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Abstract: Up to 30% of men with normal semen parameters suffer from infertility and the reason for
this is unknown. Altered expression of sperm proteins may be a major cause of infertility in these men.
Proteomic profiling was performed on pooled semen samples from eight normozoospermic fertile men
and nine normozoospermic infertile men using LC-MS/MS. Furthermore, key differentially expressed
proteins (DEPs) related to the fertilization process were selected for validation using Western blotting.
A total of 1139 and 1095 proteins were identified in normozoospermic fertile and infertile men,
respectively. Of these, 162 proteins were identified as DEPs. The canonical pathway related to free
radical scavenging was enriched with upregulated DEPs in normozoospermic infertile men. The
proteins associated with reproductive system development and function, and the ubiquitination
pathway were underexpressed in normozoospermic infertile men. Western blot analysis revealed the
overexpression of annexin A2 (ANXA2) (2.03 fold change; P = 0.0243), and underexpression of sperm
surface protein Sp17 (SPA17) (0.37 fold change; P = 0.0205) and serine protease inhibitor (SERPINA5)
(0.32 fold change; P = 0.0073) in men with unexplained male infertility (UMI). The global proteomic
profile of normozoospermic infertile men is different from that of normozoospermic fertile men. Our
data suggests that SPA17, ANXA2, and SERPINA5 may potentially serve as non-invasive protein
biomarkers associated with the fertilization process of the spermatozoa in UMI.

Keywords: male infertility; normozoospermic infertile men; unexplained male infertility; sperm
proteomics; biomarkers

1. Introduction

Male infertility is a global problem that accounts for 50% of infertility cases [1]. Several conditions
are associated with the incidence of male infertility. These include both congenital and acquired
conditions such as varicocele, genital tract infection, hormonal disturbance, genetic defects, lifestyle
changes, exposure to toxins, etc. [2]. Infertility in men is also reported due to unknown causes and is
either termed idiopathic or unexplained male infertility (UMI). Idiopathic male infertility is associated
with an abnormal semen parameter [3]. UMI is the inability of the male to establish pregnancy, despite
having normal semen parameters without any known cause of infertility and the absence of a female
infertility factor [4]. Laboratory evaluation of male infertility begins with conventional semen analysis,
which includes key sperm parameters such as concentration, motility, morphology, and viability [5].
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Abnormal semen parameters are considered an indicator of subfertility in men. However, up to 30% of
men with normal semen parameters (normozoospermic) are diagnosed with UMI as the reason for
infertility is unknown [3,6].

The subcellular factors associated with the fertilization failure of spermatozoa are not clearly
explained with conventional semen analysis. Proteomics has emerged as an important tool to identify
the underlying etiology in defective spermatozoa. High throughput techniques such as LC-MS/MS
are able to effectively profile the proteins present in the spermatozoa [7]. A change in the expression
of the sperm proteins may be a major cause of subfertility in normozoospermic men. The molecular
mechanisms associated with sperm functions, such as motility, capacitation, an acrosomal reaction, and
fertilization (sperm–oocyte interaction), are reported to be altered in the spermatozoa of infertile men
with normozoospermic semen parameters [8]. The dysregulated proteins have been related to sexual
reproduction, the metabolic process, cell growth and/or maintenance, protein metabolism, and protein
transport [9]. In addition, the proteins involved in the chromatin assembly process have been shown to
be defective in in vitro fertilization failure spermatozoa from normozoospermic infertile men [10,11].

Although earlier proteomic studies provided evidence of defective sperm proteins in UMI [8,12,13],
the identification of proteins was limited by the 2D-electophoresis technique [14]. There is a chance of
missing less abundant proteins expressed in the spermatozoa. Robust shot-gun proteomic techniques
such as LC-MS/MS can detect the maximum number of peptides in a given sample. Recently,
Azpiazu et al., used the LC-MS/MS platform to profile the sperm proteins in normozoospermic infertile
men. However, only one protein serine/arginine-rich splicing factor kinase 1 (SRPK1) was validated
using the Western blot technique [10]. This study was designed to (1) compare the quantitative sperm
proteome of normozoospermic infertile men (UMI) with normozoospermic fertile men, and (2) validate
the proteins associated with the fertilization process using the conventional Western blot technique.

2. Materials and Methods

2.1. Study Participants and Semen Analysis

This study was approved by the Institutional Review Board (IRB) of the Cleveland Clinic
(#11-451). All participants signed an informed written consent form at the Andrology Center, Cleveland
Clinic. The semen samples from healthy normozoospermic fertile men (n = 8) and normozoospermic
infertile men/UMI subjects (n = 9) were used for proteomic analysis in compliance with the Minimum
Information about a Proteomics Experiment (MIAPE) guidelines of the Human Proteome Organization’s
Proteomics Standards Initiative (HUPO-PSI) for reporting proteomics studies [15]. Semen samples
were collected after 2–3 days of sexual abstinence and were allowed to liquefy completely for 20–30 min
at 37 ◦C. Semen volume, sperm motility, and concentration were evaluated according to the World
Health Organization (WHO) 2010 guidelines [5]. Sperm parameters were considered normal when the
semen volume was ≥1.5 mL, sperm concentration was ≥15 million/mL, total sperm motility was ≥40%,
and normal sperm morphology was ≥4%, as per the WHO criteria [5]. Semen samples from all the
subjects were cryopreserved in TEST-yolk buffer (TYB; Irvine Scientific, Santa Ana, CA, USA) using
slow freezing protocol [16].

2.2. Inclusion and Exclusion Criteria

All the normozoospermic healthy fertile men included in this study had initiated pregnancy
or fathered a child in the last two years. However, the normozoospermic infertile men had failed
to establish pregnancy after two years of unprotected intercourse, with their female partner having
normal reproductive health. All participants included in the study were nonsmokers, non-alcoholic,
and had a normal body mass index.

Men with leukocytospermia (Endtz positive), varicocele, azoospermia, and oligozoospermia
(<106 sperm mL−1) were excluded from the study. Patients with a recurring fever prior to 90 days of
semen analysis were excluded. Infertile men with genetic defects and a reproductive tract infection
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diagnosed by andrological examination were not included in the present study. All the study
participants with a history of erectile dysfunction, systemic illness, inflammation of the reproductive
tract (orchitis, epididymitis, urethritis, and testicular atrophy), and sexually transmitted diseases were
also excluded.

2.3. Sperm Protein Extraction and Quantification

Samples were thawed at 37 ◦C for 20 min and centrifuged at 4000× g for 10 min to
isolate spermatozoa. The sperm pellet was washed four times with phosphate buffered saline
(PBS; Irvine Scientific, Santa Ana, CA, USA) and centrifuged at 4000× g for 10 min, at 4 ◦C.
Radio-immunoprecipitation assay (RIPA; Sigma-Aldrich, St. Louis, MO, USA) buffer supplemented
with Protease Inhibitor Cocktail, cOmplete™ULTRA Tablets, EDTA-free (Roche, Mannheim, Germany)
was added to the sperm pellet (100 µL RIPA/106 sperm) and left overnight at 4 ◦C for cell lysis. Samples
were centrifuged at 10,000× g for 30 min, at 4 ◦C, and the supernatant was transferred to a new
centrifuge tube. Protein quantification in the fractions was performed using the Pierce BCA Protein
Assay kit (Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer’s instructions.

2.4. Liquid Chromatography-Tandem Mass Spectrometry

Pooled samples from eight normozoospermic fertile men and nine from normozoospermic infertile
men were used for global proteomic analysis by LC-MS/MS. The samples in each pool were mixed
with SDS-PAGE buffer and separated on a 1D gel and run in triplicate. For protein digestion, the
bands were cut to minimize excess polyacrylamide, and divided into a number of smaller pieces. After
washing the gel pieces with water and dehydrating them in acetonitrile, the bands were reduced with
dithiothreitol and alkylated with iodoacetamide. Subsequently, all bands were digested in-gel using
trypsin, by adding five µL of 10 ng/µL trypsin to 50 mM ammonium bicarbonate and incubating the
sample overnight at room temperature to achieve complete digestion. The peptides formed were
extracted from the polyacrylamide in two aliquots of 30 µL 50% acetonitrile with 5% formic acid. These
extracts were combined and evaporated to <10 µL in Speedvac and then resuspended in 1% acetic acid
to make up a final volume of ~30 µL for LC-MS analysis.

The LC-MS/MS system was a Finnigan LTQ-Orbitrap Elite hybrid mass spectrometer system.
The HPLC was performed using a Dionex 15 cm × 75 µm id Acclaim Pepmap C18, 2 µm, 100 Å
reversed phase capillary chromatography column, as described in our previous publication [17]. The
data was analyzed using all collision-induced dissociation (CID) spectra collected in the experiment
to search the human reference sequence databases (http://www.hprd.org/) with the search program
Mascot and Sequest. Protein identification criteria were established at a >99% probability to achieve a
false detection rate (FDR) <1%. These search results were then uploaded into the program Scaffold
(Proteome Software Inc., Portland, OR, USA; version 4.0.6.1). The abundance of each protein in the
pool was classified as very low, low, medium, or high, based on the number of spectral counts (SC).
The normalized spectral abundance factor (NSAF) ratio was calculated to categorize the expression
profile of differentially expressed proteins (DEPs) as underexpressed, overexpressed, or unique to
one of the groups [17]. The error observed in the SC measurements was greater for less abundant
proteins compared to more highly abundant proteins. Due to this, different filtering criteria were
used to determine if proteins were differentially present based on the overall abundance. Different
constraints for significance tests (p value) and/or fold change cutoffs (or the NSAF ratio) were applied
to these four abundance categories, as shown below:

1. Very Low abundance: SC range 1.7–7; p ≤ 0.001 and NSAF ratio ≥2.5 for overexpressed, ≤0.4 for
underexpressed proteins;

2. Low abundance: SC range 8–19; p ≤ 0.01 and NSAF ratio ≥2.5 for overexpressed, ≤0.4 for
underexpressed proteins;

http://www.hprd.org/
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3. Medium abundance: SC range between 20 and 79; p ≤ 0.05 and NSAF ratio ≥2.0 for overexpressed,
≤0.5 for underexpressed proteins;

4. High abundance: SC >80; p ≤ 0.05 and NSAF ratio ≥1.5 for overexpressed, ≤0.67 for
underexpressed proteins.

2.5. Bioinformatic Analysis

Ingenuity Pathway Analysis (IPA) software (Version: 48207413) (Qiagen, Hilden, Germany) was
used to perform functional pathway analysis of the DEPs. IPA allows the evaluation of top canonical
pathways, diseases and bio-functions, causal networks, and upstream regulators related to the DEPs.

2.6. Protein Selection and Validation by Western Blotting

To validate the global proteomic findings, the sperm proteins related to reproductive function were
selected for validation by Western blotting (WB) in a different set of samples from normozoospermic
fertile men and normozoospermic infertile men to maintain the biological variability. The criteria for
the selection of DEPs for validation by WB included (1) proteins involved in reproductive system
development and function, (2) proteins involved in the top canonical pathways, (3) proteins with a
well-described function in the literature, and (4) proteins with a moderate or high abundance in any one
of the experimental groups. Four proteins (ANXA2, PRDX2, SPA17, and SERPINA5) were selected for
validation by WB in individual samples from normozoospermic fertile men (n = 10) and infertile men
(n = 10). A total of 20 µg of protein per sample was loaded into a 4%–15% SDS–PAGE for 2 h at 90 V. The
resolved protein bands were then transferred onto polyvinylidene difluoride (PVDF) membranes and
were blocked for 90 min at room temperature, with a 5% non-fat milk solution prepared in tris-buffered
saline tween-20. For each protein analysis, specific primary antibodies were incubated at 4 ◦C overnight
(Table S1). Then, the membranes were incubated with the secondary antibody at room temperature for
1 h and finally reacted with enhanced chemiluminescence (ECL) reagent (GE Healthcare, Marlborough,
MA, USA) for 5 min. Membranes were exposed to Chemi-Doc (ChemiDoc™MP Imaging System,
Bio-Rad, Hercules, CA, USA) to detect the chemiluminescence signals.

All the PVDF membranes used for protein identification were subjected to total protein staining.
The membranes were briefly washed twice for 10 min in distilled water and stained with total colloidal
gold protein stain (Bio-Rad) for 2 h at room temperature by gentle shaking. Stained membranes were
washed twice with distilled water for 10 min, and the densitometry image was captured using the
colorimetric mode on Chemi-Doc (ChemiDoc™MP Imaging System, Bio-Rad).

2.7. Statistical Analysis

A moderated t-test was applied to establish the significance levels for DEPs. Data analysis was
performed using MedCalc Statistical Software (version 17.8; MedCalc Software, Ostend, Belgium).
After testing for a normal distribution using the Kolmogorov–Smirnov test, a Mann–Whitney test was
carried out to compare the semen parameters of normozoospermic fertile men and normozoospermic
infertile men, and a P value < 0.05 was considered significant. The same test was used to compare the
expression levels of the proteins validated using the Western blot technique in both the groups.

3. Results

3.1. Semen Parameters

Semen parameters of the normozoospermic fertile and normozoospermic infertile men are
presented in Tables S2 and S3. No significant difference (p > 0.05) was observed in the sperm
concentration, motility, and morphology between the two groups.
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3.2. Sperm Proteome of Normozoospermic Fertile and Normozoospermic Infertile Men

LC-MS/MS detected a total of 1139 and 1095 proteins in normozoospermic fertile men and
normozoospermic infertile men, respectively. Based on the NSAF ratio and protein abundance,
162 were identified as DEPs (Table S4). The overexpressed and underexpressed DEPs, and unique
proteins are shown in Figure 1.

Figure 1. Differentially expressed proteins (DEPs) in normozoospermic fertile men and
normozoospermic infertile men. UE: underexpressed and OE: overexpressed.

3.3. Key Canonical Pathways Enriched in Normozoospermic Infertile Men

IPA revealed cellular compromise as the top enriched canonical pathway, followed by cell death
and survival, and free radical scavenging pathways. A list of all the canonical pathways associated
with the expression of DEPs (both upregulated and downregulated proteins) in normozoospermic
infertile men and normozoospermic fertile men are depicted in Figure 2. A comparative analysis of
the DEPs in normozoospermic infertile men compared to upregulated DEPs in normozoospermic
fertile men showed that the canonical pathway related to free radical scavenging was enriched with
upregulated DEPs in normozoospermic infertile men (Figure 3).

Figure 2. Molecular and cellular functions enriched in the normozoospermic infertile men.
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Figure 3. Key canonical pathways enriched in normozoospermic infertile men due to the involvement
of overexpressed differentially expressed proteins.

An in-depth functional analysis of sperm proteins revealed that SPA17 and fibronectin
(FN1) associated with reproductive system development and function were underexpressed in
normozoospermic infertile men (Table 1). These proteins were involved in the fertilization process
and binding of the gonadal cell lines (Table 1). Additionally, the proteins related to the ubiquitination
pathway were underexpressed in normozoospermic infertile men (Table 2).

Table 1. Upregulated proteins associated with reproductive system development and function in
normozoospermic infertile men.

Functions p-Value Upregulated Proteins Downregulated Proteins

Fertilization 0.0000147 AKAP3, AKAP4, PLA2G7 SPA17
Binding of gonadal cell lines 0.0000148 ANXA5, ITGAM, ITGB2, LTF FN1

ITGAM: Integrin α-M, ITGB2: Integrin β-2, LTF: Lactotransferrin.

Table 2. Downregulated proteins related to the ubiquitination pathway in normozoospermic infertile men.

Symbol Protein Name Expr Fold Change p-Value

HSP90B1 heat shock protein 90 β family member 1 −0.664 0.000359
PSMC2 26S protease regulatory subunit 7 isoform 1 −1.693 0.00723
PSMC3 26S protease regulatory subunit 6A −1.737 0.00195
PSMC4 26S protease regulatory subunit 6B isoform 1 −4.916 0.000978
PSMC5 26S protease regulatory subunit 8 isoform 1 −2.587 0.00319
UCHL1 ubiquitin carboxyl-terminal hydrolase isozyme L1 −1.698 0.00524

3.4. Protein Networks in Normozoospermic Infertile Men

Bioinformatic analysis identified the involvement of maximum DEPs in cellular compromise,
the inflammatory response, cell-to-cell signaling, and interaction. The network also revealed the
interaction between the proteins involved in the ubiquitination pathway with 20 s proteasome and
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26 s proteasome complexes (Figure 4a). Furthermore, network analysis revealed ANXA2 as the focus
molecule associated with organismal injury and abnormalities, cell death, and survival (Figure 4b).

Figure 4. Differentially expressed proteins involved in top networks: (a) cellular compromise,
inflammatory response, cell-to-cell signaling, and interaction; (b) organismal injury and abnormalities,
cell death, and survival. These non-directional protein networks were generated using IPA.
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3.5. Western Blot Analysis of Validated DEPs

Of the four validated proteins, SPA17 and SERPINA5 were underexpressed and ANXA2 was
overexpressed (p < 0.05) in UMI subjects (Figure 5), whereas the expression level of PRDX2 was
comparable for normozoospermic fertile and infertile men (Figure 5).

Figure 5. Protein expression levels of the differentially expressed proteins selected for validation by
Western blotting in UMI: normozoospermic infertile men (n = 10) relative to control: normozoospermic
fertile men (n = 10). (a) ANXA2 (b) PRDX2, (c) SPA17, and (d) SERPINA5. Results are expressed as
mean ±SEM and in fold variation to normozoospermic fertile men. UMI: unexplained male infertility.

4. Discussion

Extensive research is being carried out on spermatozoon using the omics platform, mainly to
understand the underlying etiologies of male infertility at a molecular level. Normozoospermic
infertile men with unexplained male infertility is one such condition that requires high throughput
proteomic techniques to decipher the hidden factors affecting the fertility in these men. To date,
seven proteomic studies have highlighted the mechanisms/pathways altered in the spermatozoa
of normozoospermic infertile men [8,10–13,18,19]. Different proteomic approaches were used to
demonstrate the role of proteins associated with vital sperm functions such as motility, capacitation,
and binding of sperm–oocyte vital for successful fertilization. However, each study had its own
limitations (Table 3). In the current study, we used the LC-MS/MS platform to profile the maximum
number of sperm proteins. Furthermore, the proteins associated with the reproductive function and
fertilization process were validated using the WB technique.
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Table 3. Sperm proteomic studies in normozoospermic infertile men or unexplained infertility.

Study/Authors Study Description Proteomic Technique Western Blot Validation Limitations

Pixton et al., 2004 [12] • Fertilization failure (n = 1)
• Fertile donors (n = 3)

• 2DE and MS/MS
• Pooled sample • Not performed • Less sample size

• Lack of WB validation

Xu et al., 2012 [8] • Fertile men (n = 10)
• Infertile men (n = 10)

• 2-DE and MALDI-TOF/TOF
• Pooled sample

• Proteins: PAEP, ODFP,
SEMG1, PSA, GPx4Pre
• Individual samples (n = 10)

• Lacks the WB validation of
proteins associated with
fertilization process, except for
ODFP

Frapsauce et al., 2014 [13]

• Fertilization failure with IVF
(n = 3)
• Successful fertilization with IVF
(n = 3)

• 2D-DIGE and MS
• Pooled sample • Not performed • Use of DIGE

• Lack of WB validation

McReynolds et al., 2014 [19] • Infertile men (n = 12) • LC-MS/MS
• Pooled sample

• Protein: CLU
• Individual samples (n = 12)

• WB validation of only one
protein CLU

Azpiazu et al., 2014 [10] • No pregnancy with IVF (n = 15)
• Pregnancy with IVF (n = 16)

• LC-MS/MS
• Pooled sample (n = 10)

• Protein: SRPK1
• Individual samples
# No pregnancy (n = 6)
# Pregnancy (n = 7)

• WB validation of only one
protein SRPK1

Légaré et a., 2014 [11]
• Fertile (n = 3+ n = 3)
• Infertile (n = 6)
• IVF failure (n = 4)

• iTRAQ and LC-MS/MS
• Two pools of fertile group
• Single pool of infertile and
IVF failure group

• Proteins: SEMG1, PIP,
GAPDHS, PGK2
• Individual samples
• Fertile (n = 13)
• IVF failure (n = 14)

• Lacks the WB validation of
proteins associated with
fertilization process

Liu et al., 2018 [18] • Pregnancy with IVF (n = 20)
• Pregnancy with ICSI (n = 20)

• iTRAQ and LC-MS/MS
• Pooled sample

• Proteins: ZPBP1, ACRBP
• Individual samples (n = 12)

• Lacks the comparison with
control group (fertile men)
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Oxidative stress is reported as a cause of infertility in the UMI condition [4,20] and affects the
function of the spermatozoa. Sperm protein expression levels are reported to be altered during a
continuous state of oxidative stress (reviewed by Agarwal et al. 2014) [21]. In the current study, canonical
pathways such as cellular compromise, cell death and survival, and free radical scavenging were highly
enriched in UMI subjects (Figure 2). Earlier, we have also demonstrated that energy metabolism and
regulation, protein modifications, and oxidative stress-associated proteins are differentially expressed in
infertile men with a high number of reactive oxygen species [22]. Furthermore, the proteins associated
with the antioxidant mechanism, such as peroxiredoxin, are underexpressed in spermatozoa with
oxidative stress [22,23]. In the current study, network analysis demonstrated the interaction between
PRDX2 and the extracellular signal-regulated kinases (ERK) pathway (Figure 4a). Spermatozoa
generates low levels of physiological ROS required to trigger capacitation and fertilization events. This
process is mediated by the ERK pathway [24]. In the current study, the overexpression of the PRDX2
protein suggests a state of oxidative stress and dysregulation of the ERK pathway affecting the function
of the spermatozoa in UMI patients. The overexpression of antioxidant protein PRDX2 depicts a state
of oxidative stress which may have an adverse effect on the fertilizing ability of the spermatozoa.
However, validation of PRDX2 using the Western blot technique revealed that the protein levels were
comparable in both the normozoospermic fertile and normozoospermic infertile men.

Global proteomic results revealed the downregulation of ubiquitination pathway proteins in
normozoospermic infertile men (Figure 4a). In general, the ubiquitination process regulates the sperm
function and morphogenesis [25]. The 26S proteasome complex associated with the ubiquitination
process mediates the capacitation of spermatozoa [26]. In the current study, bioinformatic analysis
revealed that the proteasome complex proteins PSMC2, PSMC3, PSMC4, and PSMC5 interact with
the 20s proteasome and 26s proteasome proteins in the network (Figure 4a). Furthermore, the
underexpression of proteasome system proteins (PSMC2, PSMC3, PSMC4, and PSMC5) in men with
UMI indicates compromised sperm capacitation as an effect of defective spermatogenesis. It is also
reported that the proteasomal proteins are involved in the sperm–zona binding of the capacitated
spermatozoa [26,27]. In order to understand the binding of spermatozoa, we have validated the
expression of ANXA2 using the WB technique. Annexins are calcium-dependent membrane binding
proteins and specifically, ANXA2 is involved in sperm binding to the oviduct of the female reproductive
tract, which is essential for the fertilization process [28]. In addition, ANXA2 is associated with the
ubiquitination process [29] and its expression is higher during abnormal ubiquitination [30]. Our
proteomic results in par with the Western blot results indicate that the overexpression of ANXA2 and
underexpression of proteasomal proteins in the spermatozoa may lead to an impaired sperm function
in normozoospermic infertile men.

Sperm proteins directly related to the reproductive function play a critical role in the fertilization
process. Studies with normozoospermic infertile men reported the underexpression of protein
involved in the fertilization process (reviewed by Bracke et al., 2018) [9]. Lui et al., 2018 validated
the acrosin-binding protein (ACRBP) and zona pellucida-binding protein 1 (ZPBP1) associated with
the fertilization process in in vitro fertilization failure patients [18]. In the current study, A-kinase
anchoring protein 3 (AKAP3), AKAP4, phospholipase A2 Group VII (PLA2G7), and SPA17 were
identified as being involved in the fertilization processes (Table 1). AKAP proteins are essential
for sperm motility. AKAP4 binds with AKAP3 and they are then localized in sperm flagellum [31].
The degradation of AKAP3 and subsequent tyrosine-dephosphorylation results in the capacitation
of spermatozoa [32]. Overexpression of AKAP3 in normozoospermic infertile men suggests the
accumulation of AKAP3, thus hampering the sperm capacitation process in UMI patients. The other
protein, SPA 17, is a mannose-binding protein and is involved in acrosome reactions and the fertilization
process [33]. In our earlier study, we reported the underexpression of SPA17 in men with primary
or secondary infertility [34]. Therefore, underexpression of SPA17 may affect sperm capacitation
and sperm–oocyte binding in normozoospermic infertile patients. The N-terminus of SPA17 shares
a similar sequence with cAMP-dependent protein kinase A regulatory subunit II (PKA RII), which
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has an important role in sperm motility. Its C-terminus plays a likely role in cell–cell adhesion. In
general, the C-terminal calmodulin domain of SPA17 (20 KDa) is proteolytically cleaved to 17 KDa
after the acrosome reaction and binds to the extracellular matrix of the oocyte [35,36]. WB results of
SPA17 revealed two bands in normozoospermic fertile men and one band in normozoospermic infertile
men, indicating a compromised acrosome reaction in men with UMI. Validation of SPA17 by WB is in
concordance with the proteomic findings, suggesting that SPA17 may be a potential biomarker for
screening the men with UMI.

Proteins present in the head of the spermatozoa play a vital role in the fertilization process and are
involved in zona–pellucida binding [37]. SERPINA5 was identified as the core protein present in the
head of the spermatozoa [38]. Deficiency of SERPINA5 results in a defective spermatogenesis process
and is a cause of infertility [39,40]. The expression of SERPINA5 is correlated with the morphology of
the spermatozoa [39] and sperm–egg binding mechanism [41,42]. In the current study, IPA analysis
identified SERPINA5 interacting with FN1, which is reported to be associated with the capacitation
of spermatozoa (Figure 4a). Underexpression of FN1 and SERPINA5 indicates capacitation failure
followed by a defective fertilization process in the UMI patients. Therefore, SERPINA5 protein
underexpression in normozoospermic infertile men compared to fertile men provides an insight into
its role in infertile men with normal semen parameters. Furthermore, validation of SERPINA5 in
spermatozoa signifies this protein as a candidate marker for identifying the cause of infertility in
normozoospermic infertile men.

The comparative proteomic analysis of sperm proteome and WB analysis revealed that the proteins
associated with the fertilization process are dysfunctional in normozoospermic infertile men. In the
present study, we limited our WB validation to four proteins (PRDX2, ANXA2, SPA17, and SERPINA5)
associated with sperm function. However, validation of the additional DEPs is required to decipher
the role of other sperm proteins in the molecular pathology of UMI subjects. In addition, we did not
use unique peptides for protein identification and quantification.

5. Conclusions

Global proteomic analysis identified altered reproductive pathways in the spermatozoa of
normozoospermic infertile men. Validation of key DEPs signifies the importance of ANXA2, SPA17,
and SERPINA5 as candidate biomarkers for screening the fertilization potential of spermatozoa in
UMI subjects.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/10/7/522/s1:
Table S1: List of primary and secondary antibodies, Table S2: Semen parameters in normozoospermic fertile men
and normozoospermic infertile men, Table S3: (a) Semen parameters in normozoospermic fertile men (n = 18), (b)
Semen parameters in normozoospermic infertile men (n = 19) and Table S4: Differentially expressed proteins their
abundance in normozoospermic infertile men (UMI cases) compared with normozoospermic fertile men.

Author Contributions: Conceptualization, A.A.; methodology, A.A. and M.K.P.S.; software, P.N.P., H.B., and
M.K.P.S.; validation, M.K.P.S.; investigation, A.A.; data curation, M.K.P.S. and S.B.; writing—original draft
preparation, M.K.P.S.; Writing—Review and editing, M.K.P.S., S.B., and P.N.P.; supervision, A.A. All authors read
and approved the final manuscript.

Funding: Financial support for this study was provided by the American Center for Reproductive Medicine,
Cleveland Clinic, Ohio, USA.

Acknowledgments: Belinda Willard, Director of the Proteomic Core Laboratory, Lerner Research Institute, assisted
with proteomic analysis. The authors thank Neel Parek, Rakesh Sharma, and Banu Gopalan for reviewing the
manuscript. This study was supported by research funds from the American Center for Reproductive Medicine.

Conflicts of Interest: The authors declare no conflicts of interest.

http://www.mdpi.com/2073-4425/10/7/522/s1


Genes 2019, 10, 522 12 of 14

References

1. Jarow, J.P.; Sharlip, I.D.; Belker, A.M.; Lipshultz, L.I.; Sigman, M.; Thomas, A.J.; Schlegel, P.N.; Howards, S.S.;
Nehra, A.; Damewood, M.D. Best practice policies for male infertility. J. Urol. 2002, 167, 2138–2144. [CrossRef]

2. Nieschlag, S. Andrology: Male Reproductive Health and Dysfunction; Springer Science & Business Media:
Berlin/Heidelberg, Germany, 2013.

3. Hamada, A.; Esteves, S.C.; Agarwal, A. Unexplained male infertility: Potential causes and management.
Hum. Androl. 2011, 1, 2–16. [CrossRef]

4. Doshi, S.B.; Sharma, R.K.; Agarwal, A. Oxidative stress in unexplained male infertility. In Unexplained
Infertility: Pathophysiology, Evaluation and Treatment; Schattman, G.L., Esteves, S.C., Agarwal, A., Eds.; Springer:
New York, NY, USA, 2015; pp. 81–89.

5. World Health Organization. WHO Laboratory Manual for the Examination and Processing of Human Semen;
WHO: Geneva, Switzerland, 2010.

6. Wallach, E.E.; Moghissi, K.S.; Wallach, E.E. Unexplained infertility. Fertil. Steril. 1983, 39, 5–21. [CrossRef]
7. Panner Selvam, M.K.; Agarwal, A. Update on the proteomics of male infertility: A systematic review. Arab J.

Urol. 2018, 16, 103–112. [CrossRef] [PubMed]
8. Xu, W.; Hu, H.; Wang, Z.; Chen, X.; Yang, F.; Zhu, Z.; Fang, P.; Dai, J.; Wang, L.; Shi, H. Proteomic characteristics of

spermatozoa in normozoospermic patients with infertility. J. Proteom. 2012, 75, 5426–5436. [CrossRef] [PubMed]
9. Bracke, A.; Peeters, K.; Punjabi, U.; Hoogewijs, D.; Dewilde, S. A search for molecular mechanisms underlying

male idiopathic infertility. Reprod. Biomed. Online 2018, 36, 327–339. [CrossRef] [PubMed]
10. Azpiazu, R.; Amaral, A.; Castillo, J.; Estanyol, J.M.; Guimerà, M.; Ballescà, J.L.; Balasch, J.; Oliva, R.

High-throughput sperm differential proteomics suggests that epigenetic alterations contribute to failed
assisted reproduction. Hum. Reprod. 2014, 29, 1225–1237. [CrossRef]

11. Légaré, C.; Droit, A.; Fournier, F.; Bourassa, S.; Force, A.; Cloutier, F.; Tremblay, R.; Sullivan, R. Investigation
of male infertility using quantitative comparative proteomics. J. Proteome Res. 2014, 13, 5403–5414. [CrossRef]

12. Pixton, K.L.; Deeks, E.D.; Flesch, F.M.; Moseley, F.L.C.; Björndahl, L.; Ashton, P.R.; Barratt, C.L.R.; Brewis, I.A.
Sperm proteome mapping of a patient who experienced failed fertilization at IVF reveals altered expression of
at least 20 proteins compared with fertile donors: Case report. Hum. Reprod. 2004, 19, 1438–1447. [CrossRef]

13. Frapsauce, C.; Pionneau, C.; Bouley, J.; Delarouziere, V.; Berthaut, I.; Ravel, C.; Antoine, J.-M.; Soubrier, F.;
Mandelbaum, J. Proteomic identification of target proteins in normal but nonfertilizing sperm. Fertil. Steril.
2014, 102, 372–380. [CrossRef]

14. Lopez, J. Two-dimensional electrophoresis in proteome expression analysis. J. Chromatogr. B 2007, 849,
190–202. [CrossRef] [PubMed]

15. Martínez-Bartolomé, S.; Deutsch, E.W.; Binz, P.-A.; Jones, A.R.; Eisenacher, M.; Mayer, G.; Campos, A.;
Canals, F.; Bech-Serra, J.-J.; Carrascal, M. Guidelines for reporting quantitative mass spectrometry based
experiments in proteomics. J. Proteom. 2013, 95, 84–88. [CrossRef] [PubMed]

16. Agarwal, A.; Gupta, S.; Sharma, R. Cryopreservation of Client Depositor Semen. In Andrological Evaluation of
Male Infertility; Springer: Cham, Switzerland, 2016; pp. 113–133.

17. Agarwal, A.; Ayaz, A.; Samanta, L.; Sharma, R.; Assidi, M.; Abuzenadah, A.M.; Sabanegh, E. Comparative
proteomic network signatures in seminal plasma of infertile men as a function of reactive oxygen species.
Clin. Proteom. 2015, 12, 23. [CrossRef] [PubMed]

18. Liu, X.; Liu, G.; Liu, J.; Zhu, P.; Wang, J.; Wang, Y.; Wang, W.; Li, N.; Wang, X.; Zhang, C.; et al. iTRAQ-based
analysis of sperm proteome from normozoospermic men achieving the rescue-ICSI pregnancy after the IVF
failure. Clin. Proteom. 2018, 15, 27. [CrossRef] [PubMed]

19. McReynolds, S.; Dzieciatkowska, M.; Stevens, J.; Hansen, K.C.; Schoolcraft, W.B.; Katz-Jaffe, M.G. Toward
the identification of a subset of unexplained infertility: A sperm proteomic approach. Fertil. Steril. 2014, 102,
692–699. [CrossRef] [PubMed]

20. Mayorga-Torres, B.J.M.; Camargo, M.; Cadavid, Á.P.; du Plessis, S.S.; Cardona Maya, W.D. Are oxidative stress
markers associated with unexplained male infertility? Andrologia 2017, 49, e12659. [CrossRef] [PubMed]

21. Agarwal, A.; Durairajanayagam, D.; Halabi, J.; Peng, J.; Vazquez-Levin, M. Proteomics, oxidative stress and
male infertility. Reprod. BioMed. Online 2014, 29, 32–58. [CrossRef]

22. Sharma, R.; Agarwal, A.; Mohanty, G.; Hamada, A.J.; Gopalan, B.; Willard, B.; Yadav, S.; du Plessis, S. Proteomic
analysis of human spermatozoa proteins with oxidative stress. Reprod. Biol. Endocrinol. 2013, 11, 48. [CrossRef]

http://dx.doi.org/10.1016/S0022-5347(05)65109-9
http://dx.doi.org/10.1097/01.XHA.0000397686.82729.09
http://dx.doi.org/10.1016/S0015-0282(16)46750-6
http://dx.doi.org/10.1016/j.aju.2017.11.016
http://www.ncbi.nlm.nih.gov/pubmed/29713541
http://dx.doi.org/10.1016/j.jprot.2012.06.021
http://www.ncbi.nlm.nih.gov/pubmed/22771312
http://dx.doi.org/10.1016/j.rbmo.2017.12.005
http://www.ncbi.nlm.nih.gov/pubmed/29336995
http://dx.doi.org/10.1093/humrep/deu073
http://dx.doi.org/10.1021/pr501031x
http://dx.doi.org/10.1093/humrep/deh224
http://dx.doi.org/10.1016/j.fertnstert.2014.04.039
http://dx.doi.org/10.1016/j.jchromb.2006.11.049
http://www.ncbi.nlm.nih.gov/pubmed/17188947
http://dx.doi.org/10.1016/j.jprot.2013.02.026
http://www.ncbi.nlm.nih.gov/pubmed/23500130
http://dx.doi.org/10.1186/s12014-015-9094-5
http://www.ncbi.nlm.nih.gov/pubmed/26321892
http://dx.doi.org/10.1186/s12014-018-9203-3
http://www.ncbi.nlm.nih.gov/pubmed/30166971
http://dx.doi.org/10.1016/j.fertnstert.2014.05.021
http://www.ncbi.nlm.nih.gov/pubmed/24934493
http://dx.doi.org/10.1111/and.12659
http://www.ncbi.nlm.nih.gov/pubmed/27506165
http://dx.doi.org/10.1016/j.rbmo.2014.02.013
http://dx.doi.org/10.1186/1477-7827-11-48


Genes 2019, 10, 522 13 of 14

23. Hamada, A.J.; Montgomery, B.; Agarwal, A. Male infertility: A critical review of pharmacologic management.
Expert Opin. Pharmacother. 2012, 13, 2511–2531. [CrossRef]

24. Morielli, T.; O’Flaherty, C. Oxidative stress impairs function and increases redox protein modifications in
human spermatozoa. Reproduction 2015, 149, 113–123. [CrossRef]

25. Nakamura, N. Ubiquitination regulates the morphogenesis and function of sperm organelles. Cells 2013, 2,
732–750. [CrossRef] [PubMed]

26. Kerns, K.; Morales, P.; Sutovsky, P. Regulation of sperm capacitation by the 26S proteasome: An emerging
new paradigm in spermatology1. Biol. Reprod. 2016, 94, 117. [CrossRef] [PubMed]

27. Redgrove, K.A.; Anderson, A.L.; Dun, M.D.; McLaughlin, E.A.; O’Bryan, M.K.; Aitken, R.J.; Nixon, B.
Involvement of multimeric protein complexes in mediating the capacitation-dependent binding of human
spermatozoa to homologous zonae pellucidae. Dev. Biol. 2011, 356, 460–474. [CrossRef] [PubMed]

28. Teijeiro, J.M.; Roldán, M.L.; Marini, P.E. Annexin A2 and S100A10 in the mammalian oviduct. Cell Tissue Res.
2016, 363, 567–577. [CrossRef]

29. He, K.L.; Deora, A.B.; Xiong, H.; Ling, Q.; Weksler, B.B.; Niesvizky, R.; Hajjar, K.A. Endothelial cell annexin
A2 regulates polyubiquitination and degradation of its binding partner S100A10/p11. J. Biol. Chem. 2008,
283, 19192–19200. [CrossRef]

30. Deng, S.; Jing, B.; Xing, T.; Hou, L.; Yang, Z. Overexpression of annexin A2 is associated with abnormal
ubiquitination in breast cancer. Genom. Proteom. Bioinform. 2012, 10, 153–157. [CrossRef] [PubMed]

31. Brown, P.R.; Miki, K.; Harper, D.B.; Eddy, E.M. A-Kinase anchoring protein 4 binding proteins in the fibrous
sheath of the sperm flagellum. Biol. Reprod. 2003, 68, 2241–2248. [CrossRef]

32. Vizel, R.; Hillman, P.; Ickowicz, D.; Breitbart, H. AKAP3 degradation in sperm capacitation is regulated by
its tyrosine phosphorylation. Biochim. Biophys. Acta (BBA) Gen. Subj. 2015, 1850, 1912–1920. [CrossRef]

33. Chiriva-Internati, M.; Gagliano, N.; Donetti, E.; Costa, F.; Grizzi, F.; Franceschini, B.; Albani, E.; Levi-Setti, P.E.; Gioia, M.;
Jenkins, M.; et al. Sperm protein 17 is expressed in the sperm fibrous sheath. J. Transl. Med. 2009, 7, 61. [CrossRef]

34. Intasqui, P.; Agarwal, A.; Sharma, R.; Samanta, L.; Bertolla, R.P. Towards the identification of reliable sperm
biomarkers for male infertility: A sperm proteomic approach. Andrologia 2018, 50, e12919. [CrossRef]

35. Wen, Y.; Richardson, R.T.; Widgren, E.E.; O’Rand, M.G. Characterization of Sp17: A ubiquitous three domain
protein that binds heparin. Biochem. J. 2001, 357, 25–31. [CrossRef] [PubMed]

36. Frayne, J.; Hall, L. A re-evaluation of sperm protein 17 (Sp17) indicates a regulatory role in an A-kinase
anchoring protein complex, rather than a unique role in sperm-zona pellucida binding. Reproduction 2002,
124, 767–774. [CrossRef] [PubMed]

37. Petit, F.M.; Serres, C.; Bourgeon, F.; Pineau, C.; Auer, J. Identification of sperm head proteins involved in
zona pellucida binding. Hum. Reprod. 2013, 28, 852–865. [CrossRef]

38. Kichine, E.; Di Falco, M.; Hales, B.F.; Robaire, B.; Chan, P. Analysis of the sperm head protein profiles in
fertile men: Consistency across time in the levels of expression of heat shock proteins and peroxiredoxins.
PLoS ONE 2013, 8, e77471. [CrossRef] [PubMed]

39. Uhrin, P.; Dewerchin, M.; Hilpert, M.; Chrenek, P.; Schöfer, C.; Zechmeister-Machhart, M.; Krönke, G.;
Vales, A.; Carmeliet, P.; Binder, B.R.; et al. Disruption of the protein C inhibitor gene results in impaired
spermatogenesis and male infertility. J. Clin. Investig. 2000, 106, 1531–1539. [CrossRef] [PubMed]

40. Yang, H.; Geiger, M. Cell penetrating SERPINA5 (ProteinC inhibitor, PCI): More questions than answers.
Semin. Cell Dev. Biol. 2017, 62, 187–193. [CrossRef]

41. Moore, A.; Penfold, L.M.; Johnson, J.L.; Latchman, D.S.; Moore, H.D.M. Human sperm–egg binding is
inhibited by peptides corresponding to core region of an acrosomal serine protease inhibitor. Mol. Reprod.
Dev. 1993, 34, 280–291. [CrossRef]

42. España, F.; Sánchez-Cuenca, J.; Fernández, P.J.; Gilabert, J.; Romeu, A.; Estellés, A.; Royo, M.; Muller, C.H.
Inhibition of human sperm–zona-free hamster oocyte binding and penetration by protein C inhibitor.
Andrologia 1999, 31, 217–223. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1517/14656566.2012.740011
http://dx.doi.org/10.1530/REP-14-0240
http://dx.doi.org/10.3390/cells2040732
http://www.ncbi.nlm.nih.gov/pubmed/24709878
http://dx.doi.org/10.1095/biolreprod.115.136622
http://www.ncbi.nlm.nih.gov/pubmed/27053366
http://dx.doi.org/10.1016/j.ydbio.2011.05.674
http://www.ncbi.nlm.nih.gov/pubmed/21672535
http://dx.doi.org/10.1007/s00441-015-2266-9
http://dx.doi.org/10.1074/jbc.M800100200
http://dx.doi.org/10.1016/j.gpb.2011.12.001
http://www.ncbi.nlm.nih.gov/pubmed/22917188
http://dx.doi.org/10.1095/biolreprod.102.013466
http://dx.doi.org/10.1016/j.bbagen.2015.06.005
http://dx.doi.org/10.1186/1479-5876-7-61
http://dx.doi.org/10.1111/and.12919
http://dx.doi.org/10.1042/bj3570025
http://www.ncbi.nlm.nih.gov/pubmed/11415432
http://dx.doi.org/10.1530/rep.0.1240767
http://www.ncbi.nlm.nih.gov/pubmed/12530914
http://dx.doi.org/10.1093/humrep/des452
http://dx.doi.org/10.1371/journal.pone.0077471
http://www.ncbi.nlm.nih.gov/pubmed/24204839
http://dx.doi.org/10.1172/JCI10768
http://www.ncbi.nlm.nih.gov/pubmed/11120760
http://dx.doi.org/10.1016/j.semcdb.2016.10.007
http://dx.doi.org/10.1002/mrd.1080340308
http://dx.doi.org/10.1046/j.1439-0272.1999.00282.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Participants and Semen Analysis 
	Inclusion and Exclusion Criteria 
	Sperm Protein Extraction and Quantification 
	Liquid Chromatography-Tandem Mass Spectrometry 
	Bioinformatic Analysis 
	Protein Selection and Validation by Western Blotting 
	Statistical Analysis 

	Results 
	Semen Parameters 
	Sperm Proteome of Normozoospermic Fertile and Normozoospermic Infertile Men 
	Key Canonical Pathways Enriched in Normozoospermic Infertile Men 
	Protein Networks in Normozoospermic Infertile Men 
	Western Blot Analysis of Validated DEPs 

	Discussion 
	Conclusions 
	References

