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Objective: Hyperstimulation methods are broadly used for in vitro fertilization (IVF) in patients with infertility; however, the side effects associ-
ated with these therapies, such as ovarian hyperstimulation syndrome (OHSS), have not been well studied. N-glycoproteomes are subpro-
teomes used for the remote sensing of ovarian stimulation in follicular growth. Glycoproteomic variation in human follicular fluid (hFF) has not
been evaluated. In this study, we aimed to identify and quantify the glycoproteomes and N-glycoproteins (N-GPs) in natural and stimulated
hFF using label-free nano-liquid chromatography/electrospray ionization-quad time-of-flight mass spectrometry.

Methods: For profiling of the total proteome and glycoproteome, pooled protein samples from natural and stimulated hFF samples were selec-
tively isolated using hydrazide chemistry to obtain the total proteomes and glycoproteomes. N-GPs were validated by the consensus sequence
N-X-S/T (92.2% specificity for the N-glycomotif at p < 0.05). All data were compared between natural versus hyperstimulated hFF samples.
Results: We detected 41 and 44 N-GPs in the natural and stimulated hFF samples, respectively. Importantly, we identified 11 N-GPs with great-
er than two-fold upregulation in stimulated hFF samples compared to natural hFF samples. We also validated the novel N-GPs thyroxine-bind-
ing globulin, vitamin D-binding protein, and complement proteins C3 and C9.

Conclusion: We identified and classified N-GPs in hFF to improve our understanding of follicular physiology in patients requiring assisted re-

production. Our results provided important insights into the prevention of hyperstimulation side effects, such as OHSS.
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Introduction

Human infertility problems can often be overcome through in vitro
fertilization (IVF) methods and artificial reproductive technologies
(ARTs), which have been used since 1978 [1]. Hyperstimulation meth-
ods increase the retrieval of mature oocytes and improve IVF success
rates; indeed, in the United States, the pregnancy rate of patients un-
dergoing IVF has increased to 37.4% [2]. However, hyperstimulation
via gonadotropin injection causes deterioration of the quality and
maturity of oocytes in some patients, including patients with poly-
cystic ovary syndrome (PCOS) and unexplained poor responders.
Furthermore, in some patients, hyperstimulation increases the risk of
ovarian hyperstimulation syndrome (OHSS), which is associated with
multiple growing follicles responding to follicle-stimulating hormone
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(FSH) hyperstimulation. PCOS is characterized by hyperandrogenism,
anovulation, and delayed growth in numerous small antral follicles
without the formation of mature follicles that proceed to ovulation.
After human chorionic gonadotrophin (hCG) administration, multi-
ple follicular development increases, and some patients exhibit OHSS
[3,4]. The mechanisms underlying the increased sensitivity of pa-
tients with PCOS and OHSS to exogenous gonadotropins have not
been clearly elucidated.

The maturation and quality of oocytes affect fertilization and em-
bryo development in relation to repeated IVF failure and miscarriage.
Genomic approaches have been used to analyze the maturation and
dysfunction of oocytes. Recently, the development of proteomic
analysis techniques has facilitated many new studies in biomedical
research. The protein compositions of follicular fluid [5-10], fallopian
fluid [9,11], granulosa cells [12,13], uterine tissues [14,15], and male
reproductive fluid [16-18] have been reported. Follicular fluid con-
tains various factors that mediate the growth of follicles and oocytes,
and is therefore associated with follicle growth [2,7,19].

Spitzer et al. [20] compared the complex protein patterns of human
follicular fluid (hFF) in mature and immature human follicles by two-
dimensional electrophoresis; subsequently, several mass spectrome-
try (MS) techniques, including surface-enhanced laser desorption/
ionization time-of-flight (TOF) MS and nano-liquid chromatography
(LC) matrix-assisted laser desorption/ionization TOF/TOF MS [21-23],
have shown significantly increased numbers of proteins that were not
previously reported in hFF. The majority of proteins identified have
been plasma-matched proteins, primarily represented by acute-
phase proteins and some low-copy proteins, including sex hormone-
binding globulin and inhibin A [6,24]. However, those studies identi-
fied only variations in the protein composition of hFF samples and
plasma collected from patients participating in IVF programs.

During translation, proteins undergo maturation processes, such as
folding, bonding, and glycosylation. Glycosylation is an important
enzymatic process that links saccharides to produce glycan mole-
cules, which are attached to biological protein molecules, such as
proteins, lipids, or other organic molecules. During or after transla-
tion, proteins are subject to N- and O-linked glycosylation, resulting
in alterations in their functions and activities; for example, glycosyl-
ation has been shown to affect proteins involved in cell-cell adhe-
sion, cell migration, protease protection, signaling, and protein struc-
ture [12,13,25,26]. These physiological events are pivotal in folliculo-
genesis and ovulation, and therefore female reproduction, in verte-
brates. Furthermore, studies have reported that alterations in glyco-
proteins can be related to the acrosome reaction, fertility, preterm la-
bor, and immune responses [27-31]. Therefore, the application of
powerful glycoprotein profiling approaches, specifically N-glycopro-
teome analysis, in reproductive medical research may significantly
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contribute to a comprehensive understanding of OHSS and PCOS.

Despite the important roles of glycoproteins, few studies have per-
formed glycoprotein profiling in the female reproductive system.
Moreover, limited information is available concerning the character-
istics and functions of the identified total proteins, which may in-
clude glycoproteins, in natural and stimulated hFF samples [8-
10,23,32,33]. Additionally, hFF glycosylation in stimulated and natu-
ral cycles has not been assessed. Furthermore, among the glycopro-
teins found in hFF, the N-glycoproteins (N-GPs) in hFF have yet to be
identified and their potential physiological functions have yet to be
studied. Accordingly, in this study, we performed a glycoproteome
analysis of natural and stimulated hFF samples using nano-LC/elec-
trospray ionization-quad-TOF (Q-TOF) MS and by isolating and en-
riching glycoprotein digests using hydrazide chemistry, which is
highly efficient for enriching N-linked glycoproteins [34]. The identi-
fied glycoproteins and N-GPs were subjected to pathway analysis to
investigate the enriched signal pathways in each sample.

Methods

1. Follicular fluid collection

hFF samples from 17 women (aged 24-38 years) were obtained
from the Fertility Center of Eulji Medical Center, Seoul, Republic of
Korea under IRB EMC 2015-02-006. No differences in the general
population characteristics were identified except for estradiol levels
on the day of hCG administration. The patient groups had similar
past obstetric histories in past pregnancies. (p>0.99). The primary
infertility diagnoses were male factor or tubal infertility. Samples col-
lected during natural cycles (n=4) were obtained from patients with
tubal infertility, normal ovaries on ultrasound, and regular menstrual
cycles, as confirmed by endometrial biopsy during the previous cy-
cle. For the stimulated cycles (n=13), a standard IVF treatment pro-
tocol was applied, including controlled ovarian FSH hyperstimulation
using a gonadotropin-releasing hormone antagonist with hCG ad-

Table 1. Clinical information of the patients

Characteristics Natural (n=4) Stimulated (h=13) p-value
FSH (mIU/mL) 13.22+4.31 832+047 0.23
LH (mIU/mL) 3.98+0.86 5.28+0.73 0.40
Prolactin (ng/mL) 15.10+3.40 1414+147 0.77
Basal E (pg/mL) 129.72+101.17  69.18+21.62 0.95
Testosterone (ng/mL) 0.23+£0.05 0.33+£0.05 0.28
DHEA-S (ug/dL) 2054+16.31 264.2+62.76 0.95
TSH (pIU/mL) 1.46+0.30 3.08+0.42 0.02
No. of retrieved oocytes 1.50+£0.29 17311224 0.01

Values are presented as mean = standard errors.
FSH, follicle-stimulating hormone; LH, luteinizing hormone; E,, estradiol;
DHEA-S, dehydroepiandrosterone sulfate; TSH, thyroid-stimulating hormone.

https://doi.org/10.5653/cerm.2017.44.2.63



HJLimetal. N-GPsanalysis of hFF in IVF cycle

ministration to induce follicular/egg maturation. Oocyte transvaginal
ultrasound retrieval was performed 36 hours after hCG administra-
tion. The patient groups had similar past obstetric histories (all preg-
nancies, p >0.99), with no significant differences in their medical his-
tories regarding diabetes, eating disorders, depression, cancer, hy-
pertension, hyperthyroidism, or uterine fibroids. The patient charac-
teristics are shown in Table 1 and Supplement 1.

Each hFF sample was obtained via puncture of the dominant ovari-
an follicles (14—22 mm in diameter) into individual tubes, and macro-
scopically clear fluids without erythrocytes were collected. Following
oocyte isolation, the hFF was centrifuged to remove cellular compo-
nents and debris. Collected samples were transferred to sterile poly-
propylene tubes and frozen at —70°C for further analysis.

2. Depletion procedures

The sample preparation procedure is summarized in Figure 1. Prior
to the analysis of hFF proteomics, six high-abundance proteins in the
hFF samples were depleted using a multiple affinity removal (MARS)
column (human 6, 4.6 x 50 mm; Agilent Technologies, Santa Clara,
CA, USA) for enhancing the detection sensitivity of proteomic profil-
ing in the hFF samples [35]. The proteins in pools of flow-through
low-abundance fractions for each sample were collected and then
loaded onto the column. The depleted sample solutions were con-
centrated using an Amicon membrane filter (Ultra-4 10000 NMWL;
Millipore, Billerica, MA, USA) by centrifugation at 4,000 g for 16
minutes. After concentration, 8 M urea with 0.1 M Tris (pH 7.9) was
added, and samples were centrifuged at 4,000 x g for 16 minutes. Fi-

Human follicular fluid

|| Natural cycle vs. stimulated cycle ‘I
v
MARS column
A R4
[ Total protein profile ] [ N-glycoprotein profile
¥
OFFGEL fractionation l,
$ LC-MS-MS
LC-MS-MS

'l |

Data analysis and functional analysis

Figure 1. Experimental flow of the comparative analysis of natural-
cycle versus stimulated-cycle human follicular fluid using a pro-
teomics approach. MARS, multiple affinity removal; LG, liquid chro-
matography; MS, mass spectrometry.
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nally, the supernatants were collected for further analysis.

3. Sample preparation and fractionation

The concentrations of proteins from the MARS column were mea-
sured using a Quant kit (GE Healthcare, Piscataway, NJ, USA) with
standard controls (bovine serum albumin: 0, 1, 2, 4, 8, and 16 ug).
Protein samples (1 mg) were treated with 5 mM Tris (2-carboxyethyl)
phosphine (TCEP; Pierce, Rockford, IL, USA) and then incubated at
37°C at 300 rpm for 30 minutes for reduction. Next, 15 mM iodoacet-
amide (Sigma-Aldrich, St. Louis, MO, USA) was added to each sample,
and samples were incubated at room temperature at 300 rpm for 1
hour in the dark. Following trypsinization (Promega, Madison, WI,
USA) at a ratio of 1:20, samples were incubated overnight at 37°C at
300 rpm. In order to clean up the samples, peptide mixtures were
loaded and flushed on a C18 cartridge (Waters, Milford, MA, USA),
and the peptides were then eluted with 80% acetonitrile/0.1% for-
mic acid solution. The peptides were then completely dried using a
centrifugal concentrator (Scanvac, Lynge, Denmark), and the dried
peptides were dissolved in 20 pL of 0.1% formic acid for MS analysis.

An OFFGEL fractionator with a 12-well setup (3100 OFFGEL Low Res
kit, pH 3-10; Agilent Technologies) was used according to the proto-
col for isoelectric point-based fractionation. The peptide samples
were diluted in distilled water containing 1% ampholytes, and 0.15
mL of the diluted sample was loaded in each well. The default meth-
od used for the fractionation was as follows: limits of focusing’ phase:
8,000V, 50 pA, 200 mW, and 100 hours; limits of ‘hold’ phase: 500V,
20 pA, and 50 mW. The temperature was set to 20°C.

4. Microcapillary chromatography-MS/MS

A high-performance liquid chromatography (HPLC)-chip/Q-TOF sys-
tem (Agilent Technologies) was used for sample analysis. The system
consisted of an Agilent 1200 series nano-LC system and an Agilent
6520 Q-TOF coupled with a chip cube interface. The HPLC chip com-
prised a 160-nL enrichment column and a 75 pm (diameter) x 150
mm separation column packed with Zorbax 300SB-C18 (5 pm; Agilent
Technologies, Santa Clara, CA, USA). The sample-loading capillary
pump administered the solvent of 97% buffer A (water with 0.1% for-
mic acid) and 3% buffer B (90% acetonitrile/0.1% formic acid) at a flow
rate of 4 uL/min. A nano-pump was used to generate a separation-
driven solvent composition gradient of 10% to 45% by pumping buf-
fer Bfor 0 to 15 minutes. The buffer B percentage was then changed to
90% for 15 to 20 minutes and back to 10% for 20 to 30 minutes. The Q-
TOF mass spectrometer was set to positive ionization mode. The dry-
ing gas (nitrogen gas) flow was set at 5 L/min and 300°C. Eluting pep-
tides were selected for collision-induced dissociation during alterna-
tive procedures for MS scanning over the m/z range of 300 to 2,400 at
a rate of 4 spectra/s and MS/MS scanning over the range of 100 to
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3,000 m/z at 3 spectra/s. The isolation window was 4 m/z.

5. Glycoprotein capturing and analysis

Protein samples (1 mg each, three replicates) were digested into
peptides by trypsinization. Hydrazide resin (Affi-Prep beads; Bio-Rad,
Hercules, CA, USA) was used to conduct glycocapturing as previously
described [36]. Validation of the identified N-GPs was carried out
based on the consensus sequence N-X-S/T (Spectrum Mill, Agilent
Technologies), a unique acceptor sequence conserved in N-glycosyl-
ation. Prepared samples were analyzed using an HPLC-chip/Q-TOF
system as previously described.

6. Database search and analysis

To identify peptides, all tandem mass spectra were analyzed using
Spectrum Mill (Agilent Technologies) with the Swiss-Prot database.
For the database search, the enzyme was set to trypsin with two
missed cleavages, and mass tolerance was limited to 20 and 50 ppm
for precursor and product ions, respectively. The modification param-
eters included static modification for cysteine carbamidomethylation,
a dynamic modification for methionine oxidation, and N-terminal
carbamylation. Deamidation of asparagine was included for glyco-
peptide identification. MassHunter Mass Profiler Professional software
(Agilent Technologies) was used for label-free quantification by inves-
tigating similarities and differences in features across multiple sam-
ples. MetaCore ver. 6.4 (GeneGo, St. Joseph, MI, USA) was used to vi-
sualize and analyze molecular and protein interaction networks. The
significance of biological pathways was evaluated through multiple
testing using Benjamini-Hochberg false discovery rate analysis.

7.Western blot
The pooled hFF samples were depleted using a MARS column, and
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protein concentrations were determined using Bradford protein as-
says (Bio-Rad). An equal amount of protein (50 ug) for each hFF was
loaded onto 4% to 12% NUPAGE bis-Tris precast gels (Invitrogen, Carls-
bad, CA, USA). Proteins were transferred to polyvinylidene difluoride
membranes (Bio-Rad), and membranes were incubated with primary
antibodies. All primary antibodies, including anti-thyroxine-binding
globulin (TBG), anti-vitamin D-binding protein (VDBP), anticomple-
ment C3, anticomplement C9, anti-prothrombin, and anti-actin, as
well as secondary horseradish peroxidase-conjugated mouse immu-
noglobulin G (IgG) and horseradish peroxidase-conjugated rabbit IgG,
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA)

8. Statistical analysis

The summary statistics were expressed as means + standard errors.
Data were processed with PRISM 5 (GraphPad Software, San Diego,
CA, USA). The Mann-Whitney test was used for comparisons between
the natural and stimulated groups. Differences with p-values of less
than 0.05 were considered significant.

Results

1. Identification of total proteomes and pathway map analysis

The total proteome analysis identified 126 and 167 unique proteins
in the natural and stimulated hFF samples, respectively (Figure 2A,
Supplements 2 and 3). A summary of differentially expressed total
proteins between the natural and stimulated hFF samples of patients
undergoing IVF is presented in Supplement 4. Among the 10 path-
way maps identified as statistically significant, eight were more
strongly expressed in the stimulated hFF samples than in the natural
hFF samples, including immune response, blood coagulation, protein
folding, and cell adhesion (Figure 2B). However, high-density lipopro-

Blood coagulation_blood coagulation

M Natural
B Stimulated
1 1 1 1

0 10 20 30 40
-Log (p-value)

Cell adhesion plasmin signaling

Figure 2. Proteomic profiles of total proteins in natural and stimulated hFF samples. (A) Venn diagram describing the identified proteins, in-
cluding 126 (natural-cycle hFF) and 167 (stimulated cycle hFF) proteins identified by LC-MS/MS. (B) Pathway map of the proteins identified in
natural and stimulated hFF samples. Sorting was carried out for statistically significant pathway maps. HDL, high-density lipoprotein; IL, inter-
leukin; hFF, human follicular fluid; LG, liquid chromatography; MS, mass spectrometry.
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Table 2. List of specifically identified glycoproteins versus total proteins
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Group SwissProt ID Identified protein Score Total intensity
Natural hFF POCOL5 Complement C4-B 56.98 1.03E+06
P00738 Haptoglobin 43.09 1.42E+06
P01871 Ig p chain Cregion 40.28 6.24E+05
P01877 Ig a-2 chain Cregion 21.15 2.11E+06
P02748 Complement component C9 23.71 4.94E+04
P02750 Leucine-rich a-2-glycoprotein 60.56 3.06E+05
P03951 Coagulation factor XI 33.29 6.76E+04
P03952 Plasma kallikrein 63.45 3.34E+05
P27169 Serum paraoxonase/arylesterase 1 44.55 7.02E+05
P29622 Kallistatin 22.84 1.48E+06
Q08380 Galectin-3-binding protein 8234 1.44E+05
P43251 Biotinidase 27.87 1.66E+05
Stimulated hFF PoCoL5 Complement C4-B 5348 1.41E+07
P02787 Serotransferrin 197.85 2.53E+07
P01876 Ig a-1 chain Cregion 3844 5.71E+06
P01871 Ig p chain Cregion 41.95 1.61E+06
P01859 Ig y-2 chain Cregion 123.75 2.14E+08
P01009 a-1-antitrypsin 189.12 1.10E+08
P00738 Haptoglobin 63.85 2.76E+07
hFF, human follicular fluid; Ig, immunoglobulin.
o Natural hFF e Stimulated hFF e Glycoprotein
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- Natural Stimulated
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Figure 3. Proteomic profiles of N-glycoproteins in natural and stimulated human follicular fluid (hFF) samples. Venn diagrams showing (A) total
proteins versus N-glycoproteins in natural-cycle hFF samples, (B) total proteins versus N-glycoproteins in stimulated-cycle hFF samples, and (C)
the N-glycoproteins identified in natural and stimulated-cycle hFF samples. (D) Pathway map of the N-glycoproteins identified in natural and
stimulated-cycle hFF samples. Sorting was carried out for statistically significant pathway maps. IL, interleukin; ECM, extracellular matrix.
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tein transport processes and interleukin-6-induced acute-phase re-
sponses were more strongly expressed in the natural hFF samples.

2. Identification of N-GPs and comparative analysis with
identified total proteins

A total of 41 and 44 (approximately 32.5% and 26.5% of total pro-
teins, respectively) hFF N-GPs were identified in the natural and stim-
ulated hFF samples, respectively. The specificity for the N-glycomotif
was 92.2%. The validated raw results of the consensus sequence N-X-
S/T are shown in Supplement 5, and the list of identified glycocap-
tured peptides is given in Supplements 6 and 7, and summarized in
Supplement 8. Twelve proteins (complement C4-B, haptoglobin, Ig
chain C region, Ig a-2 chain C region, complement component C9,
leucine-rich a-2-glycoprotein, coagulation factor 11, plasma kalli-
krein, serum paraoxonase/arylesterase 1, kallistatin, galectin-3-bind-
ing protein, and biotinidase) were identified only in the natural hFF
N-GPs (Table 2, Figure 3A). Additionally, seven proteins (complement
(C4-B, serotransferrin, Ig a-1 chain C region, Ig p chain C region, Ig y-2
chain C region, a-1-antitrypsin, and haptoglobin) were identified
only in the stimulated hFF N-GPs (Table 2, Figure 3B).

3. Comparative functional analysis of identified N-GPs and
their differential expression

Al statistically analyzed immune-related pathway maps, except the
interleukin-6-induced acute-phase response by GeneGo, showed in-
creased N-GP levels in the stimulated hFF samples (Figure 3D). How-
ever, protein folding- or cell adhesion-related N-GPs were more ex-
tensively expressed in the natural hFF samples (Figure 3D). Thirty-five
N-GPs were commonly detected in both natural and stimulated hFF
samples, while 6 and 9 N-GPs were identified only in the natural and

Clin Exp Reprod Med 2017;44(2):63-72

stimulated hFF groups, respectively (Table 3, Figure 3C). The 3 N-GPs
identified only in the natural hFF group, including a-2-macroglobulin,
vitronectin, and fibrinogen y, were related to cell adhesion and extra-
cellular matrix structuring/organization (Table 4). In contrast, 10 N-
GPs in the stimulated hFF samples were related to complement pro-
cesses or immune reactions (Table 4). An N-GP process network anal-
ysis of the natural and stimulated hFF samples showed different func-
tional changes in proteins involved in the immune response.

4.Validation of differentially expressed proteins

To confirm the differential expression of N-GPs, TBG and VDBP,
which are known to be important in reproduction, were validated by
western blotting and found to be significantly upregulated in the
stimulated hFF samples compared with the natural hFF samples (Fig-
ure 4). Proteins related to the complement and coagulation path-
ways, including C3, €9, and prothrombin, were also validated by
western blotting. The stimulated hFF samples showed increased ex-
pression of C3, C9, and prothrombin, consistent with our N-GP net-
work (Figure 4).

Discussion

The pregnancy rate of patients who undergo IVF is related to the
patient’s response to controlled ovarian hyperstimulation with an ex-
ogenous gonadotropin, and the composition of the hFF as a micro-
environment for oocyte development and maturation [37]. There-
fore, the composition of hFF is associated with the stage of oocyte
development and the degree of follicle maturation [38]. However,
the factors involved in follicular growth are largely unknown. Thus,
investigating hFF content and function may provide insights into the

Table 3. Differentially expressed glycoproteins in natural and stimulated human follicular fluid samples

Natural cycle Stimulated cycle

Classification SwissProt ID Identified protein
Score Abundance ratio Score Abundance ratio
Natural cycle only P01023 a-2-macroglobulin 21.69 5.23E+04
P04004 Vitronectin 27.14 1.25E+05
P02679 Fibrinogen y chain 24.7 5.31E+05
P19823 Inter-a-trypsin inhibitor heavy chain H2 2143 2.22E+06
P01857 Ig y-1 chain Cregion 128.35 7.61E+06
P01877 Ig a-2 chain C region 21.15 2.11E+06
Stimulated cycle only P02774 Vitamin D-binding protein 20.04 9.65E+04
P55058 Phospholipid transfer protein 20.63 1.30E+05
P06681 Complement C2 36.81 4.28E+05
P47972 Neuronal pentraxin-2 20.62 5.23E+05
P05543 Thyroxine-binding globulin 2135 8.22E+05
P01024 Complement C3 51.37 4.47E4+06
P01009 a-T-antitrypsin 189.12 1.10E+08
P01876 Ig a-1 chain Cregion 3844 5.71E+06
P01859 Ig y-2 chain Cregion 123.75 2.14E+08

Ig, immunoglobulin.
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Table 4. Classification of N-GPs in natural and stimulated human follicular fluid samples according to GO processes

No. Network name Process Size Target p-value
Natural cycle-only N-GPs
1. Vitronectin, fibrinogen gamma, a-2-macroglobulin, Regulation of cell-substrate adhesion (35.4%) 53 3 2.58e-10
focal adhesion kinase 1, talin Cell-substrate adhesion (31.2%)
Extracellular matrix organization (35.4%)
Extracellular structure organization (35.4%)
Single organism cell adhesion (41.7%)
Stimulated cycle-only N-GPs
1. Complement 3b, complement 3, complement 3a, Regulation of complement activation (19.4%) 52 9 1.33e-28
complement 2b, complement 2a Regulation of protein activation cascade (19.4%)
Response to chemicals (83.3%)
Regulation of protein metabolic processes (66.7%)
Defense response (52.8%)
2. Fc fragment of IgG receptor and transporter, IgG2 Fc-gamma receptor signaling pathway (100.0%) 4 1 3.94e-04

Fc receptor signaling pathway (100.0%)
Humoral immune response (100.0%)
Phagocytosis, recognition (75.0%)
Phagocytosis, engulfment (75.0%)

N-GP, N-glycoproteome; GO, gene ontology; IgG, immunoglobulin G.
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Figure 4. Validation of N-glycoproteins identified only in the stimu-
lated-cycle human follicular fluid samples by western blotting. TBG,
thyroxine-binding globulin; VDBP, vitamin D-binding protein.
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physiological processes controlling follicular development and lead
to increased ART success rates.

Previous studies have reported that the N-GP has important roles in
cell migration, angiogenesis, and cell-cell adhesion [39]. Moreover,
our data suggest that glycoprotein capturing may be a useful tech-
nique for understanding the differences in human folliculogenesis
and oocyte maturation and for identifying methods to prevent OHSS
or other side effects of hyperstimulation. These newly detected N-
GPs perform pivotal physiological roles in the regulation of oocyte
maturation and ovulation during folliculogenesis via various path-
ways, including the regulation of fibrinolysis, blood coagulation, cho-
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lesterol homeostasis, inflammation, and complement and antioxi-
dant pathways. By glycocapturing, we found two interesting glyco-
proteins, TBG and VDBP, in the stimulated hFF group. TBG binds thy-
roid hormone in circulation and is one of the three proteins (along
with transthyretin and albumin) responsible for carrying the thyroid
hormones thyroxine (T.) and 3,5,3"-triiodothyronine (Ts) in the
bloodstream [40]. TBG production can be modified by steroid regula-
tors, such as estrogen and corticosteroid [40-42]. In the late follicular
phase, high levels of estrogen have stimulatory effects on the hypo-
thalamus, leading it to release gonadotropin-releasing hormone,
which in turn stimulates the expression of pituitary luteinizing hor-
mone and FSH and stimulates late oocyte maturation [43]. Evalua-
tion of the TBG concentration in hFF could be an alternative diagnos-
tic tool for monitoring follicular growth and oocyte maturation dur-
ing ART programs for ovarian disorders. VDBP belongs to the albu-
min gene family, together with human serum albumin and
a-fetoprotein. VDBP is a multifunctional protein found in plasma, as-
citic fluid, cerebrospinal fluid, and the surface of many cell types. Ad-
ditionally, VDBP binds to vitamin D and its plasma metabolites and
transports them to target tissues [44]. VDBP is known to be present
in the human ovary and is thought to have an important role in the
local regulation of ovulation and follicular growth [8,45].
Interestingly, we found that the expression of several complement
proteins increased in stimulated hFF. Complement component C9 in
stimulated hFF has been reported to have a vital role in follicular an-
giogenesis [6,46,47]. The levels of complement activity, including
complement components C3, C4, and C9, in the hFF samples are as-
sociated with higher levels of vascular endothelial growth factor
(VEGF) levels than are present in serum samples of women undergo-
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ing IVF. Thus, complement components are fundamentally involved
in perifollicular angiogenesis and may significantly affect oocyte
maturation and quality [48-50]. Previous reports have shown that
VEGF expression is increased in patients with PCOS and is related to
OHSS [51-53]. Moreover, several complement proteins and comple-
ment factors are related to VEGF and angiogenesis [54-56]. In this
study, we detected and identified complement C3, C4A, and C7 in
both groups of hFF samples. Interestingly, hFF N-GP analysis detect-
ed C4-B and C9 in both hFF groups, whereas C2 and C3 were only
detected and identified in stimulated hFF samples.

Evidence has shown that inflammation and immune responses are
highly activated in patients following abnormal hyperstimulation [57].
Consistent with this, our data showed that the upregulated N-GPs in
the stimulated hFF samples were related to inflammation (haptoglo-
bin and a-1-antitrypsin) and immune responses (g a-2 chain C region
and Ig y-1 chain C region). Inflammatory reactions have been report-
ed to be associated with ovulation [58]. Additionally, the identified N-
GPs in the stimulated hFF (prothrombin, hemopexin, galectin-3-bind-
ing protein, 3-2-glycoprotein 1, inter-a-trypsin inhibitor, zinc-a-2-
glycoprotein, and complement component C9) are involved in coag-
ulation, cell-cell adhesion, and angiogenesis [24,59].

In summary, this is the first report describing the comparative N-GP
profiling of natural and stimulated hFF samples from hyperstimulat-
ed ovaries in patients treated under an IVF program. Based on our re-
sults, we identified the N-GPs TBG, VDBP, C9, and prothrombin as
useful for monitoring patients to ensure that they achieve successful
hyperstimulation during IVF and to help prevent the side effects of
IVF. Measurement of the changes in glycoproteins in hFF may pro-
vide prognostic value for a wide range of fertility problems and may
therefore improve our understanding of oocyte quality and female
reproduction. However, we were only able to obtain four natural hFF
samples for this study because of problems with sampling. Accord-
ingly, additional hFF samples are needed for further validation and
elucidation of the relationship between oocytes and hFF compo-
nents during IVF for the prevention of OHSS or other diseases.

This study is a novel approach, in which the N-GP was analyzed as a
component of the functional protein analysis of hFF, but it has limita-
tions in many areas. First, only a limited number of samples were
used in the experiment due to the difficulty of sampling the natural
cycle group. It was therefore difficult to find verified indicators and
obtain a statistically verifiable result. For this reason, we are currently
working on preparing a larger sample, taking into account age, hy-
perstimulation method, oocyte maturation, and pregnancy. This will
help to validate the results of this study and ensure the objectivity of
future studies. In addition, we will assess changes in the functional
proteins in cases of OHSS induced by controlled ovarian hyperstimu-
lation through the analysis of OHSS patients’ hFF, although such
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samples were excluded from this study.
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