Penicillin/Strepto-  follicle size and ovary collection were selected for
mycin to eliminate the maximum of blood. Follicles were proteomic analyses. A total of four pooled samples (one
dissected from non-polycystic ovaries and classified aper ovary collection) was used for each small (SNA),
small (<4 mm), medium (46 mm), and large (>612 medium (MNA), and large (LNA) follicle category.

mm) diameters. Within the same ovary, follicular fluid

(FF) of colorless and homogenous texture follicles wereShotgun proteomics

aspirated from individual large follicles and pools of at The general procedure was performed as previously
least four medium or four small follicles using appropri- reported [39-41].

ated needle fixed to a syringe. Fourteen to sixteen FF sam-

ples of individual large follicles and pools of medium or Sample cleanup method

small follicles were constituted. All collected FF samplesOnly three pools per follicle size category were used.
were centrifuged (1600g 5 min) at 4 °C to eliminate cells Total FF protein (50 g) of each follicle size was precipi-
and debris. Supernatants were separately collected in cleatated in 50% trichloroacetic acid (TCA) and subse-
tubes kept on ice, and aliquots (2x 23.) were taken for quently subjected to trypsin digestion, as previously
immediate quantifications of estradiol and total protein. described #0]. Samples were adjusted to 2% acetonitrile
The remaining sample was kept on ice until estradiol and desalted using a peptide macrotrap (Michrom Biore-
concentrations. This procedure was repeated for eactsources, TR1/25108/52; Auburn, CA, USA). Each FF
independent ovary collections(= 4 replicates). sample was loaded on a microtrap for wash (2%
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acetonitrile, 0.1% formic acid) to remove the digestion Protein function and pathway identification
buffer, eluted (90% acetonitrile, 0.1% formic acid), andThe distribution of total proteins detected across follicle
dried using vacuum centrifugation. Desalted samplessizes was performed with a Venn diagrarti{p://www.
were cleaned with a Strong Cation Exchange (SCX)ioinformatics.psb.ugent.be/cgi-bin/liste/Venn/calculate
macrotrap (Michrom TR1/25108/53) following manufac- venn.htp), followed by their annotation for biological,
turer's recommendation, to remove any detergents orcellular localization, and molecular functions using the
other polymers that can interfere with MS/MS analysis. Agbase platform available with online websitét{ps://
Each desalted and dried peptide pellet sample was resusgbase.arizona.edu/Gene Ontology (GO) terms enrich-
pended in low salt buffer (5 mmol/L sodium phosphate, ment and pathway analyses were evaluated using SEA
25% acetonitrile, pH =3 using formic acid), loaded on a(Single Enrichment Analysis), and protein-to-protein
SCX macrotrap (Michrom TR1/25108/53) for a second interactions were assessed using STRING (httpaw.
trap, and eluted with high salt buffer (5 mmol/L sodium string-db.org.
phosphate, 25% acetonitrile, 0.25 mol/L potassium chlor-
ide, pH=3 using formic acid). After cleaning, sample Statistical analyses
were dried (vacuum centrifugation), and resulted saltEstradiol and protein concentrations were statistically
crystals and peptides were resuspended in 200f 5% analyzed with One-way ANOVA, followed by the Fish-
acetonitrile, 0.1% formic acid and transferred to a lowers LSD test. Search results for peptide matches were
retention autosampler vial for deconvolution via reversefiltered using a decoy based, and proteins corresponding
phase, high-pressure liquid chromatography. peptides with a probability of 0.05 or less were evaluated
for further analyses. Bioinformatics analyses were per-
Nanospray LC-MS/MS method and protein identification formed using the default settings of each online software
Each sample was loaded on a BioBasic C18 reversed phaged protein association networks were obtained with
column (Thermo 72105100266) and flushed for 20 min highest confidence (interaction score>0.9). The
with 5% acetonitrile (ACN), 0.1% formic acid to remove Benjamini-Hochberg False Discovery Rate (FDR) was set
salts. Peptide separation was achieved using a Thermat 5% threshold.
Surveyor MS pump with a 655 min nano-HPLC method
consisting of a gradient from 5% ACN to 50% ACN in Results
620 min, followed by a 20 min wash with 95% ACN and Follicular fluid estradiol and protein contents
equilibration with 5% ACN for 15 min (all solvents con- The intrafollicular E; levels of all analyzed samples var-
tained 0.1% formic acid as a proton source). lonization ofied from 0.12 to 49 ng/mL in small, 2 to 237 ng/mL in
peptides was achieved via nanospray ionization using anedium, and 6 to 500 ng/mL in large follicles. ThesE
Thermo Finnigan nanospray source type | operated atlevels in constituted atretic samples were significantly
1.85kV with 8 m internal diameter silica tips (New Ob- lower than their nonatretic counterparts in small (1.53 =
jective FS36075-8-N-20-C12). High voltage was applied 0.65 ng/mL vs. 19.54 £ 14.82 ng/mL), medium (11.52 %
using a t-connector with a gold electrode in contact with 8.52 ng/mL vs. 150.28 + 53.46 ng/mL), and large (32.25+
the HPLC solvent. A Thermo LCQ DECA XP Plus ion 25.53 ng/mL vs. 311.03 + 76.16 ng/mL) follicleB<£ 0.05;
trap mass spectrometer was used to collect data over thANOVA-1).
655 min duration of each HPLC run. Precursor mass scans The average Elevels in selected nonatretic samples
were performed using repetitive MS scans, each immedifor proteomic analyses were significantlyP € 0.05;
ately followed by 3 MS/MS scans of the three most in- ANOVA-1), and positively correlated with follicle sizes:
tense MS peaks. Dynamic exclusion was enabled witt290 + 37 ng/mL in large non-atretic (LNA), 162 + 54 ng/
duration of 2 min and repeat count of two. Once a mass ismL in medium non-atretic (MNA), and 26 + 15 ng/mL
measured twice, it is added to a list to be excluded fromsmall non-atretic (SNA) follicles. Irrespective of the
further analysis for a predetermined amount of time, follicle health or size, the protein concentration of all
which was 2 min. This allowed the MS to collect data on porcine FF samples averaged 2.85+0.@5 L, without
different masses, while in the meantime, the mass willsignificant differences across follicle sizé3X0.05).
have eluted from the column. Dynamic exclusion allows
for a more efficient and deeper sample coverage. Mas3otal protein identification and annotation
spectra were searched against a protein database using tHene total protein detected in each follicular fluid sample
SEQUEST algorithm42] in Bioworks 3.3 (Thermo Finni- is summarized in Fig.la. A total of 1627, 1699, and
gan). TheSus scrofeaNCBI RefSeq protein database was1756 unique proteins were detected in SNA, MNA, and
used for peptide spectral matching, and the Genome datedLNA samples. The Venn diagram shows that approxi-
from ENSEMBL was used for peptides that did not havemately 66-63% of proteins were specific to SNA, MNA,
corresponding proteins in the RefSeq database. and LNA, while 199, 200, and 209 proteins were shared
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Fig. 1 Total protein detectiona] and annotationsh). Venn Diagram of porcine follicular fluid was constructed with tools available at the
Bioinformatics and Evolutionary Genomics, Ghent, Belgium

between SNA-LNA, MNA-LNA, and SNA-MNA, re- protein binding (12%), molecular function (12%), catalytic
spectively. Furthermore, 247 proteins were found in allactivity (9%), hydrolase activity £B%) in MF category
follicle sizes. Approximately 55% and 31% of identified(Table 2); biological process (17%), cellular process (14%),
proteins were respectively annotated with NCBI and metabolic process (11%), regulation of biological process
ENSEMBL, while 12% remained unknown (Figjo). All  (9%), macromolecule metabolic process (9%), and re-
proteome datasets are provided [see Additional file sponse to stimulus (7%) in BP category (Talle Regard-

Table S1]. less of the proteome datasets, the abundance of GO
annotation/GO terms within each functional category did
Abundant proteins not show prominent differences.

This analysis focused on the top 50 NCBI annotated

proteins of all datasets [see Additional file: Table S1]. Gene Ontology (GO) and enrichment analyses

These proteins were considered highly abundant in data-The STRING software allowed respective conversions
sets and corresponded to minimum detection probabil- of 1054, 1089, 1139 proteins in SNA, MNA, and LNA
ities of 5.94x 10?8 2.25x 10%’, and 1.35x 10°° in LNA,  datasets, corresponding to ~ 65% of total proteins (see
MNA, and SNA datasets, respectively. Most proteinsAdditional file 2: Table S2). The highly significantly
(92%) were shared among datasets, the remaining werenriched GO terms in CC, MF, and BP were ranked
found in one or two different datasets and two others according to significance levels in Fig®, 3, and 4,
(properdin isoform X1 and fibulin-1 isoform X1) were respectively. Dynamic ranking (increase, stable, or
completely absent in the LNA dataset. Specifically, pro-decrease) of GO terms were observed across SNA,
perdin (XP_003135101) was detected at comparable levé\INA, and LNA.

between SNA and MNA, while fibulin-1 (XP_ In Fig. 2, proteins associated witH'extracellular re-
003126003) was lower in MNA (vs. SNA). gion” GO term were the highest and significantly
enriched (FDR < 1.3 x 10) in all follicle category. Mean-
Bioinformatic analyses while, fluctuation and decrease significances in protein
Gene Ontology (GO) classification enriched were observed within théprotein-containing

The use of Agbase GRetrieverallowed the conversion of compleX, “extracellular spack “cell’, and “high density
over 80% of protein datasets for functional categorizationlipoprotein particle’ GO terms throughout follicle
of identified GO terms in cellular component (CC), mo- growth. In contrast, the significant enrichment of pro-
lecular function (MF), and biological process (BP) categor-teins in other GO terms (i.e.,’extracellular region pairt,
ies. Cell component (2324%), cell (1819%), intracellular membrané, “plasma membrane pdi}, made them pro-
(15-16%), membrane (:2L3%), and cytoplasm (323%) imminent GO terms in LNA samples. Unlike in CC, the
GO terms in CC category (Tabld); binding (24-25%), GO terms patterns in MF showed high ranking fluctuations
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