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STUDY QUESTION: Is it possible to identify by mass spectrometry a wider range of proteins and key proteins involved in folliculogene-
sis and oocyte growth and development by studying follicular fluid (FF) from human small antral follicles (hSAF)?

SUMMARY ANSWER: The largest number of proteins currently reported in human FF was identified in this study analysing hSAF where
several proteins showed a strong relationship with follicular developmental processes.

WHAT IS KNOWN ALREADY: Protein composition of human ovarian FF constitutes the microenvironment for oocyte development.
Previous proteomics studies have analysed fluids from pre-ovulatory follicles, where large numbers of plasma constituents are transferred
through the follicular basal membrane. This attenuates the detection of low abundant proteins, however, the basal membrane of small
antral follicles is less permeable, making it possible to detect a large number of proteins, and thereby offering further insights in
folliculogenesis.

STUDY DESIGN, SIZE, DURATION: Proteins in FF from unstimulated hSAF (size 6.1 0.4 mm) were characterised by mass
spectrometry, supported by high-throughput and targeted proteomics and bioinformatics. The FF protein profiles from hSAF containing
oocytes, capable or not of maturing to metaphase Il of the second meiotic division during an IVM (n= 13, from 6 women), were also
analysed.

PARTICIPANTS/MATERIALS, SETTING, METHODS: We collected FF from hSAF of ovaries that had been surgically removed
from 31 women (~28.5 years old) undergoing unilateral ovariectomy for fertility preservation.

MAIN RESULTS AND THE ROLE OF CHANCE: In total, 2461 proteins were identified, of which | 108 identified for the first time in
FF. Of the identified proteins, 24 were related to follicular regulatory processes. A total of 35 and 65 proteins were down- and
up-regulated, respectively, in fluid from hSAF surrounding oocytes capable of maturing (to MIl). We found that changes at the protein level
occur already in FF from small antral follicles related to subsequent oocyte maturation.

LIMITATIONS, REASONS FOR CAUTION: A possible limitation of our study is the uncertainty of the proportion of the sampled
follicles that are undergoing atresia. Although the FF samples were carefully aspirated and processed to remove possible contaminants, we
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cannot ensure the absence of some proteins derived from cellular lysis provoked by technical reasons.

WIDER IMPLICATIONS OF THE FINDINGS: This study is, to our knowledge, the first proteomics characterisation of FF from hSAF
obtained from women in their natural menstrual cycle. We demonstrated that the analysis by mass spectrometry of FF from hSAF allows

the identification of a greater number of proteins compared to the results obtained from previous analyses of larger follicles. Significant

differences found at the protein level in hSAF fluid could predict the ability of the enclosed oocyte to sustain meiotic resumption. If this

can be confirmed in further studies, it demonstrates that the viability of the oocyte is determined early on in follicular development and

this may open up new pathways for augmenting or attenuating subsequent oocyte viability in the pre-ovulatory follicle ready to undergo

ovulation.
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Introduction

A woman’s fertility is based on the pool of resting follicles in the ova-
ries, i.e. the ovarian reserve. This reserve ensures the generation of
menstrual cycles and release of fertilisable oocytes that may result in
new offspring. Follicular development is initiated by activation of resting
primordial follicles and is completed with ovulation of fully mature
oocytes approximately half a year later (Gougeon, 2010). During this
lengthy period of follicular development, the diameter of the follicle
increases from 45 pum to ~20 mm. This process involves several devel-
opmental stages, including the formation of the follicular fluid (FF)-filled
antrum that begins to form when human ovarian follicles reach a diam-
eter around 250 pm (Rodgers and Irving-Rodgers, 2010). The FF is
comprised of secretions from the oocyte and granulosa cells (GC)
within the follicles and from theca cells (TC) surrounding the follicle as
well as transudates from circulation filtered through the basal mem-
brane. The basal membrane acts as a molecular filter, which means
that proteins with a relatively high molecular weight can only enter the
FF to a limited extent (Rodgers and Irving-Rodgers, 2010; Siu and
Cheng, 2012). This is the reason why FF contains low concentrations
of the high molecular weight protein fibrinogen and, therefore, does
not coagulate. Additionally, the basal membrane has been described
to be both charge and size selective in mouse ovaries (Hess et dl.,
1998; Siu and Cheng, 2012). The composition of FF is highly variable
and is associated with the developmental stage of follicles. In particular,
FF reflects GC activity, which is regulated by gonadotropins, steroids,
peptide hormones and growth factors. Anti-Millerian hormone
(AMH), part of the transforming growth factor  (TGF-B) superfamily,
is present at very high concentrations in small antral follicles with a
peak in follicular content around a diameter of 8 mm (Jeppesen et al.,
2013). Conversely, sex-steroids, such as estradiol and progesterone,
accumulate at very high concentrations in the pre-ovulatory follicles, in
orders of magnitude higher than in small antral follicles (Jeppesen
et al.,, 2013).

The FF constitutes the microenvironment in which oocytes develop
and as a consequence, the protein composition of FF has attracted
considerable interest and many proteomics studies have been con-
ducted (Spitzer et al., 1996; Anahory et al., 2002; Lee et al., 2005;
Schweigert et al., 2006; Angelucci et al., 2006; Hanrieder et al., 2008;
Estes et al., 2009; Gougeon, 2010; Jarkovska et al., 2010; Twigt et dl.,
2012, 2015; Ambekar et al, 2013, 2015; Bianchi et al., 20I3;

Jeppesen et al, 2013; Zamah et al, 2015; Oh et al, 2017). All of
these studies have focused on FF collected just prior to ovulation, in
connection with assisted reproduction techniques. The fluid from
pre-ovulatory follicles has a high dynamic range in terms of protein
concentrations, which reduces the possibility of detecting low abun-
dant proteins. At this follicular stage, the FF contains a high number
of plasma constituents transferred through the follicular basal mem-
brane during follicular expansion. For this reason, the number of pro-
teins identified in previous studies has been in the range of several
hundred. By using FF from human small antral follicles (hSAF), this
limitation would be avoided. Furthermore, the study of the FF prote-
ome by mass spectrometry (MS) allows the simultaneous analysis of
hundreds of proteins and the current bioinformatics advances can
provide, even from early follicular stages, the functional network of
the proteins and their role in the follicular development. Hence, the
larger the number of identified proteins, the greater the knowledge
acquired. In addition, an increased focus on the earlier stages of fol-
licles (i.e. small antral follicles), has shown that these could be a po-
tential source of immature oocytes for women with a low ovarian
reserve (Kristensen et al, 2017). Details on the composition of FF
from small antral follicles will provide essential knowledge about fac-
tors impacting the developmental capacity of the immature oocyte.
By contributing to a better understanding of basic follicular processes,
central proteins present in small antral follicles could be valuable in
creating new physiological and effective methods for maturing oocytes
in vitro and advancing culture conditions for human follicles, ultimately
advancing fertility treatment by augmenting the number and quality of
oocytes available for treatment.

The present study aimed to create a detailed fingerprint of proteins
present in FF from hSAF to identify from the early follicular stage,
candidate proteins that support follicular growth and development.

Materials and methods

An overview of the study workflow is presented in Supplementary
Fig. SI.

Reagents and solutions

Unless otherwise specified, all chemical reagents were purchased from
Sigma Aldrich (St. Louis, MO, USA). Modified porcine trypsin was
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obtained from Promega (Madison, WI, USA) and the water was from
a Milli-Q Ultrapure Water System (Millipore, Billerica, MA, USA).
Liquid chromatography-mass spectrometry (LC-MS) grade water and
organic solvents were supplied by Merck (Darmstadt, Germany). Prior
to use, all LC-MS solutions were degassed by sonication. Synthetic
peptides were provided by the University of Victoria-Genome BC
Proteomics Centre, British Columbia, Canada.

Strong cation exchange (SCX) chromatography microspin columns
(MA SEM HIL-SCX, 10-100mg capacity) and silica CI8 ultra-
microspin columns (SUM SS18V, 3-30mg capacity) were purchased
from the Nest Group Inc. (South Borough, MA, USA). MARS 7 immu-
noaffinity spin columns were purchased from Agilent (Agilent
Technologies, Inc., CA, USA) and were used to deplete the top seven
most abundant proteins, i.e. albumin, IgG, antitrypsin, IgA, transferrin,
haptoglobin and fibrinogen.

FF samples acquisition from small antral
follicles

Samples of FF from hSAF were collected from ovaries that had been
surgically removed from 25 women (25.6 £ 6.1 years old (mean =+
SD)) undergoing unilateral ovariectomy for fertility preservation at the
Laboratory of Reproductive Biology, Rigshospitalet, Denmark.
Cryopreservation of the ovarian cortex was offered to women facing
a potentially gonadotoxic treatment and thereby at risk of becoming
sterile (Andersen et al., 2008; Schmidt et al., 2011). Cryopreservation
of the ovarian cortical tissue provides these women with the option
of later transplantation of the frozen-thawed tissue if they become
menopausal due to the gonadotoxic treatment. Only patients with
diseases unrelated to the ovary were included, and in all cases, the
ovary had a macroscopically normal appearance. The diagnosis of the
women included breast cancer (n=11), Hodgkin’s lymphoma
(n=3), sarcoma (n=4), lymphoma (n=4), brain cancer (n=1),
cervical cancer (n= 1) and systemic lupus erythematous (n=1). Even
though the women had a concurrent cancer diagnosis, they were eli-
gible for fertility cryopreservation after an evaluation of reproductive
parameters and ovarian reserve (AMH levels and antral follicle
count); therefore, we assumed that the women and their ovaries
were reproductively normal. Small antral follicles exposed on the sur-
face of the ovary or visible during the isolation of ovarian cortex
were aspirated with a |-ml syringe fitted with a 26-gauge needle
(Becton Dickinson, Brendby, Denmark). From each ovary, FF from
one small antral follicle was collected and the mean size of the fol-
licles was 6.1 20.4mm (mean £ SD). The diameter was calculated
based on the total volume of fluid drawn from the follicle using the
calculation of spherical shape (V=4/3 * i * r3). Aspiration of FF had
no effect on the fertility preservation procedure. The FF samples had
no visible blood contamination but were immediately centrifuged to
remove debris and cells. The FF were collected at random times dur-
ing the menstrual cycle as the dynamics of the hSAF appears to be
similar  throughout the menstrual cycle (Mcnatty et al, 1983;
Westergaard, 1985; Kuang et al., 2014). From 15 of the follicles, 50-
pl FF was pooled whilst the remaining |0 follicles were analysed
individually.

Furthermore, six women were selected (women with breast cancer
(n=4, sarcoma (n= 1) and multiple sclerosis (n=1) and an average
age of 31.4+£ 1.8 (mean & SD)) and from each one, fluid from two or

three hSAF (size 6 £ 1.5mm (mean £ SD)) was obtained. Each follicle
contained an oocyte that underwent [VM. From each woman, at least
one follicle contained an oocyte that matured to metaphase Il of the
second meiotic division after VM and another that contained an oo-
cyte unable to mature. Oocytes were matured during a 48h culture
period using the MediCult IVM medium (Origio A/S, Denmark) sup-
plemented with 75 mIU/ml rFSH (Puregon, MSD, the Netherlands),
100 mIU/ml rLH (Luveris, Serono, Germany) and 10mg/ml human
serum albumin. Oocytes were cultured individually in 25-pl drops
and separate data for each oocyte was obtained. At the end of the
culture period, all oocytes were denudated, and the developmental
stage was classified as either germinal vesicle, metaphase | (Ml) or
metaphase Il (MIl).

The study was approved by the ethics committee of the municipali-
ties of Copenhagen and Frederiksberg (H-2-2011-044). Informed con-
sent was obtained from all participants.

Sample preparation to MS

A schematic representation of the general strategy followed for the
analysis of the samples is shown in Supplementary Fig. S2. For all
experiments, the quantitation of total proteins was performed using
the bicinchoninic acid (BCA) assay.

Preparation of samples without depletion

Samples were dissolved in 1.6% sodium deoxycholate (SDC) in 50mM
NH4HCO;. The disulphide bonds were reduced by adding dithiothrei-
tol (DTT) to a final concentration of 10mM and incubated at 37°C
for | h. The free thiol groups were alkylated by adding iodoacetamide
(IAA) to a final concentration of 25mM and incubated for 30 min at
room temperature in the dark. The SDC was diluted to 0.5% before
digestion with trypsin at an enzyme-to-substrate ratio of 1:100 (w/w)
for 16h at 37°C. The SDC was precipitated by adding 20% formic
acid to a polypropylene filter plate with a hydrophilic polyvinylidene
difluoride (PVDF) membrane (mean pore size 0.45um, Porvair
Filtration Group, Fareham, UK).

Sample depletion

To deplete the top 7 or |4 (Supplementary Fig. S2) most abun-
dant proteins, 10 or 25ul of FF were used per sample, respec-
tively. The depletions, with MARS 7 (spin columns) or MARS |4
column (Human-14 (4.6 x 100mm) coupled to an 1260 Infinity
LC System) both from Agilent technologies, were carried out
according to instructions supplied by the manufacturer. After deple-
tion, the buffer was exchanged to SDC |.6%, 50mM of Ambic us-
ing Amicon Ultra Centrifugal filter (0.5ml — 10kDa, Millipore,
Tullagreen, Ireland).

Samples were reduced and alkylated as done with non-depleted
samples and it took place in the Amicon filter. The buffer was ex-
changed to Ambic 50mM and the samples were re-suspended in
100 I of 50mM AmBic (30 g of proteins after BCA quantification).
Then samples were digested with trypsin at an enzyme-to-substrate
mass ratio of /30 for 16h at 37 °C. The remaining SDC precipitated
by adding 20% of formic acid prior to filtering the samples through a
polypropylene filter plate with hydrophilic PYDF membrane (mean
pore size 0.45um, Porvair Filtration Group, Fareham, United
Kingdom).
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Fractionation of peptides by strong cation exchange
chromatography

For SCX chromatography, three aliquots (10l each) from the pool
were depleted and separately digested. The digests were combined
before fractionation. Mainly, a step-wise gradient of potassium chlo-
ride: 20, 40, 60, 100, 500mM and | M KCl in 10 mM potassium phos-
phate, pH 2.8 (or 0.01% phosphoric acid) containing 20% acetonitrile
was used to fractionate the peptides.

According to the instructions from the manufacturer, salt was
removed from the samples by silica CI8 ultra-microspin columns
(SUM SS18V, 3-30 mg capacity, The Nest Group Inc., South Borough,
MA, USA). After elution with 50% acetonitrile/0.1% TFA, the fractions
were dried in a centrifugal evaporator and re-suspended in 0.1%
formic acid prior to analysis by LC-MS/MS.

Fractionation of peptides by basic reversed-phase chromatography
Three aliquots (10pl each) from the pooled FF were depleted and
digested separately. We performed a Filter Aided Sample Preparation
for protein digestion (Wisniewski et al., 2009). The digestions were
combined prior to drying the sample. The sample was reconstituted in
100 I ammonium formate/20% acetonitrile, pH 10, loaded on the
column and fractionated using an Agilent | 100 series HPLC instrument
by reversed-phase chromatography (RP-HPLC) at a flow rate of
50 pl/min. The mobile phase consisted of 20 MM ammonium formate,
pH 10 (buffer A) and 20mM ammonium formate, 80% acetonitrile,
pH 10 (buffer B). The peptides were separated using the following
gradient: |5 min isocratic hold at 1% solvent B, 1-20% solvent B in
| min; 20-60% solvent B in 44 min; 60-80% solvent B in 5 min; finally,
I5min isocratic flow at 80% solvent B. Using 96 x 2ml well plates,
fractions were collected every 2 min for a total of 20 fractions. Finally,
the fractions were recombined by pooling, and 12 were analysed
by LC-MS.

MS acquisition methods

The samples were analysed by data-dependent acquisition (DDA),
parallel reaction monitoring (PRM) and multiple reaction monitoring
(MRM). Three different mass spectrometers from Thermo Fisher
Scientific (San José, CA, USA) were used for the analyses: The
Q-Exactive Plus (DDA and PRM, see Supplementary Fig. S2a and b),
the Q-Exactive HF-X (DDA) and TSQ Quantiva (MRM) equipped
with an easy-spray NG ion source. The spectrometers were con-
nected to an easy-nLC 1000 pump (Thermo Scientific, San José, CA,
USA).

In the Q-Exactive Plus mass spectrometer, a top |0 method was
used for DDA. Full MSI spectra were acquired in the Orbitrap mass
analyser from m/z 400—1600 at a resolution of 70 000 (at m/z 200),
a target automatic gain control (AGC) value of le6 and a maximum
injection time (IT) of 100ms over a 60-min HPLC gradient. The
0 most intense peaks with charge state >2 were fragmented in the
HCD collision cell with a normalised collision energy of 26%. Tandem
MS2 spectra were acquired in the Orbitrap mass analyser at a resolu-
tion of 35 000 (at m/z 200), a target AGC value of 5e4 and a maxi-
mum IT of 100ms. The underfill ratio was set to 10% and dynamic
exclusion was 45s.

For the Q-Exactive HF-X mass spectrometer, the full MS scans
were set with an acquisition range of m/z 375-1500, resolution of

120 000 (at m/z 200), target AGC value as 3 x 106, maximum injec-
tion time of 100ms and normalised collision energy of 28. The top
20 precursors were selected for fragmentation. For the MS2 acquisi-
tion, we used a resolution of 15 000 (at m/z 200), target AGC value
of | x 106, maximum injection time of 50ms, isolation window of
[.2m/z and fixed first mass at |10m/z. Peptide elution was
performed with a gradient of 2% of 80% acetonitrile/0.1% formic acid
(Solvent B) and 98% of 0.1% formic acid (Solvent A) with a flow of
0.300 pl/min during the first 3 min. This step was followed by an in-
crease in the percentage of solvent B to 25% in |12min, to 32% in
[0 min, and to 45% in 7 min. After 132 min of the gradient, the solvent
B percentage was increased to 90% in 8 min and kept constant for
5min. Finally, the solvent B content was reduced to 2% in | min and
kept constant for [4 min.

For targeted proteomics (PRM and MRM), we built a spectral library
using the MS/MS spectra from synthetic peptides. In addition, we
measured a ‘reference sample’ by adding the synthetic peptides to a
pool of all samples.

For PRM, | ngin 2 pl was loaded per sample onto the column. The
MS2 resolution was 70 000 with an AGC value of 5e5 and a maximum
IT of 200 ms. The normalised collision energy was 26%. Peptides were
separated on an easy-spray column (25cm x 75 um ID, PepMap CI8
2 pum, IOOA) with the flow rate of 300 nl/min and the column
temperature at 35°C. Solvent A (0.1% formic acid) and solvent B
(0.1% formic acid in acetonitrile) were used to create a non-linear
gradient to elute the peptides (60 min).

In the MRM method, a scheduled mode was used with 5-min
detection windows. Peptides (I png) were loaded onto an Acclaim
PepMap 100 pre-column (100 um x 2 cm, Thermo Scientific, San
José, CA, USA). Peptides were separated on an easy-spray column
(I5cm x 75um ID, PepMap CI8 3 pum, IOOA) with the flow rate set
to 300 nl/min and the column temperature at 35°C. Solvent A (0.1%
formic acid) and solvent B (0.1% formic acid in acetonitrile) were used
to create a non-linear gradient to elute the peptides (60 min). Selected
reaction monitoring (SRM) transitions were acquired in QI and Q3
operated at unit resolution (0.7 fwhm); the collision gas pressure in
Q2 was set to 1.5 mTorr. The cycle time was 25, and calibrated RF
and S-lens values were used. At least three transitions per precursor
were monitored.

MS data analysis

Raw files were analysed with Proteome Discoverer v2.2 or 2.4
(Thermo Scientific, San José, CA, USA). To identify the peptides, the
MS data were searched against the UniProtKB human database
(Released 20180207, 42213 sequences including isoforms). For the
analysis of the data generated from FF that contained oocytes capable
of maturing or not, we combined an FF spectral database built from
the LC-MS/MS analysis of a top |4 depleted pool (hSAF MSI spectral
library) and the MSPepSearch node plus SEQUEST HT. We used the
human spectral library ‘ProteomeTools_HCD28_PD’ and UniprotKB
human database (Date: 28 January 2020), respectively. The search was
performed with the following parameters: carbamidomethylation of
cysteine residues and oxidation of methionine residues as static
and dynamic modifications, respectively. Precursor and fragment ion
tolerances were 10ppm and 0.02 Da, respectively. Up to one missed
cleavage site for tryptic peptides was allowed. The filters applied were
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high (false discovery rate (FDR) < 1%) and medium (FDR < 5%) confi-
dence at peptide and protein level, respectively. The peptide/protein
quantification was based on the MS peptide signals (label-free quantifi-
cation). For label-free quantification, the ‘Minora Feature Detector’
node was included in the processing workflow, and the nodes
‘Precursor lons Quantifier’ and ‘Feature Mapper’ were included in the
consensus workflow.

Comparison of the identified proteins with
previous studies

The total number of proteins identified in the current study was com-
pared to 30 previous proteomics studies performed in human FF. Out
of 30, 20 studies were found after performing a PubMed and Embase
searching using the term ‘human follicular fluid proteome’. Considering
that one of the previous papers (Bianchi et al., 2016) summarised pro-
teins identified up to 2014 (including |0 proteomics studies), we
looked for proteomic studies published between 2013 and 2020. Only
proteins reported as ‘reviewed’ in the UniProtKB/Swiss-Prot protein
sequence database were selected. The studies were: Severino et al.
(2013), Bayasula et al. (2013), Regiani et al. (2015), Twigt et al. (2015),
Zamah et al. (2015), Ambekar et al. (2015), Chen et al. (2016),
Bianchi et al. (2016), Shen et al. (2017), Oh et al. (2017), Lim et dl.
(2017), Lewandowska et al. (2017), Lewandowska et al. (2019),
Poulsen et al. (2019), Li et al. (2019) , Zhang et al. (2019), Domingues
et al. (2019), Liu et al. (2020a,b) and Zakerkish et al. (2020).

Furthermore, the list of identified proteins was compared with a list
of proteins from oocytes reported by Virant-Klun et al. (2016) and
with transcripts from GC published by Koks et al. (2010).

Bioinformatics and statistical analyses

Gene Ontology (GO) and functional enrichment analyses were per-
formed utilising the bioinformatics tool FunRich (Pathan et al., 2015).
The bioinformatics web tool DAVID (https://david.ncifcrf.gov/)
(Huang et al., 2009) was employed to perform a functional annotation
clustering using as input 226 proteins from the high abundant prote-
ome (163 only identified in hSAF, 28 only identified in pre-ovulatory
follicles and 35 non-plasma proteins identified in both hSAF and large
follicles). This tool was also employed to perform functional annotation
clustering of the top 100 dysregulated proteins in FF that contained
oocyte capable of reaching Mll. Protein relationship networks were
generated and analysed using the Ingenuity Pathway Analysis (IPA)
software (QIAGEN, Germany).

To perform proteomics quantitative analyses, the intensities of the
protein were normalised by log, transformation and then standardised
by subtracting the median of the sample. Statistical analyses were per-
formed in RStudio software (R Core Team, 2016; RStudio Team,
2016). Coefficient of correlation between MDK, vimentin (VIM) and
other proteins was determined by Pearson correlation test using the
log, intensities values of the protein quantified across |0 individual
samples. The P-values were adjusted to control the FDR produced by
multiple testing. Correlations with —0.7 > r> 0.7 and adjusted P-value
<0.10 were considered significant. Proteins that significantly correlated
with MDK/VIM were subjected to a biological pathway enrichment
analysis in FunRich (background: FunRich database) and pathways with
a significant enrichment score (BH method: adj. P-value <0.05) were

selected. A comparative enrichment analysis based on ‘cellular compo-
nents’ annotations was performed between positively and negatively
correlated protein and a Q-value (Storey-Tibshirani method) <0.05
was considered significant.

To assess whether there were differences at protein level between
FF that surrounded oocytes that matured or remained immature, a
sparse partial least squares discriminant analysis (sPLS-DA) (Chung and
Keles, 2010) was performed using ‘mixOmics’ R package. This is a
multivariate analysis that classifies the samples by performing a multi-
variate regression using the protein expression matrix (749 proteins
quantified in all samples) as predictors and the sampling origin (FF sur-
rounding oocytes mature or immature) as the response. To select the
top 100 most informative predictors (e.g. proteins) for discriminating
samples, an LASSO penalisation was applied. With the top 100 pro-
teins, a hierarchical clustering plus heatmap was performed using
‘ComplexHeatmap’ R library. In addition to the multivariable analysis,
a Student t-test (two-tails) followed by FDR correction was
performed to determine differentially expressed proteins. Proteins
with an adjusted P-value <0.05 were considered significant. Since FF
samples surrounding the immature oocyte and FF samples surround-
ing the MIl oocyte originated in the same woman, the analyses (the
multivariable and univariate) were performed considering the paired
nature of the samples. This was achieved by subtracting from the
protein intensity of a given sample the mean of the two or three
samples belonging to the woman from which they were extracted.
In this analysis, the expression values of VIM were determined by
MRM. Differences between groups in term of follicular size were
assessed by performing a paired Student t-test (two-tails). Secreted
proteins dysregulated in FF that contained oocyte capable of reach-
ing MIl were correlated with the remaining proteins using a Pearson
correlation test and adjusted P-values <0.05 were considered
significant.

Selection of proteins potentially more
concentrated and accessible by MS in FF
from hSAF

The selection of proteins potentially more concentrated and accessible
by MS in FF from hSAF is presented in the workflow in Supplementary
Fig. S3. Proteins identified in the analysis of pool were filtered by pro-
teins identified in the non-depleted samples and those also identified
by another method, e.g. SCX or basic RP. Then 368 resulting proteins
were compared against the proteins identified in the two largest previ-
ous data sets that used similar MS strategies (Zamah et al, 2015;
Oh et al., 2017). From the resulting 35 proteins unique to our study,
those known as ‘classical plasma proteins’ (Anderson and Anderson,
2002) (mainly immunoglobulins and complement components)
were excluded. Then the resulting proteins were compared with the
list of proteins identified in FF by MS up to 2020.

Results

General protein characterisation

In this study, a total of 246! proteins were identified in FF from hSAF
(Supplementary Table Sl). A pool of |5 FF samples was first evaluated
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to deepen the protein identification and subsequently, 23 separated
samples (10 from different women and 13 from six other women)
were analysed. Supplementary Tables SlI, Slll and SIV contain the list
of proteins identified in each case. Detailed information on the protein
identification is described in Supplementary File S| (Supplementary Figs
$4, S5 and S6). The list of identified proteins was compared with pre-
vious human FF proteomics studies conducted up to 2020
(Supplementary Table SV). A total of | |08 proteins were detected for
the first time in our study (Venn diagram: Fig. 1).

The entire set of proteins identified in this study was analysed to de-
termine GO annotations. Figure 2 shows the protein distribution
according to biological process, molecular function, cellular compart-
ment and protein class of the FF proteome in hSAF. The generic
terms: metabolic process and biological regulation were the most rep-
resented biological presses with 26% and 6%, respectively, whilst
almost half of the identified proteins were related to catalytic (36%)
and binding (43%) molecular functions. The classification based on
cellular compartment indicated that 38% of the proteins were mainly
nucleus and cytosolic (cell part), whilst 19% were extracellular.

To detect proteins possibly secreted from GC or oocyte, we com-
pared our results with data obtained by transcriptomics in human GC
and by proteomics in human oocytes (Koks et al, 2010; Virant-Klun

0.1
0.04

Relative abundance

High abundant
0.01 proteome

0.004
Deep
0.001 proteome

0.0004

0.0001 -~

0 200 400 600 800 1000

Rank abundance

et al., 2016). In those studies, samples were obtained from pre-
owulatory follicles from women undergoing IVF. A total of 1940
proteins (94%) were found at the transcript level in GC whilst 793
proteins (39%) were identified in oocytes (Supplementary Table SI).

Comparing FF proteome from hSAF and
large follicles: high abundance proteome

To our knowledge, this is the first proteomic study of FF from hSAF
(<8mm). To detect proteins possibly more accessible by MS in hSAF,
a comparison in terms of the most abundant proteins identified in FF
from hSAF and large follicles was carried out. The ‘high abundance
proteome’ (non-depleted samples) identified in our study (413 pro-
teins, Supplementary Table SVI) was compared to the ‘high abundance
proteome’ (400 proteins) of a recent proteomics study performed by
our group in large, pre-ovulatory follicles (>14 mm) (Poulsen et al.,
2019). Out of the 413 proteins from hSAF, 231 (56%) were also iden-
tified in FF from large pre-ovulatory follicles. From these, 196 are com-
monly detected in plasma (as compared with the human plasma
proteome database) and may, therefore, represent plasma-filtrated
proteins. According to the GO analysis, the remaining 35 proteins are

Literature

Zamah et al., 2015
[742]

1200 1400 1600 1800 2000

Figure I. Dynamic rank of proteins identified in our study and Venn diagram of total proteins identified in human follicular fluid
(FF) studies. In the Venn diagram, ‘literature’ (yellow) denotes proteins identified in previous FF studies (up to 2020). The circles in light blue and
green colour, represent the two FF studies that currently have identified the highest number of proteins (Zamah et al., 2015; Zhang et al., 2019).
In total, 3565 proteins have been identified in FF samples by proteomics. The colours in the pyramid correspond to the colours in the dynamic
rank plot. When a more complex method is applied (SCX and basic RP), the results yield a greater number of identifications in total and, in particular,
increased identifications of low abundance proteins. Proteins highlighted are known to be relevant in the reproductive system.
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Figure 2. Gene ontology analysis for all follicular fluid (FF) proteins. Distribution of all proteins identified in this study according to three

different GO categories and protein class.

distributed across the cell and almost half were secreted proteins
(Fig. 3a).

Proteins only identified in hSAF and completely missing in FF from
large follicles (163 proteins referred as ‘on in hSAF' in Fig. 3a (red
colour)) were mostly intracellular proteins (e.g. cytoplasmic and/or
nuclear) whilst the extracellular proteins were distributed indistinctly
in FF from small follicles and large follicles. However, proteins only
identified in large follicles (28 proteins referred as ‘off in hSAF in
Fig. 3b) are mostly allocated in the intracellular part. Interestingly,
the proportion of secreted proteins was higher in proteins not iden-
tified in small follicles, i.e. only identified in large follicles (35/163
versus |3/28).

Furthermore, from the list of proteins identified in hSAF, a group of
24 proteins were highlighted (Supplementary Table SVII). This was car-
ried out following a designed work-flow (see Materials and methods
section, Supplementary Fig. S3), which allowed us to access proteins
possibly more concentrated or accessible in FF from hSAF. Figure 3c
shows the cellular compartments where these proteins are allocated
according to the GO analysis. More than 90% of these proteins are
intracellular (nucleus and cytosol).

The presence of the 24 proteins in FF from hSAF was verified in
23 samples analysed in this study (10 from different women and
I3 from six other women). All of the 24 proteins were identified
across the samples (Supplementary Fig. S7, Supplementary Table SVII),
with the majority present in more than 70% of the samples.

Interestingly, four of the proteins (AMH, HTRAI, LOXL2 and
MDK) are secreted by cells, which could indicate that they play an im-
portant role in hSAF, as it is well-known in the case of AMH
(Jeppesen et dl., 2013). In order to inquire about the function of these

proteins, a functional annotation clustering was performed on DAVID
(Huang et al., 2009) using an enriched list of proteins from the high
abundant proteome that includes the 24 above selected proteins (see
Materials and methods section). A cluster of |8 proteins involved in
the ovarian follicle development came out (cluster 19 Supplementary
Table SVIII, Fig. 3d). AMH and inhibin-B (associated to growth factor
activity) are well-known to be present in small follicles at a high con-
centration (Andersen and Byskov, 2006), which was corroborated in
this study by MS. Conversely, among others, the proteins inhibin-A
and amphiregulin (AREG) were not identified in the ‘high abundance
proteome’ of hSAF. Two of the four previously mentioned secreted
proteins were involved in this cluster: the first one is the well-known
AMH and the second one is midkine (MDK).

According to the bioinformatics analyses, specifically, MDK showed
relevant evidence that indicated that this protein plays an important
role in the follicle. MDK appears to be, out of 24 proteins, the only
cell-secreted protein that functionally clusters together with well-
known proteins involved in the ovarian follicle development (e.g.
inhibin proteins (A and B), AREG, AMH) (Fig. 3d). On the other hand,
MDK is involved in biological processes such as growth factor activity
and cell differentiation. In a previous study, this protein was suggested
to play a role in oocyte maturation in pre-ovulatory follicles (Poulsen
et al., 2019). Also, the addition of MDK in the culture medium during
IVM seems to improve the maturation rate of oocytes (Nikiforov
et al, 2020). Apart from MDK, VIM was another of the 24 proteins
more accessible in hSAF that came out in the cluster of ovarian follicle
development. This protein is involved in the nuclear reprogramming
(Kong et dl., 2014; Zhao et al., 2015) and is well-known its function in
the cytoskeletal organisation.
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Figure 3. High abundance proteome identified in follicular fluid (FF) from human small antral follicles (hSAF) compared
with proteins identified by Poulsen et al. (2019) in large follicles. In the two studies, protein identification was carried out following the same
methodology. (a) Red: 163 proteins identified in FF from hSAF and not identified in large follicles. Grey: 35 proteins identified in both studies.
(b) Proteins identified in FF from large follicles and not identified in hSAF. (c) Proteins more concentrated or accessible in hSAF. (d) Cluster of
I8 proteins grouped by DAVID according to their functional role in the ovarian follicle development.
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Functional relationship of MDK and
selected proteins

To deepen our understanding of the role that MDK plays in hSAF for
follicular development, we focus on proteins strongly correlated with
this protein. Expression correlation is known as an indication of a func-
tional association between genes or proteins (Pita-Judrez et al., 2018).
Accordingly, we set out to identify proteins and pathways that would
likely act together with MDK during follicle development and oocyte
maturation using the protein expression quantified in the individual
samples. Interestingly, a significant positive strong correlation was
found between MDK and VIM (r=0.727, P=0.017). These two pro-
teins, apparently more accessible in hSAF, were also functionally clus-
tered in the previous analysis. Considering the functionality that VIM
has in the nuclear reprogramming and the cytoskeletal organisation,
we also looked for proteins significantly correlated with VIM. A set of
proteins significantly correlated (Pearson correlation: —0.7>r>0.7,
P < 0.02) with MDK and VIM was generated to explore the functional
network related to these proteins. The set included 72 and 25

Pearson
correlation (r)

(b)
Celular component

66.66%, adj p=3E-05
41.66%, ad| p=5E-07
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positively ~and  negatively  correlated  proteins,  respectively
(Supplementary Table SIX). The proteins that correlated negatively
with MDK and VIM were primarily extracellular and cytosolic (Fig. 4b).
The proteins that showed a positive correlation were predominantly
nuclear proteins.
Proteins  that  significantly  correlated with  MDK/VIM
(Supplementary Table SIX) were subjected to a biological pathway
enrichment analysis. The analysis showed a significant enrichment of
proteins positively correlated with MDK and VIM which are associ-
ated with gene regulation processes, such as transcription, chromo-
some maintenance and meiosis (Fig. 4a). These proteins are also
associated with processes related to the development and normal
function of female reproductive organs (ovaries and uterus), e.g. the
epithelial-to-mesenchymal transition (EMT) process (Bilyk et al.,
2017). Taken together, these results suggest that MDK and the
MDK/VIM protein pair could play a fundamental role in follicle de-
velopment from early antral follicles and in oocyte maturation at

later stages.

Biological pathways (adj.p-values)
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Figure 4. Functional enrichment analysis among proteins correlated positively or negatively with MDK and VIM. (a) Biological
pathways significantly enriched (BH method: adjusted P-value <0.05). (b) Comparative enrichment analysis between positively and negatively
correlated proteins based on ‘cellular components’ annotations. Bars represent the percentage of genes in each cellular component. VIM, vimentin.
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Proteomic changes in FF from small antral
follicles related to subsequent oocyte
maturation

We set out to evaluate possible proteomics changes in FF from hSAF

related to oocyte maturation. The protein profile of FF that surrounded
oocytes capable of reaching MIl (n=7) with the protein profile of FF
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that surrounded oocytes that remained immature after IVM (n=6)
were compared. The samples were collected from hSAF extracted
from six women, from which two or three samples were extracted
(see Materials and methods section). The comparison was based on
both, a multivariate (sPLS-DA) and univariate analyses (t-test). The
sPLS-DA method perfectly classified the samples according to their
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Figure 5. Proteins from human small antral follicles (hSAF) associated with upcoming oocyte maturation. (a) Sparse partial squares
discriminant analysis performed with 750 proteins quantified in |3 paired FF samples extracted from small antral follicles coming from six women.
The analysis discriminated between FF surrounding oocytes capable of achieving metaphase Il (Mll) after IVM (n=7, blue) and FF surrounding
oocytes unable to mature (n= 6, orange) after IVM. (b) Top 100 proteins that contributed to Component | of sPLS-DA to discriminate between
FF samples. Positive and negative sPLS-DA scores values mean that the protein is up- and down-regulated in FF surrounding oocytes capable to reach
M2, respectively. The bar chart indicates the contribution that each protein had in Component | (sPLS-DA) to discriminate between groups.
(c) Comparative enrichment analysis between down- and up-regulated proteins in Mll based on ‘cellular components’ annotations. Bars represent
the percentage of genes in each cellular component. (d) Functional cluster of secreted proteins involved in development, growth factors and Wnt
signal functions (clustered by DAVID software). These proteins were highlighted in red colour in the heat map shown in (b). sPLS-DA, sparse partial

least squares discriminant analysis.
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sample origin (i.e. FF surrounding oocytes mature or FF surrounding im-
mature) (see Fig. 5a). The top 100 most informative proteins involved
in the sample discrimination (shown by Component |) are displayed in
Fig. 5b. Since FF is composed of secretions from granulosa-theca
cells and the oocyte, we looked for secreted proteins according to
‘The human protein atlas’ (https://www.proteinatlas.org/). Out of
100, 42 proteins were secreted (Fig. 5b). The t-test also revealed
these proteins (Supplementary Table SIV) as significantly dysregulated
<0.05) and the fold
intensities matched with the sPLS-DA scores changes (heat map).

(adjusted  P-value changes of the
Both, down- (35) and up-regulated (65) proteins in FF from small
follicles containing oocytes capable of reaching MIl were primarily
exosome and extracellular proteins (Fig. 5¢), however, the per cent
of down-regulated proteins was higher. On the other hand, unlike
down-regulated proteins, the up-regulated were significantly enriched
in several nuclear compartments (Fig. 5c).

As we expected, MDK (adj. P=0.003) and VIM (adj. P=0.016)
were included in the top 100 most dysregulated proteins. Within the
groups of up-regulated proteins, there were || proteins significantly
correlated to MDK and VIM as evaluated above (MDH2, LMNA,
FNI, SFRP4, XRCC6, HISTIH4A, ANG, LGALS3BP, HNRNPD,
SPONI and PTK7).

To inquire into the functionality of the top 100 proteins, we per-
formed a functional annotation clustering on the DAVID bioinformatics
tool (https://david.ncifcrf.gov/) (Supplementary Table SX). Figure 5d
shows one of the functional clusters integrated of secreted proteins
(SFRPI1, SFRP4, FRZB, MDK, AGT, PCOLCE, ANG, OLFMI, VCAN)
involved in development, growth factors and Wnt signal processes.
Two and seven of these secreted proteins were down- and up-
regulated, respectively.

To further understand the role that these secreted proteins play in
the follicle, we performed a biological pathways analysis not only with
these proteins, but also with proteins that correlate to them
(Supplementary Table SXI). In this case, we wanted to include IGF
family proteins since they are stimulators of ovarian follicular develop-
ment (Mazerbourg and Monget, 2018). IGFl was included for the
correlation since it was significantly up-regulated (adj. P=0.018,
FC = 0.28) in FF containing oocytes capable of maturation.
Interestingly, IGF2 (more commonly related to human folliculogenesis)
did not change significantly. The pathways enrichment analysis revealed
biological pathways such as transcription, signalling by NOTCH
andepitelial-to-mesenchymal transition, among others (see Fig. 6).
Proteins involved in the analysis were mostly enriched in the metabo-
lism of protein pathway.

Discussion

This study is to our knowledge, the first proteomics analysis of FF
from hSAF obtained from women in their natural menstrual cycle. We
were able to identify 2461 proteins of which more than | 108 were
new to FF. The data generated constitute the largest number of pro-
teins reported to date in human FF. We present an up-to-date compi-
lation of proteins found in FF (Supplementary Table SV). Furthermore,
we identified a signature of FF proteins significantly associated with
the ability of the enclosed oocytes to sustain meiotic resumption. This
suggests that oocyte viability is affected by the FF already at the early

| Formation of Fibrin Clot (Clotting Cascade)
Metabolism of proteins

| Transcription
Signaling by NOTCH
TCF dependent signaling in response to WNT
Integrin cell surface interactions
Signaling by Interleukins
Epithelial-to-mesenchymal transition
Extracellular matrix arganization
Lipoprotein metabolism
Innate Immune System
Regulation of Insulin-like Growth Factor (IGF) transport

tdHd4S
LNSTO

percent of gene (%)
e}
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Figure 6. Pathways analysis of proteins that correlate
(adjusted P <0.05) to secreted proteins involved in develop-
ment, growth factors and Wnt signal processes. Rows
represent the pathways in which the proteins were enriched. The
heat map represents the per cent of enriched proteins that corre-
lated to each secreted protein (columns). Proteins that significantly
correlate with the secreted proteins are mostly enriched in the me-
tabolism of proteins pathways. Most of the proteins correlated with
SFRP4 were enriched in transcription pathways. To see if the corre-
lation is positive or negative, see Supplementary Table SXI. Secreted
proteins coloured in red and blue were up- and down-regulated in
metaphase I, respectively.

antral stage of follicular development. These results open up for a
better understanding of the regulation of human folliculogenesis at
earlier stages.

We demonstrated that the analysis by MS of FF from hSAF allows
the identification of a greater number of proteins compared to the
results obtained from previous analyses of larger follicles. It is well-
known that in large follicles, there are more abundant proteins, due to
the transfer of plasma constituents through the follicular basal mem-
brane as the follicle expands during the late part of folliculogenesis
(Anderson and Anderson, 2002; Zamah et al., 2015). This fact makes
the access to low abundance proteins more difficult in large follicles.
Most of the new proteins identified in this study come from the cyto-
sol and the nucleus of the cells that surround the antrum.

Follicles used in this study were obtained from ovaries removed sur-
gically from women undergoing fertility preservation. These women
did not have diseases related to the ovary and, overall, the ovaries
appeared normal at surgery. Thus, we anticipate that the identified
proteins could provide relevant physiological information related to fol-
liculogenesis. A possible limitation of our study is the uncertainty of
the proportion of the sampled follicles that are undergoing atresia.

On the other hand, we confirmed by MS that AMH and inhibin-B
are more concentrated in FF from hSAF compared to large follicles as
previously described in an ELISA experiment (Andersen and Byskov,
2006). Conversely, some proteins which were over-represented in the
large pre-ovulatory follicles compared to hSAF, may play physiological
roles for ovulation rather than for early follicular development. These
proteins included inhibin-A and AREG, which are well-known for their
determinant functional role in pre-ovulatory follicles (Zamah et al.,
2010; Poulsen et al., 2019). Several of these proteins were even up-
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regulated during ovulation, including TNFAIP6, AREG, SERPINEI and
ACPP, further highlighting their role in ovulation (Poulsen et al., 2019).

Furthermore, it was possible to identify several signalling pathways
and critical components affecting follicular growth and development.
Similar biological pathways and processes were identified when we
analysed proteins well-correlated to MDK/VIM and proteins well-
correlated to those secreted and dysregulated in FF that contain
oocytes capable of reaching MIl. The biological pathways involved
processes linked to follicular development. The chromosome mainte-
nance and nucleosome assembly pathways appeared as part of the
chromosome organisation of the GC that supports the progression of
follicular growth and maturation. In addition, the EMT process is
important for folliculogenesis (Kim et al., 2014) and VIM is a well-
known marker of the EMT process (Mirantes et al., 2013). Numerous
signalling pathways participate together in EMT up-regulation including
PI3K-Akt, EGF, TGF-B, hepatocyte growth factor, MAPK-ERK, NF-kf3,
Whnt, Notch, estrogen-receptor-a. (ER-o) and HIF-lo. A similar analy-
sis can be performed for the family of frizzled-related proteins (SFRPI,
SFRP3, SFRP4) which in addition were up-regulated in FF surrounding
oocytes capable of maturing to MIl. SFRPs family function as modula-
tors of Wnt signalling through direct interaction with Whnts. This is a
targeted pathway that involves secreted glycoproteins that control
development in organisms (Mikels and Nusse, 2006) and is also up-
regulated in EMT. Thus, the observation of the extracellular matrix
protein 2 (ECM2) in the enriched EMT pathway is not surprising.
These ECM proteins regulate EMT via interactions with specific integ-
rin receptors (Chen et al., 2013).

Specifically, MDK has been reported to have a pro-survival effect
on cumulus-GC (lkeda and Yamada, 2014). This could explain why
proteins significantly correlated (positively) with MDK were enriched in
the caspase cascade in the apoptosis pathway. Generally, proteins
involved in this pathway are commonly degraded and become markers
for apoptosis (VIM, PARPI, LAMNB2 and TOPI). For example, the
caspase proteolysis of VIM promotes apoptosis by dismantling
intermediate filaments (Byun et al., 2001).

For its part, VIM is a protein responsible for maintaining cell shape
and cytoplasm integrity, as well as stabilising cytoskeletal interactions
(Eriksson et al., 2009). In addition, VIM was found to be expressed in
mouse GC during folliculogenesis and the strongest expression was at
earliest stages of follicle growth (Mora et al, 2012). Other studies
demonstrated that VIM is required for successful nuclear reprogram-
ming in porcine cloned embryos (Kong et al., 2014).

With the significant dysregulation of 100 proteins, it was demon-
strated that changes occur at early follicular stages that could affect
the subsequent oocyte maturation process. Interestingly, within the
IGF family proteins, IGFI, well-known to be mainly active in non-
human species, was up-regulated in this study in FF containing oocytes
capable of reaching Mll. This finding could be linked with the effect
that IGF| has at early follicular stages. Stubbs et al. (2013) demon-
strated that IGF-| stimulates the initiation of follicle growth in cultured
ovarian tissue from the normal human ovary (Stubbs et al., 2013). On
the other hand, IGF| has been described to play an important role in
mouse oocyte competence and IVM (Toori et al., 2014).

The dysregulated secreted proteins and their correlated network of
proteins were involved in pathways such as EMT, extracellular matrix
organisation, transcription and metabolism of proteins, among others.
In this case, MDK appeared to be up-regulated in FF surrounding

oocytes capable of maturing (to MIl), which is a piece of valuable infor-
mation to add to the wide range of studies conducted on this protein
in the field of reproductive medicine.

MDK is a member of a family of neurotrophic factors that functions in
the central nervous system, and which has been discovered to be
expressed in ovarian follicles (Muramatsu et al., 1993; Hirota et al., 2005,
2007; Rauvala, 1989). It has been suggested that MDK is involved in cyto-
plasmatic maturation of bovine ovarian oocytes and it has been related to
the promotion of oocyte developmental competence (lkeda and Yamada,
2014). This protein acts indirectly via GCs, as no effect is observed in na-
ked oocytes (lkeda et al., 2006). This is the first time that MDK has been
identified in hSAF. Previously, it has been identified in FF from large fol-
licles by western blotting (Hirota et al., 2007) and recently it was identified
in large follicles by MS (Poulsen et al., 2019; Zhang et al.,, 2019; Li et dl.,
2020). In the study performed by Poulsen et al. (2019), MDK was sug-
gested to play a role in oocyte maturation and, recently, the direct impact
of MDK in oocyte maturation was assessed by Nikiforov et al. (2020). In
their study, it was shown that the addition of MDK in the culture medium
during IVM significantly improved the maturation rate of oocytes collected
from surplus ovarian tissue after fertility preservation (Nikiforov et dl,
2020). On the other hand, Ozdemir et al. found that the MDK levels in
FF and serum may lead to an increase in blastocyst development. They
also found that the level of MDK is higher in pregnant than in non-
pregnant IVF-ICSI patients (Ozdemir et dl., 2020).

Collectively, we present in this study, the first characterisation of
proteins from hSAF in their natural state by MS. Several proteins ob-
served in this study may have a strong relationship with the follicular
developmental process. Furthermore, these data enforce that MDK
and VIM are intimately involved in the regulation of oocyte perfor-
mance in connection with meiotic resumption as observed close to
ovulation. Most importantly, however, is that these results demon-
strate that profound and significant differences exist in FF from follicles
already at a non-selected stage with a diameter of below 9 mm,
predicting the ability of the enclosed oocyte to sustain meiotic re-
sumption. If this can be confirmed in further studies, it demonstrates
that the viability of the oocyte is determined early on in follicular de-
velopment and may open up new pathways for augmenting or attenu-
ating subsequent oocyte viability in the pre-ovulatory follicle when
ready to undergo ovulation.

Supplementary data

Supplementary data are available at Human Reproduction online.
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