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The ability to predict male fertility is of paramount importance for animal breeding industries and for
human reproduction. Conventional semen analysis generally provides information on the quantitative
parameters of spermatozoa, but yields no information concerning its functional competence.
Proteomics have identified candidates for male fertility biomarkers, but no studies have clearly
identified the relationship between the proteome and sperm fertility. Therefore, we performed a
proteomic analysis to investigate small and large litter size boar spermatozoa and identify proteins
related to male fertility. In this study, 20 proteins showed differential expression levels in small and
large litter size groups. Nineteen of these proteins exhibited decreased expression in large litter size
samples and increased expression in the small litter group. Interestingly, only one protein was highly
expressed in the large litter size spermatozoa. We then identified signaling pathways associated

with the differentially expressed protein markers. Glutathione S-transferase Mu3 and glutathione
peroxidase 4 were related to the glutathione metabolic pathway and arginine vasopressin receptor

2 was linked to vasopressin R2/STAT. In summary, this is the first study to consider negative fertility
biomarkers, and the identified proteins could potentially be used as biomarkers for the detection of
inferior male fertility.

The ability to predict male fertility is of paramount importance for breeding animal herds when artificial
insemination is involved'. Conventional semen analyses generally provide information on quantitative
parameters, including the percentage of motile spermatozoa, the percentage of spermatozoa with normal
morphology, and the concentration in a unit dose. While these assays provide valuable quantitative data,
they yield no information concerning the functional competence of the spermatozoa®*. Moreover, there
are many difficulties in the design of studies that assess the value of traditional sperm parameters. These
difficulties include determining the number of semen samples to assess and the relevance of different
physiological endpoints*. Traditional semen analysis is therefore only a limited first-line tool in the diag-
nosis of male fertility. The value of traditional semen parameters in the diagnosis and prognosis of male
fertility has been debated for almost 60 years, and the debate continues*>.

Proteomics is a key area of emerging research in the post-genomic era®?. Proteomics can be defined
as the qualitative and quantitative comparison of proteomes to identify the cellular mechanisms that are
involved in biological processes®. As proteins are responsible for cellular function, it is critical to perform
comprehensive and systematic identification and quantification of proteins expressed in cells and tissues
to gain new insights into these processes®. Advances in two-dimensional electrophoresis (2-DE) for the
separation of proteins and, in particular, mass spectrometry (MS) for peptide sequencing to facilitate pro-
tein identification, has led to the rapid expansion of this field®-!2. Recently, proteomic studies have been
performed to identify biomarkers associated with fertility>'®!2. As such, comparative analyses of sperm
proteomes are having a major impact on the understanding of how spermatozoa acquire their capacity
for fertilization and why spermatozoa have varying levels of fertility!*-'2. However, proteomics-based

Department of Animal Science and Technology, Chung-Ang University, Anseong, Gyeonggi-do 456-756, Korea.
Correspondence and requests for materials should be addressed to M.-G.P. (email: mgpang@cau.ac.kr)

SCIENTIFIC REPORTS | 5:13821 | DOI: 10.1038/srep13821 1


mailto:mgpang@cau.ac.kr

www.nature.com/scientificreports/

Spot 4 spot s Spot & spot 7 Spot 8

TR IR AR

Spot 1

Wil

p -

Spot 8 Spot 10 Spot 11 Spot 12 Spot 13 Spot 14 Spot 15 Spot 16

et b by el w0 il

- - ..-[. e,

Spot 17 Spot 18 Spot 19 Spot 20
Spot 21 Spot 22 Spot 23 Spol 21

LITRA T AR AR AR AAR I

Figure 1. Differentially expressed spots in small and large litter size spermatozoa by 2-D electrophoretic
separation. Spots in boxes (upper panels) indicate individual spots from 3 replicates of small and large

litter size spermatozoa. The symbols indicate replicate and litter size (S= Small litter size, L= Large litter
size, 1 = First replicate gel, 2= Second replicate gel, 3 = Third replicate gel). Graphs (lower panels) indicate
spot densities. Data represent mean + SEM, n= 3. Protein expression ratios denoted with an asterisk were
significantly different ("P < 0.05).

studies have intrinsic strengths and weakness, and a more sensitive approach is required to accurately
explain the relationship of specific proteins with male fertility.

Although several studies have reported the identification of fertility-related biomarkers, a full under-
standing of these is lacking, and the choice of methods to use to make an accurate prognosis and diag-
nosis of male fertility is controversial. Proteomic analyses of bovine spermatozoa have identified several
proteins that show a correlation with bovine fertility, but field trials to confirm the findings have not been
done!®. Moreover, Kwon and colleagues'? reported the discovery of several markers that predict boar fer-
tility. However, the discovered biomarkers were in reality able to predict superior litter size, because their
use of the term ‘low-litter size’ was equivalent to an average litter size according to Landrace'®. Therefore,
to discover negative fertility biomarkers for more accurate prognosis and diagnosis of male fertility, we
employed a comprehensive and comparative proteomic analysis using boar spermatozoa that had gen-
erated small (below average) and large (average) litter sizes'®. Additionally, to understand the molecular
functions of the proteins detected by 2-DE, we identified the signaling and metabolic pathways that the
differentially expressed proteins participate in.

Results

Proteome profiles of boar spermatozoa. To analyze differences in male fertility at the protein
level, we compared the protein expression profiles of spermatozoa from boars that yielded small and
large litter sizes. 2-DE analysis revealed differences among proteins between low and high fertility groups
(Fig. 1, Supplementary Fig. S1). It was important to assess the level of variation in the 2-DE evaluations
of boar spermatozoa. To address this issue, detailed gel analyses were performed using the SigmaGel
software (Jandel Scientific, San Rafael, CA) on three paired experiments (Fig. 1, Supplementary Fig. S1).
Figure 1 depicts the 2-DE gels of spermatozoa from small and large litter size samples and illustrates that
the majority of the protein spots were significantly different between the groups (>4-fold). We identified
357 £ 21 and 328 &+ 17 protein spots in spermatozoa from small and large litter size groups, respectively.
Because the standard errors of protein spot numbers for each group were not high, we suggest that pos-
sible variations have been minimized. Approximately 102 protein spots were consistently observed in
each sample. Of these 102 spots, 25 spots showed differential expression in intensity between small and
large litter size groups. There were 2 spots with decreased expression in the small litter size sample and
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2 1127023 pancreatic glycoprotein 2 (GP2) 158 A v
Trifunctional enzyme subunit alpha,

3 47522754 mitochondrial (HADHA) 202 v A
60kDa heat shock protein,

4 359811347 | | itochondrial (HSPD1) 243 A v
Cytochrome b-cl complex subunit 1,

5 73985642 isoform2, mitochondrial (UQCRC1) 148 A v

6 28336 mutant beta-actin (beta’-actin) (ACTB) 107 A v

7 57086887 actin-related protein T2 (ACTRT2) 205 A v

8 84579847 actin related protein T3 (ACTRT3) 197 A v

9 3891849 Chain B, cr}_fstal structure of bovine 105 A v
mitochondria
pyruvate dehydrogenase:

10 300763221 SUBUNIT = beta precursor (PDHB) 155 A v
Homo sapience CGI-104 protein

12 4929676 mRNA, complete cds 236 A

13 109102081 | cytosolic 5’ nucleotidase IB isoform 1 87 A v
Acrosin-binding protein precursor

14 75052483 (Proacrosin-binding protein sp32) 335 A v
(ACRBP)

16 190201 Porin 48 A v

17 4505773 Prohibitin (PHB) 207 A v
glutathione S-transferase Mu3

18 114053087 (GSTM3) 336 A v
ATP synthase subunit d, mitochondrial

20 27807305 (ATP5H) 145 A v

21 311253799 Ras-related protein Rab-2A (RAB2A) 59 A v

22 76779289 glutathione peroxidase 4 (GPx4) 147 A v

23 13195731 glutathione peroxidase 4 (GPx4) 241 A v
Arginine vasopressin receptor 2

25 28417 (AVPR2) 203 A v

Table 1. Differentially expressed proteins in small and large litter size spermatozoa. "MASCOT score
is —10Log(p), where p is the probability that the observed match is a random event. Scores >55 indicate
identity or extensive homology (P < 0.05).

increased expression in the large size group; 23 spots were decreased in the large litter size sample but
increased in the small size group. One of the two proteins highly expressed in large litter size sperm, and
19 of the 23 proteins highly expressed in small litter size sperm, were identified by LC-MS/MS analysis
(spots no. 1, 11, 15, 19, and 24 were not identified, Table 1).

Immunolocalisation of glutathione peroxidase 4 (GPx4) and arginine vasopressin receptor 2
(AVPR2) in spermatozoa. To examine the localization of GPx4 and AVPR2 proteins in boar sper-
matozoa, immunofluorescence was conducted using antibodies for GPx4 and AVPR2, lectin PNA, and
DAPI. GPx4 was localized to both the head and midpiece of the spermatozoa (Fig. 2A). The AVPR2
protein was expressed in the tip of the acrosomal region and in the midpiece (Fig. 2B). Lectin PNA
co-stained in the acrosome with GPx4 and AVPR2, respectively.

Protein confirmation by western blotting. Western blotting was performed to validate the 2-DE
results. GPx4, glutathione S-transferase Mu3 (GSTM3), and AVPR2 were detected at positions corre-
sponding with ~22, 27 and 40kDa, respectively. The intensity of the GPx4, GSTM3, and AVPR2 bands
was significantly greater in the small litter size samples (P < 0.05, Fig. 3).

Signaling pathway analysis. Signaling pathways were identified using Pathway Studio to under-
stand the signaling and metabolic pathways associated with differentially expressed protein markers.
Two significant networks, metabolic and receptor-signaling pathways, were identified (P < 0.05, Table 2).
Glutathione metabolism was the significant pathway associated with GPx4 and GSTM3 (P < 0.05, Table 2).
In addition, the vasopressin R2/STAT signaling pathway was associated with AVPR2. A schematic image
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Figure 2. Localization of GPx4 and AVPR?2 in boar spermatozoa. (A) Merged image of nucleus (DAP]I,
blue) and the acrosome (lectin PNA, red), and GPx4 (green). (B) Merged image of the nucleus, the
acrosome, and AVPR2 (green). Images were obtained using a Nikon TS-1000 microscope and NIS Elements

software (Nikon, Japan).
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Figure 3. Expression of GSTM3, GPx4 and AVPR2 in small and large litter size spermatozoa. (A)

Ratios of GPx4, GSTM3 and AVPR?2 [optical density (OD x mm)/a-tubulin (OD x mm)] in small and

large litter size spermatozoa. The black line indicates small litter size. Data represent mean + SEM, n= 3.
Protein expression ratios denoted with an asterisk were significantly different (P < 0.05). (B) GPx4, GSTMS3,
and AVPR2 were probed with anti-GSTM3, anti-GPx4, and anti-AVPR?2 antibodies. (S= Small litter size,
L= Large litter size).

Overlapping
Signaling pathway Function Entities p-value
Metabolic Pathway Glutathione metabolism GSTM3, GPx4 0.01079
Receptor Signaling Pathway Vasopressin R2/STAT signaling AVPR2 0.01687

Table 2. Signaling pathways associated with differentially expressed protein markers.

was created to determine both physiological function and interactions of the proteins that were expressed
differentially in the small and large litter size spermatozoa. The differentially expressed proteins were
found to interact with each other or other proteins, and were also related to particular protein kinases,
ligands, transcription factors, receptors, cell processes, diseases, functional classes, and small molecules
(Fig. 4). At least 14 proteins were implicated among the 20 identified proteins (Fig. 4).

Discussion

As proteins, or more correctly protein-protein interactions, are responsible for cellular function, it is
critical that a comprehensive and systematic identification and quantification of proteins expressed in
cells and tissues is undertaken to gain insight into these processes. The aim of the present study was to
identify proteins that were differentially expressed between small and large litter size boar spermatozoa
for accurate determination and prediction of levels of male fertility. Proteomic approaches were used to
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Figure 4. Signaling pathways associated with fertility-related proteins in boar spermatozoa. The
schematic was established using Pathway Studio 9.0 following a database search in PubMed. The red-
highlighted protein was highly expressed in large litter size spermatozoa, while the blue-highlighted proteins
were highly expressed in small litter size spermatozoa.

identify fertility-related proteins in the spermatozoa of low fertility boars, and signaling pathways asso-
ciated with fertility-related proteins were identified.

Generally, protein spots were selected based on intensity differences. These differences in previous
studies were 3-fold at most!®-'2. However, increased or decreased expression was defined as a greater than
4-fold difference in the present study. Our results were consistent with a previous human study, in which
infertile patients showed increased levels of protein expression compared to normal fertile controls'.
In the present study, we found several proteins related to phosphorylation, including mitochondrial
trifunctional proteins (HADHA); stress-related proteins, including 60kDa heat shock protein; acrosome
reaction-related proteins, including acrosin-binding protein precursor and GSTM3; antioxidant related
proteins, including GPx4; glycolysis/citric acid cycle-related proteins, including pyruvate dehydrogenase
(PDHB); and AVPR2. A previous report of a comparative proteomic analysis of high fertility and low
fertility in bulls identified protein interaction networks for 125 putative biomarkers that included pre-
dicted and hypothetical proteins'®'.

In the present study, 20 differentially expressed proteins were identified between small and large litter
sizes in pigs. HADHA, composed of 4 alpha and 4 beta subunits, catalyzes 3 steps in the mitochondrial
beta-oxidation of fatty acids that represent activities of long-chain 3-hydroxyacyl-CoA dehydrogenase,
long-chain enoyl-CoA hydratase, and long-chain thiolase'®. HADHA subunits are encoded by different
nuclear genes located on chromosome 2 in human'®. In HADHA protein deficiency, all three mito-
chondrial trifunctional protein enzymes are deficient, resulting in impaired energy production from fat
and accumulation of long-chain hydroxy-acyl-CoA and long-chain hydroxy-acylcarnitine upstream of
the enzyme block'®"”. Clinically, classic trifunctional protein deficiency usually results in sudden unex-
plained infant death, a Reye-like syndrome, cardiomyopathy, and/or skeletal myopathy'®. This was the
only one of 20 identified proteins that showed increased expression in the large litter size group. This
protein was detected on 2-DE gels, but signaling pathway analysis using Pathway Studio showed no sig-
nificant association with sperm fertility. As such, the effect of this protein on spermatozoa and male fer-
tility remains unclear. However, the trifunctional protein mediates thyroid hormone receptor-dependent
stimulation of mitochondria metabolism!?, and mitochondria perform a very important role in sperm
motility. Mitochondrial proteins downregulated under glucotoxic conditions include voltage-dependent
anion-selective channel protein 2 (VDAC2)*. VDAC2 was previously reported as a highly expressed
protein in low-fertility bulls'®. Moreover, Kwon et al.?! reported that VDAC2 levels do affect male fer-
tility. From these results, one could infer that HADHA in large litter size sperm downregulates VDAC2
to affect male infertility.

GPx4 is known as an antioxidant enzyme that is involved in sperm motility and is abundantly expressed
in sperm of normal fertility before capacitation®’. Interestingly, GPx4 was more highly expressed in small
litter size sperm in this study. GPx4 prevents apoptotic cell death through suppression of reactive oxygen
species (ROS) generation®?*, Although the excessive ROS production in spermatozoa induces abnormal
function and cell death, moderate amounts of ROS are indispensable for capacitation®. These facts sug-
gest that the excessive generation of GPx4 protein of spermatozoa leads to infertility through enhanced
suppression of ROS production. In addition, the results of signaling pathway analysis showed that GPx4
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protein has an association with sperm fertility, specifically through the glutathione metabolism pathway
(Table 2).

The glutathione S-transferases (GSTs) are a group of polymorphic enzymes that are important for pro-
tecting against oxidative stress. A sperm-specific role for GST would be the detoxification function con-
tributed by GSTM proteins, which, by eliminating reactive oxygen species via glutathione, prevents lipid
membrane peroxidation, a process highly damaging to sperm membrane integrity*>. However, GSTM
was also identified as a small ubiquitin-like modifiers (SUMO) target in sperm. SUMO is another type
of post-translational modification in sperm. Non-motile, two-tailed, curled-tailed, misshapen, microce-
phalic (small head) and acephalic (no head) sperm exhibited abnormally high levels of SUMOylation in
their neck and tail regions relative to normal sperm?. Thus, SUMOylation is involved in stress responses
in vivo and in vitro in mouse testicular cells®, and stress-related proteins, including GSTM proteins, were
additionally identified as SUMO targets”’. SUMOylation of SUMO targets may explain why GSTM3 in
this study was highly expressed in the small litter size group spermatozoa, despite a role in protection of
sperm from oxidative stress for GSTM3.

AVPR2 was localized to the acrosome region and midpiece in cauda epididymal spermatozoa, but
was only found in the midpiece in caput epididymal spermatozoa®. Neurohypophysial hormones, such
as arginine vasopressin (VP), affect the male reproductive tract. VP stimulates male duct smooth muscle
contraction and potentiates the smooth muscle contraction that is induced by adrenergic agonists**-*2 In
other words, VP has been implicated in stimulating contractile activity of the male reproductive tract in
the testis. Thus, neurohypophysial hormones appear to play an important, although not fully understood,
role in male fertility. In particular, AVPR2 mRNA was found in the vas deferens epithelium*, and higher
levels of VP decrease sperm count and motility in mouse®. It is already known that VP affects sperm
fertility and sperms have VP receptors, suggesting that the number of receptors is related with sperm
fertility. Indeed, AVPR2 levels were increased in the small litter size group, according to the 2-DE anal-
ysis in this study. Furthermore, this study confirmed that AVPR2 expressed their function via the vas-
opressin R2/STAT signaling, one of the receptor signaling pathways found to be associated with sperm
fertility using Pathway Studio software. This result is consistent with the report of Hagedorn et al.**,
which showed that VP has the potential to acutely change the environment to which sperm are exposed
and, thus, has the potential to affect male fertility.

It was recently reported that Ras-related protein Rab-2, GPx4, PDHB, and ACRBP were associated
with capacitation'!. Moreover, Kwon et al.'? showed that Ras-related protein Rab-2A (RAB2A) was highly
expressed in average litter size spermatozoa. RAB2A is involved in acrosome formation and regulates
vesicular transport and membrane fusion***. Acrosin-binding protein (ACRBP) plays a role in the capac-
itation pathway and regulates acrosin release by the acrosome®*?’. Pyruvate dehydrogenase (PDHB), one
of the subunits of the pyruvate dehydrogenase complex, plays a role in energy metabolism and tyrosine
phosphorylation during capacitation®-*°. Moreover, other proteins (mutant beta-actin, actin-related pro-
tein T2, actin-related protein T3, glutathione S-transferase Mu3, porin, prohibitin, cytochrome b-cl com-
plex subunit 1, isoform2, mitochondrial, ATP synthase subunit d, mitochondrial, and 60kDa heat shock
protein, mitochondrial) are involved in determining the structure of spermatozoa, ROS metabolism,
energy metabolism, or the stress response!*!-¥’. Additionally, new signaling pathways were established
to understand the interactions of these proteins with others at the cellular level (Fig. 4). The signaling
pathway identified indicated that these differentially expressed proteins hypothetically control male fer-
tility through interactions with a variety of factors.

To our knowledge, differentially expressed proteins that play critical roles in spermatozoa might be
key factors for male fertility. Therefore, we suggest that these biomarkers may be useful for prognosis
and diagnosis of male fertility. Moreover, we anticipate that proteins identified in the present study may
be used as negative biomarkers for detection of inferior male fertility, such as sub-fertility or infertility.
While we do not yet know the complete roles of the differentially expressed proteins, this study repre-
sents a useful basis for further investigation. Specifically, these results will enable further elucidation of
the molecular mechanisms involved in this particular condition and might shed further light on key
sperm proteins involved in fertilization. This study is also an important prerequisite to the development
of diagnostic tests to identify low fertility in men in a clinical environment, and, in the future, might also
be applied to the development of novel methods of sperm-targeted contraception.

Methods

Semen sources and preparation. All procedures were performed according to guidelines for the
ethical treatment of animals and were approved by the Institutional Animal Care and Use Committee of
Chung-Ang University. Boar spermatozoa have been used as an ideal model for male fertility, because
they provide several advantages such as clear records of pregnancy success or failure and litter size.
Therefore, we used Duroc boar semen samples as a model for male fertility in mammals. Boar fertility
data were obtained from Darby Genetics, Inc. (Gyeonggi-do, Korea). Litter size was used as the in vivo
fertility parameter. To evaluate fertility, we considered more than 5 insemination events and more than 5
litters from each boar (on average, 22.46 inseminations and 8.96 litters per boar), and 24 boars were ulti-
mately ranked by litter size*. The average litter size for each boar was calculated from the total number
of piglets born from each farrowing, averaged across all farrowings®. To avoid individual male factors,
the 9 lowest-ranked (on average 6.23 & 0.38 litters) and the 9 highest-ranked (on average 10.99 4 0.01
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litters) were randomly divided and pooled into three groups in small and large litter sizes for experi-
mental replication (n=3)'"12. Samples were prepared for proteomic study as previously described'"'2,

Two-dimensional electrophoresis (2-DE).  Sperm samples were solubilised in rehydration buffer (7M
urea, 2 M thiourea, 4% CHAPS (w/v), 0.05% Triton X-100, 24 .M PMSE, 1% octyl 3-D-glucopyranoside,
20mM DTT, 0.5% IPG buffer and 0.005% bromophenol blue) for 1h at room temperature. Insoluble
materials were removed by centrifugation at 20,000 x g for 10 min. The supernatant (3501l equivalent
to 5 x 108 cells containing 150l proteins) was added to an IPG strip holder, overlaid with an IPG Strip
(18 cm, pH 3-10 linear), and subjected to isoelectric focusing with and IPGphor (Amersham Bioscience;
rehydration; 12h, 200V; 1h, 500V; 1h, 1000V; 1h, from 8000V to 8800 V). The focused strip was rotated
in 10ml 65mM DTT in equilibration buffer (50 mM Tris-HCI, pH 8.8, 6 M urea, 30% (v/v) glycerol, 2%
(w/v) SDS, 0.005% (w/v) bromophenol blue) for 15min, and subsequently in 135mM iodoacetamide
in 10ml equilibration buffer for 15min. Proteins were separated by SDS-PAGE using pre-cast gradient
gels and a horizontal Multiphore gel system (Amersham Bioscience; 130V, 180mA for 12h). Molecular
weight markers were also run on each gel (0.3pl), and pI values were assigned from known proteins
using broad range unstained protein markers (LandMark™) as internal standards on a reference gel.

Gel analysis. Proteins were visualized by silver staining with a standard protocol'"'?, except that glut-
araldehyde was omitted from the sensitizing step and formaldehyde was excluded from the silver solution
but included in the developing step. Gels were initially fixed in 40% (v/v) ethanol, 10 (v/v) acetic acid,
for 30 min, and then sensitized in 0.2% (w/v) sodium thiosulphate, 30% (v/v) ethanol, 0.83M sodium
acetate, for 30 min. Following three washes in distilled water, the gel was subjected to the silver reaction
(0.25% (w/v) silver nitrate) for 20 min and subsequently washed twice more. The gels were developed in
0.24M sodium carbonate, 0.015% (w/v) formaldehyde for 1 min and then for 3 min with a fresh solution.
Development was quenched with 50mM EDTA for 10min and the gel was stored in 1% (v/v) acetic
acid®*% Gels were scanned at a high resolution (500 dpi) with a high specification scanner and saved as
TIFF images. Detailed gel analysis was subsequently performed using the Sigma Gel program (Sigma,
USA). The software automates the identification and quantification of gel spots by normalizing spot
volumes and excluding background noise spot according to a minimum area parameter. Pairs of 2-DE
gels can be compared with the software, which matches spots between gels by comparing their location
(selected by determining the centre of optical density within each spot). It was also necessary to manu-
ally confirm that each spot had been identified correctly by the software and to validate the results for
spot comparison between gels. In this study, the marked difference in spot intensity was set as a > 4-fold
difference following advice from the software manufacturers'.

Protein digestion. The dried protein fractions were dissolved and reduced in 10l solution contain-
ing 8M urea, 5mM EDTA, 10mM TCEP, and then incubated at room temperature for about 2h. To
avoid complications with over-alkylation, 15 cysteines were not ‘capped, and reformation of disulfides
was prevented by the continued presence of stable TCEP. The reduced proteins were diluted to 40 pl with
50mM ammonium bicarbonate, pH 7.8, to give a final urea concentration of 2M. Sequencing grade
trypsin (20 pmol) (V5111, Promega, Madison, WI) was added to the protein solution and the digestion
was performed overnight at 37°C.

LC-MS/MS Analysis. The tryptic peptides digested from proteins were analyzed using a liquid
chromatography system coupled to the nanoflow electrospray source of a QTOF II (Micromass, UK)
mass spectrometer. Peptides were separated on a C18 reverse phase column (0.15mm X 150 mm,
VC-10-C18-150; Micro-Tech Scientific, Vista, CA, USA) using a binary solvent system made up of 98.8%
water, 1% acetonitrile, and 0.2% formic acid (solvent A), and 94.8% acetonitrile, 5% water, and 0.2%
formic acid (solvent B). The peptides were eluted from the column with a linear gradient program that
changed the composition of solvent from 5% B to 90% B over 100 min at a constant flow rate of 1 pl/min.
Data from the eluted peptides were acquired using the Waters MassLynx 4.0 software. An initial 40 min
MS/MS analysis (1pl injected from each fraction) was performed to check the quality and the concen-
tration of the secretome. Final data were acquired using 180 min analyses (approximately 2pg protein
injected based on the intensity of the initial run) in a data-dependent mode, where each full MS scan
was followed by MS/MS of the four most intense ions. To optimize peptide coverage, a mass/charge
exclusion list was maintained so that the same peptide was not selected for MS/MS within a period of
I min. To confirm the reliability of the MS results, the analysis of two preparations from each sample
was duplicated.

Database searching. These data were then used to search the NCBI non-identical protein sequence
database using MASCOT software (Matrix Science), and statistically significant hits were recorded
together with the number of peptides and percentage coverage of the protein.
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Immunolocalisation of GPx4 and AVPR2. To determine protein localization in spermatozoa, we
used an immunocytochemistry approach according to our previous study'?"*. Briefly, the spermatozoa
were washed twice in Dulbecco’s phosphate-buffered saline (DPBS) and the pellets were resuspended
with 1 ml DPBS. The suspensions were smeared onto glass slides and allowed to air-dry. Then, the slides
were fixed in 3.7% paraformaldehyde (PFA) for 30 min at 4°C. After fixation, the slides were washed
with PBS and then washed twice in PBS containing 0.1% Tween-20 (PBS-T). To block non-specific
binding sites, the slides were first incubated with PBS-T containing 5% BSA for 1h. Slides were then
incubated overnight with polyclonal anti-GPX4 rabbit antibody (Abcam, Cambridge, UK) or polyclonal
anti-AVPR2 rabbit antibody (Acris, Herford, Germany) diluted 1:100 in PBS-T containing 5% BSA for
1h. After two washes with PBS-T and PBS, the slides were incubated at room temperature in the dark
for 2h with an anti-rabbit FITC-conjugated IgG (Abcam, Cambridge, UK) diluted 1:3000, and lectin
PNA-conjugated Alexa Fluor 647 (Molecular Probes, Eugene, OR, USA) diluted 1:100 to stain the acro-
some region. Following 2-h incubation, the slides were washed with PBS and counter-stained with 1 mg/ml
DAPI diluted 1:3000 in PBS and sealed with a cover slip.

Western blotting. To validate 2-DE results, expression levels of GPx4, GSTM3, and AVPR2 were
analyzed by western blotting as described!>'?*!. Samples were washed with DPBS by centrifugation at
10,000 x g for 10 min after incubation. Sperm pellets were resuspended in Laemmli sample buffer (63 mM 1
Tris, 10% glycerol, 10% sodium dodecyl sulfate, 5% bromophenol blue) containing 5% 2-mercaptoethanol
and incubated for 10 min at RT. Finally, the supernatants were separated by centrifugation at 10,000 x g
for 10min and boiled for 3min at 100°C. Samples were subjected to SDS-polyacrylamide gel electro-
phoresis using a 12% mini-gel system (Amersham, Piscataway, NJ, USA), and the separated proteins
were transferred to a membrane. GPx4, GSTM3, and AVPR2 were detected by incubation with poly-
clonal anti-GSTM3 rabbit antibody (LSBio, Seattle, WA), polyclonal anti-GPX4 rabbit antibody (Abcam,
Cambridge, UK) and polyclonal anti-AVPR2 rabbit antibody (Acris, Herford, Germany), each diluted to
1ug/ml with blocking solution, for 2h at RT, respectively. Next, a-tubulin was detected by incubation
with monoclonal anti-a-tubulin mouse antibody (Abcam) diluted 1:2000 with 5% blocking agent for 2h
at RT. The membranes were then incubated with horseradish peroxidase-conjugated anti-rabbit IgG and
anti-mouse IgG (Abcam) for 1h at RT. Proteins on the membrane were visualized using an enhanced
chemiluminescence (ECL) technique. All bands were scanned with a GS-800 Calibrated Imaging
Densitometer (Bio-Rad, Fremont, CA, USA) and analyzed using Quantity One software (Bio-Rad,
Hercules, CA, USA). The density of the bands was quantified according to the a-tubulin ratio (GPx4,
GSTM3, and AVPR2/a-tubulin).

Signaling pathway analysis. Pathway Studio (v9.0, Ariadne Genomics, Rockville, MD) was used to
investigate the relevant molecular function of novel fertility-related protein markers in small and large
litter size boar spermatozoa. Protein lists were imported into Pathway Studio to identify the cell pro-
cesses influenced by these proteins. Identified metabolic or signaling pathways were confirmed via the
PubMed/Medline hyperlink embedded in each node. New signaling pathways were created to visualize
interactions between differentially expressed proteins.

Statistical analysis. The experimental data were expressed as the mean = the standard error of the
mean (SEM). Data were analyzed with an independent sample t-test or one-way analysis of variance
(ANOVA) followed by Duncan’s Multiple Range test using SPSS 18.0 for Windows (Chicago, IL, USA).
The probabilities of the signaling pathways were determined using the Fisher exact test. A P value < 0.05
was considered to be statistically significant.

References

1. Gadea, J. Sperm factors related to in vitro and in vivo porcine fertility. Theriogenology 63, 431-444 (2005).

2. Johnson, A., Bassham, B., Lipshults, L. I. & Lamb, D. ]J. Methodology for the optimized sperm penetration assay. In Handbook
of the laboratory diagnosis and treatment of infertility, Keel, B. A. & Webster, B. W. Eds., C. R. C. Press, Florida, USA, pp 135-147
(1990).

3. Petrunkina, A. M., Waberski, D., Giinzel-Apel, A. R. & Topfer-Petersen, E. Determinants of sperm quality and fertility in
domestic species. Reproduction 134, 3-17 (2007).

4. Kwon, W. S., Rahman, M. S. & Pang M. G. Diagnosis and prognosis of male infertility in mammal: the focusing of tyrosine

phosphorylation and phosphotyrosine proteins. ] Proteome Res 13, 450-517 (2014).

. Lewis, S. E. Is sperm evaluation useful in predicting human fertility? Reproduction 134, 31-40 (2007).

. Brewis, I. A. The potential importance of proteomics to research in reproduction. Hum Reprod 14, 2927-2929 (1999).

. Aebersold, R. & Mann, M. Mass spectrometry-based proteomics. Nature 422, 198-207 (2003).

. Tyers, M. & Mann, M. From genomics to proteomics. Nature 422, 193-197 (2003).

. Oliva, R., de Mateo, S. & Estanyol, ]. M. Sperm cell proteomics. Proteomics 2009, 9, 1004-1017.

. Park, Y. J., Kwon, W. S., Oh, S. A. & Pang, M. G. Fertility-related proteomic profiling bull spermatozoa separated by percoll. J

Proteome Res 11, 4162-4168 (2012).

11. Kwon, W. S. et al. A comprehensive proteomic approach to identifying capacitation related proteins in boar spermatozoa. BMC
Genomics. 15, 897 (2014).

12. Kwon, W. S. et al. Discovery of predictive biomarkers for litter size in boar spermatozoa. Mol Cell Proteomics 14, 1230-1240
(2015).

[=EN-Te RN B e O]

—_

SCIENTIFIC REPORTS | 5:13821 | DOI: 10.1038/srep13821 8



www.nature.com/scientificreports/

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Gaugler, H. R, Buchanan, D. S, Hintz, R. L. & Johnson, R. K. Sow productivity comparisons for four breeds of swine: purebred
and crossbred litters. ] Anim Sci 59, 941-947 (1984).

Pixton, K. L., Deeks, E. D., Flesch, F. M. & Moseley, E. L. Sperm proteome mapping of apatient who experienced failed fertilization
at IVF reveals altered expression of al lease 20 proteins compared with fertile donors: case report. Hum Reprod 19, 1438-1447
(2004).

Peddinti, D. et al. Comprehensive proteomic analysis of bovine spermatozoa of varying fertility rates and identification of
biomarkers associated with fertility. BMC Syst Biol 2, 19 (2008).

Das, A. M. et al. Tsolated mitochondrial long-chain ketoacyl-CoA thiolase deficiency resulting from mutations in the HADHB
gene. Clin Chem 52, 530-534 (2006).

Nakamura, M. T., Yudell, B. E. & Loor J. J. Regulation of energy metabolism by long-chain fatty acids. Prog Lipid Res 53, 124-144
(2014).

Brackett, J. C. et al. Two alpha subunit donor splice site mutations cause human trifunctional protein deficiency. J Clin Invest 95,
2076-2082 (1995).

Chocron, E. S. et al. The trifunctional protein mediates thyroid hormone receptor-dependent stimulation of mitochondria
metabolism. Mol Endocrinol 26, 1117-1128 (2012).

Ahmed, M., Muhammed, S. J., Kessler, B. & Salehi, A. Mitochondrial proteome analysis reveals altered expression of voltage
dependent anion channels in pancreatic 3-cells exposed to high glucose. Islets 2, 283-292 (2010).

Kwon, W. S., Park, Y. J., Mohamed, el-S. A. & Pang, M. G. Voltage-dependent anion channels are a key factor of male fertility.
Fertil Steril 99, 354-361 (2013).

Imai, H. et al. Failure of the expression of phospholipid hydroperoxide glutathione peroxidase in the spermatozoa of human
infertile males. Biol Reprod 64, 674-683 (2001).

Nomura, K., Imai, H., Koumura, T., Arai, M. & Nakagawa, Y. Mitochondrial phospholipid hydroperoxide glutathione peroxidase
suppresses apoptosis mediated by a mitochondrial death pathway. ] Biol Chem 274, 29294-29302 (1999).

Arai, M. et al. Import into mitochondria of phospholipid hydroperoxide glutathione peroxidase requires a leader sequence.
Biochem Biophys Res Commun 227, 433-439 (1996).

de Lamirande, E. & Gagnon C. Impact of reactive oxygen species on spermatozoa: a balancing act between beneficial and
detrimental effects. Hum Reprod Suppl 1, 15-21 (1995).

Hemachand, T. & Shaha, C. Functional role of sperm surface glutathione S-transferases and extracellular glutathione in the
haploid spermatozoa under oxidative stress. FEBS Lett 538, 14-18 (2003).

Vigodner, M. et al. Localization and identification of sumoylated proteins in human sperm: excessive sumoylation is a marker
of defective spermatozoa. Hum Reprod 28, 210-223 (2013).

Shrivastava, V., Pekar, M., Grosser, E., Im, J. & Vigodner, M. SUMO proteins are involved in the stress response during
spermatogenesis and are localized to DNA double-strand breaks in germ cells. Reproduction 139, 999-1010 (2010).

. Kwon, W. S. et al. Vasopressin effectively suppresses male fertility. PLoS One 8, e54192 (2013).
30.

Studdard, P. W,, Stein, J. L. & Cosentino, M. J. The effects of oxytocin and arginine vasopressin in vitro on epididymal contractility
in the rat. Int | Androl 25, 65-71 (2002).

. Medina, P. et al. Contractile responses of human deferential artery and vas deferens to vasopressin. Eur ] Pharmacol 300, 221-225

(1996).

Medina, P. et al. Vasopressin receptors involved in adrenergic neurotransmission in the circular muscle of the human vas
deferens. Eur | Pharmacol 355, 41-49 (1998).

Hagedorn, T. M., Carlin, R. W. & Schultz, B. D. Oxytocin and vasopressin stimulate anion secretion by human and porcine vas
deferens epithelia. Biol Reprod 77, 416-424 (2007).

Mountjoy, J. R., Xu, W,, McLeod, D., Hyndman, D. & Oko, R. RAB2A: a major subacrosomal protein of bovine spermatozoa
implicated in acrosomal biogenesis. Biol Reprod 79, 223-232 (2008).

Oko, R. & Sutovsky, P. Biogenesis of sperm perinuclear theca and its role in sperm functional competence and fertilization. J
Reprod Immunol 83, 2-7 (2009).

Fraser, L. R. & Quinn, P. ]. A glycolytic product is obligatory for initiation of the sperm acrosome reaction and whiplash motility
required for fertilization in the mouse. J Reprod Fertil 61, 25-35 (1981).

Vilagran, 1. et al. Acrosin-binding protein (ACRBP) and triosephosphate isomerase (TPI) are good markers to predict boar
sperm freezing capacity. Theriogenology 80, 443-450 (2013).

Young, J. C., Gould, J. A., Kola, I. & Iannello, R. C. Review: pdha-2, past and present. ] Exp Zool 282, 231-238 (1998).

Jilka, J. M., Rahmatulla, M. & Roche, T. E. Properties of a newly characterized protein of the bovine kidney pyruvate dehydrogenase
complex. ] Biol Chem 261, 1858-1867 (1986).

Yeaman, S. J. et al. Sites of phosphorylation on pyruvate dehydrogenase from bovine kidney and heart. Biochemistry 17,
2364-2370 (1978).

Rahman, M. S. et al. Bisphenol-A affects male fertility via fertility-related proteins in spermatozoa. Sci Rep 5, 9169 (2015).
Heid, H., et al. Novel actin-related proteins Arp-T1 and Arp-T2 as components of the cytoskeletal calyx of the mammalian sperm
head. Exp Cell Res 279, 177-187 (2002).

Kumar, R,, Singh, V. K. & Atreja, S. K. Glutathione-S-transferase: role in buffalo (Bubalus bubalis) sperm capacitation and
cryopreservation. Theriogenology 81, 587-598 (2014).

Thompson, W. E., Ramalho-Santos, J. & Sutovsky, P. Ubiquitination of prohibitin in mammalian sperm mitochondria: possible
roles in the regulation of mitochondrial inheritance and sperm quality control. Biol Reprod 69, 254-260 (2003).

Shibanuma, M. et al. Importance of mitochondrial dysfunction in oxidative stress response: A comparative study of gene
expression profiles. Free Radic Res 45, 672-880 (2011).

Rami6-Lluch, L. et al. Oligomycin A-induced inhibition of mitochondrial ATP-synthase activity suppresses boar sperm motility
and in vitro capacitation achievement without modifying overall sperm energy levels. Reprod Fertil Dev 26, 883-897 (2014).
Eggert-Kruse, W. et al. Seminal antibodies to human 60kd heat shock protein (HSP 60) in male partners of subfertile couples.
Hum Reprod 17, 726-735 (2002).

Holt, C., Holt, W. V., Moore, H. D., Reed, H. C. & Curnock, R. M. Objectively measured boar sperm motility parameters correlate
with the outcomes of on-farm inseminations: results of two fertility trials. ] Androl 18, 312-323 (1997).

Oh, S. A, You, Y. A,, Park, Y. J. & Pang, M. G. The sperm penetration assay predicts the litter size in pigs. Int ] Androl 33, 604-612
(2010).

Braundmeier, A. G., Demers, J. M., Shanks, R. D. & Miller, D. J. The relationship of porcine sperm zona-binding ability to fertility.
J Anim Sci 82, 452-458 (2004).

Shevchenko, A. et al. Linking genome and proteome by mass spectrometry: large-scale identification of yeast proteins from two
dimensional gels. Proc Natl Acad Sci USA, 93, 14440-14445 (1996).

Yan, J. X. et al. A modified silver staining protocol for visualization of proteins compatible with matrix-assisted laser desorption/
ionization and electrospray ionization-mass spectrometry. Electrophoresis 21, 3666-3672 (2000).

SCIENTIFIC REPORTS | 5:13821 | DOI: 10.1038/srep13821 9



www.nature.com/scientificreports/

Acknowledgments

This work was carried out with the support of “Cooperative Research Program for Agriculture Science
& Technology Development (Project No. PJ01106101)” Rural Development Administration, Republic
of Korea. Ye-Ji Kim was supported through the “Chung-Ang University Excellent Student Scholarship”,
Chung-Ang University, Korea.

Author Contributions

W.S.K,, S.A.O,, YJ.K,, M.S.R. and Y.J.P. performed experiments, analyzed data, and drafted this manuscript.
M.G.P. supervised the critical design of study, analysis of data, and revised the manuscript. All authors
contributed to the critical revisions and the important intellectual content and gave final approval of the
version to be published.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Kwon, W.-S. et al. Proteomic approaches for profiling negative fertility
markers in inferior boar spermatozoa. Sci. Rep. 5, 13821; doi: 10.1038/srep13821 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

M images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:13821 | DOI: 10.1038/srep13821 10


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Proteomic approaches for profiling negative fertility markers in inferior boar spermatozoa
	Introduction
	Results
	Proteome profiles of boar spermatozoa
	Immunolocalisation of glutathione peroxidase 4 (GPx4) and arginine vasopressin receptor 2 (AVPR2) in spermatozoa
	Protein confirmation by western blotting
	Signaling pathway analysis

	Discussion
	Methods
	Semen sources and preparation
	Two-dimensional electrophoresis (2-DE)
	Gel analysis
	Protein digestion
	LC-MS/MS Analysis
	Database searching
	Immunolocalisation of GPx4 and AVPR2
	Western blotting
	Signaling pathway analysis
	Statistical analysis

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Proteomic approaches for profiling negative fertility markers in inferior boar spermatozoa
            
         
          
             
                srep ,  (2015). doi:10.1038/srep13821
            
         
          
             
                Woo-Sung Kwon
                Shin-Ae Oh
                Ye-Ji Kim
                Md Saidur Rahman
                Yoo-Jin Park
                Myung-Geol Pang
            
         
          doi:10.1038/srep13821
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep13821
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep13821
            
         
      
       
          
          
          
             
                doi:10.1038/srep13821
            
         
          
             
                srep ,  (2015). doi:10.1038/srep13821
            
         
          
          
      
       
       
          True
      
   




