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Proteomic signatures of infertile men with clinical
varicocele and their validation studies reveal
mitochondrial dysfunction leading to infertility

Ashok Agarwal', Rakesh Sharma’, Luna Samanta’, Damayanthi Durairajanayagam'?, Edmund Sabanegh*

To study the major differences in the distribution of spermatozoa proteins in infertile men with varicocele by comparative proteomics
and validation of their level of expression. The study-specific estimates for each varicocele outcome were combined to identify
the proteins involved in varicocele-associated infertility in men irrespective of stage and laterality of their clinical varicocele.
Expression levels of 5 key proteins (PKAR1A, AK7, CCT6B, HSPA2, and ODF2) involved in stress response and sperm function
including molecular chaperones were validated by Western blotting. Ninety-nine proteins were differentially expressed in the
varicocele group. Over 87% of the DEP involved in major energy metabolism and key sperm functions were underexpressed in the
varicocele group. Key protein functions affected in the varicocele group were spermatogenesis, sperm motility, and mitochondrial
dysfunction, which were further validated by Western blotting, corroborating the proteomics analysis. Varicocele is essentially a state
of energy deprivation, hypoxia, and hyperthermia due to impaired blood supply, which is corroborated by down-regulation of lipid
metabolism, mitochondrial electron transport chain, and Krebs cycle enzymes. To corroborate the proteomic analysis, expression
of the 5 identified proteins of interest was validated by Western blotting. This study contributes toward establishing a biomarker

“fingerprint” to assess sperm quality on the basis of molecular parameters.
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INTRODUCTION

Varicocele is diagnosed in about 15%-20% of the adult male population
and is implicated as a factor in about 40% of infertile men.! The
recommendation of the American Society of Reproductive Medicine is to
treat a varicocele when it is palpable and present with at least one abnormal
semen parameter in couples presenting with infertility or when the female
partner is normal.* Numerous factors have been proposed to explain the
occurrence of this multifactorial disease, which include venous stasis,
testicular hypothermia, testicular hypoxia, apoptosis, heavy metal toxicity,
increased oxidative stress, and increased DNA damage.** Although poor
semen quality, increased oxidative stress and DNA fragmentation are
frequently observed, not all men presenting with varicocele are infertile,
and men with high-grade varicocele can still father children.”” However,
the underlying molecular mechanism of varicocele-associated testicular
dysfunction and infertility remains unclear.

Unilateral varicocele present on the left side is more common
(35%-40%) compared to the presence of a bilateral varicocele (10%-
15%).! Varicocele repair has been shown to correct varicocele and
improve semen parameters, DNA integrity and pregnancies in some,
but not in all cases.*? In addition, significant improvement (49%) in
natural pregnancy rates has been reported in bilateral varicocelectomy
compared to 36% in unilateral varicocelectomy.'” While surgical repair

eliminates varicocele in the majority of cases, its impact on infertility
remains unclear.

Proteomics is a rapidly emerging technology that allows the
simultaneous detection of thousands of proteins. Several comparative
studies have been published on the sperm proteome, documenting
alterations in the protein composition in the spermatozoa or
seminal plasma in an effort to better understand the underlying
etiology of male infertility."''"** A number of studies have utilized
high-throughput techniques such as LC-MS/MS, isobaric labeling
strategies (such as isobaric tandem mass tags; TMTs), and isobaric
tags for relative and absolute quantitation (iTRAQ) to study protein
alterations in fertile versus infertile groups.'*'* Comparative studies
on the sperm proteome have revealed the differential proteomic
profile of varicocele patients in general with healthy fertile men or
donors with normal seminal values. Hosseinifar et al. identified
15 distinct differences in the protein profile from oligozoospermic
grade 3 varicocele group in comparison with normozoospermic
men (n = 20), where 12 proteins showed low abundance, two were
of high abundance, and one protein was not detected.'® Similarly,
a study by Chan's group using a two-dimensional electrophoresis
and MALDI-TOF-MS revealed a total of 15 differentially expressed
proteins in men with grade 2 varicocele compared to fertile control
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subjects.'” Among the 15 proteins detected, Heat shock protein 70 and
90 were repeatedly upregulated in the varicocele group. Some of these
differentially regulated proteins may be potential key proteins that
could be helpful in predicting the success of varicocele repair and also
shedding light on the crucial proteins involved in fertilization.'® A few
studies have looked at altered protein profiles in varicocele patients
before and after varicocele repair.'**

We have recently examined the proteomic profile of patients with
either unilateral or bilateral varicocele with fertile men®-** and also
compared infertile men with unilateral and bilateral varicocele only.”
The fundamental goal of our previous studies was to understand the
specific pathophysiology of individual conditions, i.e., unilateral or
bilateral varicocele. In all of the above-mentioned studies, comparisons
were made using any two specific conditions. However, irrespective of
the type (unilateral or bilateral) and/or grade of varicocele, a cohort
of patients remained infertile. Therefore, in this study, we aim at
comparing the protein profile of spermatozoa of infertile men with
varicocele, with that of fertile men using the protein profiles obtained
in our previous studies to identify novel protein markers that may
be involved in the development of infertility along with validation of
their expression levels.

MATERIALS AND METHODS

Patient enrollment and sample collection

Following approval of the study by the Institutional Review Board
of Cleveland Clinic, semen samples were collected from 50 infertile
varicocele patients seeking investigation for fertility. A separate set
of 10 proven fertile men were included as a control group. All fertile
men were confirmed for the absence of a clinical varicocele. All
patients provided written consent to be enrolled in this prospective
study. Varicocele was diagnosed by clinical analysis, including scrotal
palpation and graded. Men with azoospermia and sperm concentration
of <10 x 10°ml™" were excluded. Samples with round cells >1 x 10° white
blood cells were tested for leukocytospermia by Endtz or peroxidase
test. Samples that were positive for leukocytospermia were not included
in this study.

Semen analysis

Following liquefaction, manual semen analysis was performed
according to the WHO guidelines to determine sperm concentration
and motility.** Sperm smears were air-dried, fixed, and stained with
Dift-Quik for assessment of sperm morphology.

Measurement of reactive oxygen species, total antioxidant capacity,
and DNA fragmentation

ROS formation was measured by chemiluminescence assay with
luminol (5-amino-2,3-dihydro-1,4-phthalazinedione) as the probe,
using an AutoLumat LB 953 multi-tube luminometer (Berthold
Technologies, Oak Ridge, TN, USA). Results were expressed as relative
light units RLU/s/10° sperm.” Total antioxidant capacity (TAC)
was measured in the seminal plasma using the antioxidant assay
kit (Cayman Chemical, Ann Arbor, MI, USA). Trolox standards and
reagent were prepared as per the manufacturer’s instructions at the
time of the assay. Absorbance was monitored at 750 nm using ELx800
Absorbance Microplate Reader. Results were expressed as micromoles
of Trolox.?!

Sperm DNA fragmentation was evaluated using a terminal
deoxynucleotidyl transferase-mediated fluorescein-dUTP nick end
labeling (TUNEL) assay with an apoptosis-detection kit (Apo-Direct,
BD Biosciences Pharmingen, San Diego, CA, USA) and flow cytometry.
All fluorescence signals of labeled spermatozoa were analyzed by
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flow cytometer. Totally, 10 000 spermatozoa were examined, and the
percentage of TUNEL-positive cells was calculated.®

Proteome profiling

Here, we used the list of proteins detected by proteomic analysis
of spermatozoa proteins reported in our previous studies.”’-* The
methodology is briefly described below.

Preparation of samples for proteomic analysis

Samples were thawed, and seminal plasma was removed after
centrifugation for 7 min at 1000 xg. Spermatozoa were washed 3 times
in PBS by centrifugation. Sperm concentration was determined
before adding the radioimmunoprecipitation assay (RIPA) lysis
buffer (Sigma-Aldrich, St. Louis, MO, USA) containing proteinase
inhibitor cocktail (Roche, Indianapolis, IN, USA). The spermatozoa
samples were stored overnight at 4°C to allow for complete lysis
of the spermatozoa. After centrifugation at 13 000 xg for 20 min,
the supernatant was aspirated, and the protein concentration was
determined using a bicinchoninic acid (BCA) kit (Thermo, Rockford,
IL, USA). Sperm concentration was normalized, so that equal number
of spermatozoa is contributed to the protein pool. For proteomic
analysis, samples were pooled. Both spermatozoa and protein
concentrations were normalized in each group, i.e., equal quantity
of protein was contributed by equal number of spermatozoa. Based
on this normalization, we selected 5 of the 33 patients with unilateral
varicocele, 3 of the 17 patients with bilateral varicocele, and 5 from the
fertile group. Equal amounts of protein were diluted in the SDS-PAGE
sample buffer and fractionated using 1D SDS-PAGE.

Global proteomic analysis

Global proteomic analysis was done in triplicate and quantified using
the label-free spectral counting method. A 15 ug aliquot of each sample
was boiled, and a standard SDS-PAGE was run on a 12.5% Tris-HCl
1-D gel with constant voltage of 150 V for 35 min. The gel was run
for 1/3 of the total length to prepare for the downstream LC-MS/MS
experiment. The gel was fixed for 30 min in 50% ethanol/10% acetic
acid, washed with water thoroughly, and stained with Coomassie blue.
For the protein digestion, the entire gel lane was cut and divided into 6
smaller pieces. The bands were reduced and alkylated before the in-gel
digestion. The gel pieces were washed with water and dehydrated in
acetonitrile. The bands were reduced with Dithiothreitol (DTT) and
alkylated with iodoacetamide before the in-gel digestion. All bands
were digested in-gel using trypsin by adding 5 pl of 10 ng pul™" trypsin
in 50 mmol I ammonium bicarbonate and incubating overnight
at room temperature to achieve complete digestion. The peptides
were extracted from the polyacrylamide in two aliquots of 30 ul 50%
acetonitrile with 5% formic acid. Gels from the fertile, unilateral, and
bilateral varicoceles were run in triplicate for assessing technical and
biological reproducibility.

Liquid chromatography mass spectrometer (LC-MS) analysis

The extracts were combined and evaporated to <10 pl in SpeedVac, and
then resuspended in 1% acetic acid to make a final volume of ~30 pl
for LC-MS analysis. The LC-MS system was a Finnigan LTQ-Orbitrap
Elite” Hybrid Ion Trap-Orbitrap Mass Spectrometer system. The HPLC
column was a Dionex 15 cm x 75 um internal diameter Acclaim Pepmap
C18,2 um, 100 A reversed phase capillary chromatography column. Five
microliters of the extract were injected, and the peptides eluted from
the column by an acetonitrile/0.1% formic acid gradient at a flow rate of
0.25 ul min~" were introduced into the source of the mass spectrometer
on-line. The microelectrospray ion source was operated at 2.5 kV. The
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digest was analyzed using the data-dependent multitask capability of the
instrument acquiring full scan mass spectra to determine the peptide
molecular weights and product ion spectra (MS/MS) to determine the
amino acid sequence in successive instrument scans.

Database searching and protein identification

Tandem mass spectra were extracted by Proteome Discoverer
version 1.4.1.288 (Thermo Fisher Scientific, San Jose, CA, USA).
All MS/MS samples were analyzed using Mascot (Matrix Science,
London, UK; version 2.3.02), Sequest (Thermo Fisher Scientific, San
Jose, CA, USA; version 1.4.0.288) and X! Tandem (The GPM, thegpm.
org; version CYCLONE [2010.12.01.1]). To validate MS/MS-based
peptide and protein identifications, Scaffold (version Scaffold 4.0.6.1,
Proteome Software Inc., Portland, OR, USA) was used. Protein
identifications were accepted if they could be established at >99.0%
probability to achieve a false detection rate (FDR) <1.0% and contained
at least 2 identified peptides. Protein probabilities were assigned
by the Protein Prophet algorithm.?””?® Proteins were annotated with
gene ontology (GO) terms from National Center for Biotechnology
Information (NCBI).?

Quantitative proteomics for establishment of an expression database,

data distribution, and quality

For proteomic analysis, the relative quantity of the proteins was

determined by comparing the spectral counts used to identify each

protein. The protein abundance in the complex mixture was measured
by the spectral counts. Normalization of the spectral counts using the
normalized spectral abundance factor (NSAF) approach was applied
before quantification of the relative amount of protein present.* This
is important to account for the sample-to-sample variation seen during
the replicate analysis of the samples.’’ Accurate quantification and
determination of real biological change is a function of the absolute
number of spectral counts. Appropriate filters were used to identify
the differentially expressed proteins (DEPs) that were dependent on
the overall abundance of the proteins among the three replicate runs.

Based on the average spectral count of the proteins from the
multiple runs, different constraints for fold change cutoffs were applied
to obtain the differentially expressed proteins. Higher spectral counts
have low variance and, therefore, require less stringent fold change
cutoffs compared to low spectral count proteins. To minimize the
bias and maintain a constant false positive rate, the abundance of the
proteins was classified according to the average spectral count, different
constraints for biological and statistical variance (P values), as well as
the cutoft for the fold change (NSAF ratio) as:

1. Very low abundance: spectral count range 1.7-7; P < 0.001 and
NSAF ratio 22.5 for overexpressed, <0.4 for underexpressed
proteins

2. Low abundance: spectral count range 8-19; P < 0.01 and NSAF
ratio 22.5 for overexpressed, <0.4 for underexpressed proteins

3. Medium abundance: spectral count range between 20 and
79; P < 0.05 and NSAF ratio >2.0 for overexpressed, <0.5 for
underexpressed proteins

4. High abundance: spectral counts >80; P < 0.05 and NSAF
ratio 21.5 for overexpressed, <0.67 for underexpressed proteins.

To assess the distribution and quality of the data for identification
of any outliers present in the data set and to find the requirement of any
normalization or standardization, various diagnostic plots were used. The
intensity values were log, transformed to reveal a rather homogenous data
set with similar distributions of detected values for the different samples.
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Filtering of missing values and establishment of an expression

database

A missing value may result from the absence of the corresponding
protein in the sample or its intensity was too low to be discriminated
from the background level. Since the objective of this study is to
compare spermatozoa proteomes in infertile varicocele patients
with that of fertile donors to reveal proteins common to varicocele
irrespective of laterality (unilateral or bilateral) and grades, the filter was
based on the fraction of present values in both varicocele condition gels.
Therefore, in this study, analysis was done using all proteins identified
in each group taking all three replicates. Accordingly, an expression
database of all proteins was established (Figure 1).

Bioinformatics analysis

Functional annotation and enrichment analysis were performed
using publicly available bioinformatics annotation tools and databases
such as GO Term Finder,”*> GO Term Mapper, UniProt, Software
for Researching Annotations of Proteins (STRAP),*® Database for
Annotation, Visualization, and Integrated Discovery (DAVID),
and proprietary software packages such as IPA (Ingenuity Pathway
Analysis) and Search Tool for the Retrieval of Interacting Genes/
Proteins (STRING).

Protein confirmation by Western blotting

The differentially expressed proteins of interest were verified in each
sample using Western blotting. Washed spermatozoa were lysed
in RIPA lysis buffer containing 1 x PBS, 1% Igepal CA-630, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 10 mg ml™*
phenylmethylsulfonyl fluoride (PMSF), aprotinin, 100 mmol 1™ sodium
orthovanadate, and 4% protease inhibitor cocktails by microcentrifugation
at 10 000 xg for 10 min at 4°C. The supernatants were collected and
treated with an equal volume of sample application buffer (125 mmol I}
Tris-HCI, pH 6.8, 2% SDS, 5% glycerol, 0.003% bromophenol blue, and
1% B-mercaptoethanol). The mixture (approximately 20 pig of protein)
was boiled for 5 min; 15 pl of each sample was applied to each well of
a 4%-15% SDS-polyacrylamide gel and electrophoresed for 2 h at 90
V along with a set of molecular weight markers (Sigma Chemical Co.,
St. Louis, MO, USA). The resolved protein bands were then transferred
onto PVDF membranes at 18 V for 30 min using a transfer buffer of 25
mmol I"! Tris base, 192 mmol I glycine, and 20% methanol. The blots
were blocked overnight at 4°C with blocking buffer (5% nonfat milk in
10 mmol 1! Tris pH 7.5, 100 mmol 1! NaCl, and 0.1% Tween 20). The
blocking buffer was decanted, and blots were incubated overnight at
4°C with constant rocking with primary antibody (rabbit IgG, Abcam,
MA, USA) diluted 1:1000 in 5% milk PBS/Tween. As an internal
control, blots were reprobed with an anti-f3-actin antibody (Santa

Figure 1: Flow diagram showing the expression database of all the three
replicates.



Cruz Biotechnology, Inc., TX, USA). Blots were then washed
using Tris-Buffered Saline Triton (TBST) (10 mmol 1! Tris pH 7.5,
100 mmol 1! NaCl, 0.1% Tween 20) and incubated with horseradish
peroxidase conjugated anti-rabbit IgG (1:15 000; Abcam, MA, USA) for
1 h at room temperature following washes in TBST. Peroxidase activity
was revealed using 3,3-diaminobenzidine (Thermo Scientific, PI) as a
substrate. The developed blots were subjected to densitometric analysis
by Image] software (free software developed by NIH) and the ratio of
intensity of the band to that of the internal control B-actin was taken
for comparison among groups.

Statistical analysis

Statistical analysis for semen parameters was done using Wilcoxon
Rank-Sum test and result was considered significant at P < 0.05. The
densitometric data of expression levels of proteins were analyzed by
one-way analysis of variance (ANOVA) followed by Duncan’s New
Multiple range test, with differences considered significant at P < 0.05.

RESULTS

Varicocele and semen parameters

Of the 50 patients diagnosed with varicocele, 66% (33/50) presented
with unilateral varicocele and 34% with bilateral varicocele (17/50).
The majority of the varicocele patients had left-sided varicocele (72.5%)
compared to right side varicocele (27%). Grade 1 varicocele was seen
in a higher percentage of patients with left side varicocele (44.4%)
or right side varicocele (82.4%) and grade 2 was seen in 28.9% of
left side varicocele and 17.6% with right side varicocele. Compared
to the fertile group, sperm concentration (x10° ml™) (69.90 + 37.55
vs 29.49 + 33.22; P < 0.002), motility (%) (57.1 + 16.0 vs 41.3 + 18.4;
P <0.023), and strict morphology (%) (8.4 + 3.4 vs 2.4+ 1.9; P < 0.001)
were significantly poor in the varicocele group. Significantly higher
levels of ROS (RLU/s/10° sperm; median [25%, 75% percentile values;
142.7 (36.2, 337.7) vs 896.1 (165.6, 2990.5), (P < 0.008)]) and DNA
fragmentation (%) (range: 8.5-41.7 vs 3.3-48.3; P < 0.009) were seen
in the varicocele group.

Global proteomic profiling and abundance of proteins

For the global protein profiling, each pooled sample from control,
unilateral, and bilateral groups was run in triplicate to minimize
biological and technical variation. For the fertile control group,
1055, 1010, and 1042 proteins were identified in the 3 LC-MS runs,
respectively. On the other hand, 795, 713, and 763 proteins were
detected for unilateral varicocele group and while a total of 1024, 999,
and 1017 proteins were identified in bilateral varicocele group. Thus,
after filtering the missing values, a total of 1244, 933, and 1230 proteins
were reported for fertile donor and infertile unilateral and bilateral
varicocele patients, respectively (Figure 2a).

Differentially expressed proteins in fertile and varicocele group

In this study, the goal was to identify proteins that were differentially
expressed in infertile varicocele men to those in fertile men. We also
examined proteins involved in key functions related to spermatogenesis,
sperm motility, and mitochondrial dysfunction.

Of the 1250 proteins identified by global proteomics, 99 were
differentially expressed proteins (DEPs). The majority of the
DEP (87.5%, 77/88) were underexpressed in patients with varicocele.
Only 12.5% of the DEP were overexpressed. Of these, 88 were
common to both fertile and the varicocele group as shown in the Venn
diagram (Figure 2b). The heat map generated for the DEP that were
overexpressed or underexpressed is shown in Figure 2c.
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Classification of the differentially expressed proteins

Functional annotations and enrichment were examined using GO
Term Finder, GO Term Mapper, UniProt, DAVID, STRAP and
Reactome for the DEP in the fertile and the varicocele group is shown
in Supplementary Table 1. DAVID functional annotation analysis
revealed that both underexpressed and overexpressed proteins were
located in the mitochondria, cytosol, organelle membranes, nuclear
pore complex, and the cAMP-dependent protein complex. Metabolism
including energy metabolism, metabolism of the amino acids, pyruvate
and TCA cycle, lipid and lipoprotein, fatty acid metabolism, and
oxidative phosphorylation was significantly affected in varicocele
group as a result of the underexpressed proteins. Overexpressed
proteins affected the integrin-mediated signaling pathway in addition to
integrin-cell surface interaction and adhesions. Underexpressed proteins
also influenced biological processes such as generation of precursor
metabolites, oxidation-reduction associated processes, spermatogenesis,
sperm development/differentiation, and germ cell development.
Overexpressed proteins affected cell motion, chemotaxis, cell activation,
and inflammatory response. Key molecular functions affected by
underexpressed proteins were nucleotide and purine nucleotide binding,
nucleoside binding as well as ATP binding, peptidase activity, and to a
smaller extent kinase regulatory activity and unfolded protein binding.
Overexpressed proteins were involved in carbohydrate metabolism,
polysaccharide binding, and glycoprotein binding.

Underexpressed proteins were shown to be involved in
spermatogenesis, sperm motility, mitochondrial dysfunction, metabolism
of nucleotides, and fatty acid metabolism (Supplementary Table 2).
Overexpressed proteins were involved in the formation of cellular
protrusions, cellular compromise, and loss of phosphatidyl-ionositol-4-5
bisphosphate in varicocele group.

Functional categories identified by IPA for overexpressed and
underexpressed DEP are shown in Supplementary Table 1. In varicocele
group, the majority of the DEP (87.5%) were underexpressed. Nine
proteins were unique to the fertile group, which included aspartate-rich
protein 1 (DRICH1), nucleoporin p58/p45 (NUPLI), uncharacterized
protein C9orf135 (C9orf135), coiled-coil domain-containing protein
42A (CCDC42), HD domain-containing protein 2 (HDDC2), protein
DPCD (DPCD), V-proton ATPase subunit B brain isoform (ATP6V1B2),
Heterogeneous nuclear ribonucleoprotein M (HNRNPM), and
syntaxin-12 (STX12). The two proteins that were unique to the
varicocele group were integrin alpha-M (ITGAM) and integrin
beta-2 (ITGB2).

Proteins involved in major networks
Interaction network was generated using IPA for all key proteins in fertile
and varicocele group. We identified two networks that may affect key
sperm functions such as spermatogenesis, sperm motility, mitochondrial
dysfunction, as well as nucleic acid, and fatty acid metabolism, which
in turn might potentially affect the overall sperm quality in infertile
men with varicocele. The first network involved 17 focus molecules
that participated in the nucleic acid metabolism, small molecule
biochemistry, and molecular transport and were underexpressed in
varicocele group compared to fertile group (Figure 3a). Of these,
only two proteins were overexpressed (NDRG1 and ODF2). Eleven
proteins were identified in the second network that was involved in
energy production, metabolism, lipid metabolism, and small molecule
biochemistry. Of these, eight were underexpressed and three were
overexpressed (Figure 3b).

Further, we identified protein-protein interaction network
using STRING database to identify the key functions that were
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Figure 2: Venn diagram. (a) Distribution of global proteins in fertile, unilateral and bilateral varicocele group and (b) differentially expressed proteins in
fertile and unilateral and bilateral varicocele group. (¢) Heat map showing the DEP proteins that were overexpressed or underexpressed in varicocele group.

underexpressed in varicocele group that may contribute to the onset
of varicocele and ultimately to sperm dysfunction. These interactions
are derived through high-throughput experiments, co-array
experiments, and PubMed or other public data sources. The interaction
network for all key proteins shows their involvement in reproductive
functions such as spermatogenesis, sperm motility, and mitochondrial
dysfunction (Figure 3¢ and 3d).

Validation of expression profile of proteins by Western blotting
From the list of proteins, 5 proteins were selected for validation studies
based on their role in stress response and regulation of structural and
functional integrity of the spermatozoa. Of the 5 proteins, 4 (PKAR1A,
AK7, CCT6B, and HSPA2) were shown to be downregulated while
1 (ODF2) was upregulated by NASF ratio. Expression of these proteins
of interest was validated by Western blot densitometric analysis using
[B-actin as an internal control (Figure 4).

DISCUSSION

Although many differentially expressed proteins in the spermatozoa
involved in sperm motility, sperm capacitation, and fertilization
have been identified,* ¢ studies on varicocele-related male infertility
are far from conclusive in narrowing down the potential candidate
biomarkers of varicocele-associated infertility.'*"'**"* This challenge
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is mainly attributed to the selection criteria of the study subjects,
instrumentation, and techniques, as well as the available software and
search engines utilized in conducting these studies. While some of
these shortcomings can be overcome using the LC-MS/MS technique,*
some of the integral membrane proteins have been identified using
other techniques.*

In our recent studies, we have utilized a robust LC-MS Orbitrap
system and identified differentially expressed proteins in men with
unilateral varicocele compared to fertile men,* bilateral varicocele
compared to fertile men,” and differentially expressed proteins in
infertile men with unilateral and bilateral varicocele.® Comparative
analyses of the unilateral varicocele and the fertile group identified 29
proteins that were involved in key reproductive functions.”’ Some of
the key proteins associated with fertility related functions that were
underexpressed were AKAP3, APOPA1, SEMGI1, ACR, SPA17, and
DNAH17. Proteins such as GSTM3, TGM4, ODF2, HIST1H2BA,
and PARK?7 were overexpressed. CRISP-2 and ARG2 were uniquely
expressed in the unilateral varicocele group only.!

In bilateral varicocele and fertile group comparison, majority of
the proteins were involved in metabolic processes, stress response,
and oxidoreductase activity. Key proteins involved in sperm function
that were overexpressed were TEKT3, TCP11, and TGM4, whereas
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Figure 3: Interaction network generated using IPA for all key proteins in varicocele group compared to fertile group. (a) Nucleic acid metabolism, small
molecule biochemistry and molecular transport and (b) energy production, lipid metabolism and small molecule biochemistry and STRING database showing
evidence of functional link between protein-protein interactions among (c) spermatogenesis, sperm motility and (d) mitochondrial dysfunction.

Figure 4: Representative immunoblot of expression profile of selected
proteins (n =5 per group run in duplicate).

CLMGN, TOM22 were underexpressed and may attribute to infertility
in these patients.”? We next compared infertile men with unilateral
and bilateral varicocele to identify the DEP among the two varicocele
groups. This was important to help understand how the protein
expression is altered in a specific diagnosis of varicocele, either
unilateral, or bilateral.”> We identified 21 DEP that were involved in
key reproductive functions. GSTM3, SPANXB1, PARK7, PSM8, DLD,

SEMG1, and SEMG2 were the candidates of interest and likely to be
involved in varicocele development and infertility.?*

In the present study, we identified two proteins (ITGAM and
ITGB2) that were unique to varicocele group (Supplementary Table 1).
ITGAM (integrin alpha-M) is implicated in various adhesive
interactions of various types of cells and molecules. Adhesion
molecules such as integrin, fibronectin, and ADAMS are involved
in spermatogenesis and gamete interactions. Varying expression of
integrin is associated with the release of spermatids into the tubule
lumen.* Most of the known steps in leukocyte trafficking across the
vascular endothelium bear resemblance with the intracellular reactions
in spermatogenesis and sperm-oocyte apposition involving protein
families such as integrin.*

Integrin B (CD11b/CD18) is the primary adhesive glycoprotein
complex involved in neutrophil-mediated immune injury to the
spermatozoa.’’ These have been shown to be associated with
ROS-mediated destruction of motile sperm by neutrophils that adhere
to the sperm. The presence of these two integrin proteins only in
varicocele patients also suggests the potential role of these two adhesion
molecules and presence of activated neutrophil-associated with
production of ROS in varicocele men. They can serve as a biomarker for
neutrophil-mediated immune injury to spermatozoa and subsequent
onset of infertility in these men.

In fertile group, nine unique proteins were identified as mentioned
above. Studies suggest that these proteins may have novel reproductive
functions, not previously established in fertile men. Among them,
nucleoporin is a component of the nuclear pore complex and constitutes
a large supramolecular assembly that mediates macromolecular
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trafficking across the nuclear envelope involving interactions between
cytosolic transport factors and nuclear pore complex proteins.*
V-ATPase is involved in luminal acidification in the epididymis where
an acidic environment is essential to keep the sperm in a dormant
immotile state and create an optimal acidic environment critical for
male fertility.*’ Secretory vesicles are used during spermatogenesis to
deliver proteins to the cell surface. The acrosome is considered an acidic
secretory vesicle containing hydrolytic enzymes that are involved in
the passage of the sperm across the zona pellucida. The assembly of the
proton pump is an important step for the biogenesis of the acrosome.*

HNRNP M is an abundant heterogeneous nuclear ribonucleoprotein
responsible for spliceosome mediated constitutive and alternative
splicing.* Its ability not only includes exon skipping but also promoting
exon inclusion.*® It plays a role in the generation of varied proteins
and small regulatory RNAs from heterogeneous RNA. The unique
presence of HNRNP M in fertile men might be responsible for the
production of new proteins and small nuclear RNAs required for
successful fertilization and embryo development. Syntaxin-12 is
a member of syntaxin SNARE (Soluble NSF Attachment Protein
Receptor) family of proteins that acts to regulate protein transport
between late endosomes and the trans-Golgi network. Sperm use the
SNARE fusion machinery and regulatory components as characterized
for other secretory events.*’

Increasing evidence has shown that a-SNAP/NSF, Rab3A,
toxin-sensitive members of SNARE family, and interaction of
complexin/synaptotagmin are required in Ca*-triggered acrosome
exocytosis before intra-acrosomal Ca?** efflux of the acrosome
exocytosis.®*" Therefore, their absence in varicocele patients might
be the causative factor for impaired acrosomal reaction leading to
fertilization failure. To corroborate this fact, we found acrosin binding
protein (ACRBP) and voltage-dependent calcium channel subunit
alpha-2/delta-2 (CACNA2D) to be underexpressed in varicocele
patients. CACNAZ2D is the alpha-2/delta subunit of voltage-dependent
calcium channels regulating calcium current density and is highly
expressed in the testis. ACRBP can bind to proacrosin zymogen
and delay its maturation.”® During fertilization, ACRBP regulates
autoactivation of proacrosin to the mature isoforms of acrosin, and
thereby accelerating the release of acrosomal commitments during
acrosome reaction.” The underexpression of this protein reflects that
some of the otherwise normal appearing spermatozoa in varicocele
men may have compromised the ability of undergoing acrosome
reaction, which is a prerequisite for natural fertilization.

We generated two interaction networks using ingenuity pathway
analysis for all key proteins identified to be differentially expressed
in varicocele group (Figure 3a and 3b). In the first network, these
molecules were associated with the nucleic acid metabolism, small
molecule biochemistry, and molecular transport. Of the 17 molecules
identified participating in this network, 15 were underexpressed and
2 were overexpressed. The underexpressed molecules participated
in energy metabolism, molecular chaperone, ion channel transport,
kinase and peptidase activities, or functioned as transport molecules.

Varicocele is characterized by low blood flow into the testis resulting
in a hypoxic and hypothermic state. The hypoxic state is evidenced
in the present study by the underexpression of key mitochondrial
electron transport complex proteins, namely, Complex-I enzyme
NADH-ubiquinone oxidoreductase (NDUFS1, 75 kDa subunit) and
Complex-III Cytochrome b-c1 complex subunit 2 (UQCRC2). This
condition is further substantiated by detection of underexpressed
enzymes of the Krebs cycle such as Aconitate hydratase (ACO2),
Isocitrate dehydrogenase (NAD) subunit beta (IDH3B), and
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2-oxoglutarate dehydrogenase (OGDH). Thus, the spermatozoa from
infertile varicocele men are basically in an energy-deprived state
which may be responsible for the decreased motility and DNA damage
as reported previously.****** In fact, mitochondrial Complex-III is
suggested to be the oxygen sensor during hypoxic condition and
generation of ROS* and a single, mild, transient scrotal heat stress is
reported to cause hypoxia and oxidative stress in mouse testes leading
to germ cell death.” The lysosomal enzyme alpha-glucosidase (GAA)
is found to be underexpressed in infertile patients with varicocele. It
is essential for degradation of glycogen to glucose in the lysosomes.
Varicocele has been reported to cause a decrease in epididymal neutral
alpha-glucosidase suggesting its epididymal dysfunction and possible
association with sperm membrane damage, impaired sperm quality,
and increased DNA fragmentation.***

Reduced levels of alpha-glucosidase are also associated with
oxidative stress and infection resulting in increased DNA fragmentation.
Varicocele-induced reduced levels of alpha 1, 4 glucosidase have also
been reported.”® Similarly, sodium/potassium-transporting ATPase
subunit alpha-4 (ATP1A4), the catalytic component of the active
enzyme which catalyzes the hydrolysis of ATP coupled with the
exchange of sodium and potassium ions across the plasma membrane
is underexpressed in varicocele group. It provides energy for active
transport of various nutrients and plays a role in sperm motility. It
is specifically expressed in the testis and mature sperm at the protein
level and essential for germ cell gene expression (sperm with deficiency
show bent tail), abnormal ion regulation, reduced motility, and
hyperactivation, which is necessary for capacitation.”” We have also
demonstrated this protein in unilateral varicocele patients.” Therefore,
it is within reason to speculate that spermatozoa from varicocele
patients, which are essentially in a hypoxic-hyperthermic state, have
impaired motility and harbored DNA damage, in conformity with our
previous findings.*** In this study, we also report dysregulation of
proteins involved in sperm motility and sperm chromatin compaction.

Molecular chaperons are the best sensors of intrinsic and extrinsic
environmental stress in a cell. HSPA4L encodes a heat shock protein
that belongs to the HSP 110 family. In somatic cells, HSPA4L is
inducible by heat shock at temperatures of 32-39°C. They can also
be induced by chemical or physical stress, viral infection, drugs,
and transforming agents where they confer cytoprotective effects by
maintaining protein homeostasis and blocking the caspase-dependent
apoptosis.®**! They act by refolding of denatured proteins and prevent
the adverse metabolic effects occurring as a result of the accumulation
of misfolded proteins. Under normal conditions, they are constitutively
present and function in the folding, trafficking, and translocation of
proteins across the membranes.*

We recently have demonstrated low expression of this protein
in spermatozoa of men with ROS higher than the physiological
levels (low, medium, and high ROS levels) suggesting disruption of
the spermatogenesis process, resulting in ROS-induced infertility.®*
Differential regulation of HSP has also been reported in infertile men
with varicocele. Hosseinifar ef al. also reported underexpression of
HSPAS, but overexpression of HSP70, HSP90 in infertile men with
varicocele.'® Increased expression of HSP79, HSP90A4, and heat shock
factors HSF1, HSF2 was reported in both men with varicocele and
oligozoospermia.'® HSPA2 was downregulated in ejaculated sperm of
men with oligozoospermia® and re-expressed at a higher level after
varicocelectomy.®® The presence of HSP chaperones on the sperm
surface is suggestive of their multifunctional roles, one of which is
critical for sperm-zona pellucida binding.*' Besides HSPs, T-complex
protein 1 subunit zeta-2 (CCT6B) is another molecular chaperone



involved in protein (actin and tubulin) folding mediated by cytoplasmic
chaperon in containing TCP-1, which is highly expressed in the testis.
It plays an important role in the cytoskeletal organization during
spermatogenesis. It is also confined to nuclear heterochromatin and
associated with nuclear compaction of the spermatozoa.*

In fact, a defective organization of the flagellum is evidenced by
the overexpression of the outer dense fiber protein 2 (ODF2). ODF2 is
the major cytoskeleton protein of the sperm tail. It may contribute to
assorted ciliopathies. Developmental defects of ODF will cause severe
tail abnormalities resulting in abnormal sperm motility, morphology,
and infertility. This protein was also identified in unilateral and bilateral
varicocele patients.?” Studies have reported increased presence of
ODF and failed fertilization in IVF® and asthenozoospermic men.®
Another protein adenylate kinase 7 (AK7) involved in maintaining
ciliary structure and function® is also underexpressed in varicocele
group. SPA17 islocalized in the fibrous sheath of the sperm flagellum.
Its presence from ejaculation to oocyte fertilization indicates its
involvement in the regulation of postmaturation processes such as
capacitation, acrosomal reaction, and sperm-oocyte binding during
fertilization.®® Underexpression of this protein and its presence in low
abundance may explain why men with varicocele have poor sperm
concentration and motility. We also reported this protein in the
unilateral varicocele patients.”

N-myc downstream-regulated protein 1 (NDRGI1) is a
stress-responsive protein involved in hormone responses, cell
growth, and differentiation induced by hypoxia and DNA damage.
NDRGI1 is overexpressed in varicocele group. Apart from its role in
stress signaling, it also plays a role in vesicular trafficking.® V-type
proton ATPase subunit E 1 (ATP6V1E]J) is a subunit of the peripheral
V1 complex of vacuolar ATPase essential for assembly or catalytic
function. A decreased level of a2 vacuolar ATPase, a member of the
V-type ATPase could be used as a marker for infertility.

The second network identified was involved in lipid metabolism
and small molecule biochemistry. In this network, we identified 11
proteins, of which 8 were underexpressed and 3 were overexpressed.
Three enzymes related to fatty acid oxidation, namely, long chain
fatty acid-CoA ligase 6 (ACSL6), short-chain specific acyl-CoA
dehydrogenase (ACADS), and Delta(3,5)-Delta(2,4)-dienoyl-CoA
isomerase (ECHI) are underexpressed in varicocele group pointing
toward energy deprivation for the spermatozoa in varicocele patients.
Similarly, apolipoprotein A-I (APOAL1) involved in lipid transport is
underexpressed. It activates sperm motility.”*”! We also identified this
protein in the unilateral varicocele patients.”! The low expression of
this enzyme also reflects poor motility as seen in varicocele patients.
Increased nitrotyrosine is reported in the blood plasma collected from
spermatic vein of adolescent varicocele patients.”

Nucleoside diphosphate kinase homolog 5 (NME5) confers
protection from cell death by Bax and alters the cellular levels of
several antioxidant enzymes including GPX5. It may play a role in
spermiogenesis by increasing the ability of late-stage spermatids to
eliminate ROS.” NMES5 is also involved in purine metabolism and is
uniquely expressed in the fertile group only. Lack of NEM5 in varicocele
patients shows that the varicocele patients are at a disadvantage, as
they are likely to be more susceptible to apoptosis and have inadequate
antioxidant protection. We also demonstrated the presence of NEM5
in infertile men with unilateral varicocele.”!

cAMP-dependent protein kinase catalytic subunit alpha (PRKAC)
and cAMP-dependent protein kinase type I-alpha regulatory
subunit (PRKAR1A) are regulatory subunits of the cAMP-dependent
protein kinases involved in cAMP signaling in cells. Heterozygotes for
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PRKARIA were reported to be infertile and had lower sperm count
with morphologically aberrant spermatozoa.”

RuvB-like 1 (RUVBLI1) is expressed essentially in germ cells.”
Reduced expression in spermatozoa of varicocele patients indicates
defective chromatin packaging during their development and
maturation.

Ras GTPase-activating-like protein IQGAP1 (IQGAP1) is a
novel vascular endothelial growth factor receptor type 2 (VGEFR2)
binding protein.” It is a critical regulator of VEGF-induced ROS
production linked to endothelial cell migration by interacting with gp
91 phox (NOX2). Thus, its role in ROS-related injury/sperm damage
in varicocele patients due to ischemia/hypoxia cannot be ruled out.

Glutamine: fructose 6 phosphate amidotransferase (isomerizing)
1 (GFPT1) controls the flux of glucose into the hexosamine pathway.
It is a protein phosphorylated in glucose deprived cells.”” Since
glycoproteins in sperm is involved in sperm function in the female
reproductive tract and mediates interaction with zona pellucida,” a
hypo-glycosylated protein in varicocele patient may lead to decreased
fertility power.

Fibronectins (FN1) could bind cell surfaces and various
compounds including collagen, fibrin, heparin, DNA, and actin. Both
semenogelin and fibronectin play an important role in coagulation. It
is highly expressed on the surface of ejaculated spermatozoa and is a
marker of human sperm maturation and plays an important role in
sperm capacitation.” Both Eppin and fibronectin bind together and
are located in the postacrosomal and midpiece region of the sperm
head. During ejaculation, it helps inhibit sperm capacitation, making
initial ejaculated spermatozoa to become immotile. The Eppin-FN
complex found on ejaculated spermatozoa also provides a protective
shield before capacitation in the female reproductive tract. It also plays
a role in sperm-oolemmal adhesions.”*

The key interactions identified using STRING analysis were
direct (physical) or indirect (functional) associations. ACRBP,
SPA17, AK7, and NME5 were identified by STRING database and
may play a critical role in spermatogenesis. Three of them (ACRBP,
SPA17, and AK7) were involved in nucleic acid metabolism; small
molecule biochemistry and molecule transport (Network 1). NMES5 is
involved in energy production, lipid metabolism, and small molecule
biochemistry (Network 2). All of them were underexpressed in the
varicocele group.

Oxoglutarate (alpha-ketoglutarate) dehydrogenase (OGDH),
aconitase 2, mitochondrial (ACO2), ubiquinol-cytochrome c reductase
core protein II (UQCRC2), and NADH dehydrogenase (ubiquinone)
Fe-S protein 1 (NDUFS1) are associated with mitochondrial
dysfunction. Three of these were involved in network 1 and were
underexpressed. All these co-expressed proteins are associated with
altered mitochondrial activity in the spermatozoa of infertile men
with varicocele. This is a strong reason to associate spermatozoa
mitochondrial dysfunction in these men with the onset, development,
and progression of varicocele and eventual infertility in these men.
Figure 3¢ and 3d show the evidence for interaction network for all
key proteins associated with varicocele when compared with the fertile
men. In addition to the proteins mentioned in the above interactions,
four other proteins that participate in the overall interaction are
APOAL, CACNA2D2, FN1, and IDH3B. Of these, all except FN1land
IQGAP]1 are underexpressed and involved in the two networks.

Many of the proteins identified in our previous study have not been
reported in earlier studies on varicocele patients. At the same time, there
are new proteins that have not been reported earlier in our studies. This is
attributed to the study groups that are being compared, as these proteins
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may still be present but they may not be differentially expressed and,
therefore, are not reported. The majority of the men in the unilateral as
well as bilateral group had significantly poor semen parameters, especially
sperm concentration and, therefore, could not be included for proteomic
analysis. Because of the limited samples size for proteomic analysis, we
did not group the varicocele patients in the proteomic analysis based on
the grade of the varicocele. It will be important to examine the impact of
varicocele grade on the differential expression of the proteins.

CONCLUSIONS

We have for the first time identified key proteins that are altered or
modified in the presence of varicocele and result in male infertility.
Infertile men with varicocele have a large number of spermatozoa
proteins that are underexpressed compared to fertile men. The
majority of the underexpressed proteins are involved in major energy
metabolism pathways, transport, protein folding, and proton pumps.
Furthermore, fertile men exhibit unique proteins that are completely
missing in infertile men with varicocele. The underexpression of these
proteins in varicocele men sheds important light on the development
of varicocele and sperm dysfunction that ultimately results in male
infertility. The results of the present study suggest that irrespective of
the varicocele disease status, the condition essentially leads to a state
of energy deprivation, hypoxia, and hyperthermia due to impaired
blood supply as evidenced by the down-regulation of lipid metabolism,
mitochondrial electron transport chain, and Krebs cycle enzymes.
The hypoxia sensor Complex-IIT of ETC (Cytochrome b-cI complex
subunit) is downregulated, suggesting hypoxia-induced ROS release.
Key protein functions affected in varicocele group are spermatogenesis,
sperm motility, and mitochondrial dysfunction. Validation of the DEP
identified in this study further strengthens the hypothesis. This will
also help the clinicians identify patients who are more likely to benefit
from varicocelectomy and have improvement in sperm quality and,
therefore, increase likelihood of a successful pregnancy.
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