.‘ frontiers ‘ Frontiers in Veterinary Science

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Elisabeth Pinart,
University of Girona, Spain

REVIEWED BY

Cristina Soriano-Ubeda,

Universidad de Ledn, Spain

Eduardo Martinez-Ledn,

Genetics and Metabolism (INIGEM), Argentina

*CORRESPONDENCE

Pavla Postlerova
postlerova@af.czu.cz

Ondrej Simonik
ondrej.simonik@ibt.cas.cz

SPECIALTY SECTION

This article was submitted to

Animal Reproduction - Theriogenology,
a section of the journal

Frontiers in Veterinary Science

RECEIVED 05 December 2022
AccepTED 02 March 2023
PUBLISHED 23 March 2023

CITATION

Hackerova L, Klusackova B, Zigo M,

Zelenkova N, Havlikova K, Krejcirova R,
Sedmikova M, Sutovsky P, Komrskova K,
Postlerova P and Simonik O (2023) Modulatory
effect of MG-132 proteasomal inhibition on
boar sperm motility during in vitro capacitation.
Front. Vet. Sci. 10:1116891.

doi: 10.3389/fvets.2023.1116891

COPYRIGHT

© 2023 Hackerova, Klusackova, Zigo,
Zelenkova, Havlikova, Krejcirova, Sedmikova,
Sutovsky, Komrskova, Postlerova and Simonik.
This is an open-access article distributed under
the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Veterinary Science

TvpE Original Research
PUBLISHED 23 March 2023
Dol 10.3389/fvets.2023.1116891

Modulatory effect of MG-132
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A series of biochemical and biophysical changes during sperm capacitation
initiates various signaling pathways related to protein phosphorylation leading
to sperm hyperactivation, simultaneously with the regulation of proteasomal
activity responsible for protein degradation and turnover. Our study aimed to
unveil the role of the proteasome in the regulation of boar sperm motility,
hyperactivated status, tyrosine phosphorylation, and total protein ubiquitination.
The proteolytic activity of the 20S proteasomal core was inhibited by MG-132
in concentrations of 10, 25, 50, and 100 uM; and monitored parameters were
analyzed every hour during 3 h of in vitro capacitation (IVC). Sperm motility and
kinematic parameters were analyzed by Computer Assisted Sperm Analysis (CASA)
during IVC, showing a significant, negative, dose-dependent effect of MG-132 on
total and progressive sperm motility (TMOT, PMOT, respectively). Furthermore,
proteasomal inhibition by 50 and 100 M MG-132 had a negative impact on
velocity-based kinematic sperm parameters (VSL, VAP, and VCL). Parameters
related to the progressivity of sperm movement (LIN, STR) and ALH were the
most affected by the highest inhibitor concentration (100 wM). Cluster analysis
revealed that the strongest proteasome-inhibiting treatment had a significant
effect (p < 0.05) on the hyperactivated sperm subpopulation. The flow cytometric
viability results proved that reduced TMOT and PMOT were not caused by
disruption of the integrity of the plasma membrane. Neither the protein tyrosine
phosphorylation profile changes nor the accumulation of protein ubiquitination
was observed during the course of capacitation under proteasome inhibition. In
conclusion, inhibition of the proteasome reduced the ability of spermatozoa to
undergo hyperactivation; however, there was no significant effect on the level
of protein tyrosine phosphorylation and accumulation of ubiquitinated proteins.
These effects might be due to the presence of compensatory mechanisms or the
alteration of various ubiquitin-proteasome system-regulated pathways.
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ubiquitin-proteasome system, hyperactivation, phosphorylation, reproduction, sperm
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1. Introduction

Mammalian spermatozoa are unable to fertilize an oocyte
immediately after ejaculation, even though they acquire the
potential for progressive motility and in vitro fertilizing ability once
they reach the distal epididymis (1-3). Chang (4) and Austin (5)
showed that spermatozoa acquire fertilizing ability in vivo only
after staying in the female oviduct, where they undergo a series of
physiological, structural, and molecular changes collectively called
sperm capacitation. At the molecular level, the capacitation process
is associated with the cholesterol efflux from the sperm plasma
membrane occurring after the removal of decapacitation factors
(6), such as proteins/glycoproteins of seminal plasma adsorbed
on the surface of freshly ejaculated spermatozoa responsible
for the membrane stabilization and formation of the oviductal
sperm reservoir (7). Removal of decapacitation factors from
the sperm surface may also be regulated by the ubiquitin-
proteasome system (UPS) (8, 9). The 26S proteasome, a multi-
subunit holoenzyme is an essential component of the ubiquitin
and ATP-dependent proteolytic pathway, which is responsible for
the regulated substrate-specific proteolysis of most cellular proteins
(8, 10). Proteasomes are present in the nucleus and cytoplasm of
all eukaryotic cells and their presence has also been demonstrated
in spermatozoa (11-13). It is a highly organized multiprotein-
multicatalytic protease complex, which comprises a 20 S catalytic
core capped on one or both sides by a 19S regulatory particle
that modulates its activity (8, 14-16). A protein that is destined
for degradation by UPS is recognized and distinguished from
other proteins via polyubiquitination, a covalent post-translational
modification that is considered one of the key factors in the activity
and stability of proteins (17).

During sperm capacitation, UPS can directly or indirectly
modulate protein serine and threonine phosphorylation by
degrading serine phosphatases, threonine kinases, and proteins
phosphorylated on threonine residues (18). Nevertheless, the 26S
proteasome has been reported to be phosphorylated by protein
kinase A (PRKA) during sperm capacitation, leading to the
increased chymotrypsin-like activity of the 20S proteasomal core
(19, 20). This finding has been confirmed by the phosphorylation
of several proteasomal core subunits at Tyr and Ser / Thr residues
(18). Tyrosine phosphorylation (pY) of sperm flagellar proteins
plays an important role in sperm hyperactivation (21) leading
to the release of the spermatozoa from the oviductal reservoir
during capacitation and facilitating sperm penetration through
the cumulus oophorus and zona pellucida of an oocyte (7, 22).
Hyperactivated mammalian sperm movement is defined as a
less progressive, high-energy movement with asymmetric flagellar
oscillation (23-25). Mortimer (26) states that hyperactivated
motility occurs when the flagellum is beating with high amplitude
in the proximal region. However, the exact pattern of movement
of hyperactivated spermatozoa is difficult to define, because it
varies between species as well as in the density and length of
the flagellum and the physical environment in which the male
gametes are currently moving (24). The movement trajectories are
complex and there is no single kinematic parameter that would
reliably define hyperactivated motility. Therefore, it is necessary to
analyze selected sperm kinematic parameters with a comprehensive
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approach and to use logical arguments during the final evaluation
of their biological meaning (27). Sperm motility is crucial for the
final successful delivery of the paternal DNA to the oocyte at the
fertilization site. On their journey, spermatozoa are exposed to
varied direct and indirect influences which favor the selection of
the fittest spermatozoa for oocyte fertilization. To our knowledge,
there is only one study at the submission of this manuscript
specifically exploring the effect of proteasome inhibition on sperm
motility (28).

The UPS activity during sperm capacitation may be modulated
by inhibitors of enzymes involved in the tagging of protein
substrates with ubiquitin (ubiquitin-activating, conjugating,
and ligating enzymes) or directly affected at the level of
protein hydrolysis within the 20S core (8, 29). Those results
are consistent with the study of Morales et al. (30), where
the proteasomal inhibitor epoxomicin significantly reduced
protein phosphorylation on serine residues during human sperm
capacitation. These results suggest that, although the proteasome
is a substrate for phosphorylation, it can directly or indirectly
control its protein kinase interactors through a feedback loop
(30). Proteasomal inhibitor MG-132 is the validated, commercially
available peptide aldehyde, which inhibits chymotrypsin-like
activity and caspase-like activities of the 20S core and is therefore
widely used to study proteasome involvement in various aspects
of cellular processes (31). Even though the proteasome has
multiple active sites, inhibition of all of them is not necessary to
significantly reduce protein degradation. This is evidenced by the
fact that inhibition of chymotrypsin-like sites/subunits or their
inactivation by mutations resulted in a significant reduction in
the rate of protein degradation (32, 33). Our comprehension of
UPS activity in sperm capacitation is far from complete. Thus, the
aim of this study was to assess motility patterns in proteasomally-
inhibited spermatozoa during sperm capacitation and to evaluate
the capacitation-associated processes such as protein tyrosine
phosphorylation and protein ubiquitination.

2. Material and methods

Whole ejaculates from fertile Duroc boars (number of boars,
n = 8; four boars with 2 collections and four boars with 3
collections) used for commercial artificial insemination, were
provided by Insemination station Skrsin (LIPRA PORK a.s.,
Rovensko pod Troskami, Czech Republic) from December 2020
to July 2022. The semen was transported in a styrofoam box
at a constant temperature. Unless otherwise stated, all chemicals
used in this study were purchased from Sigma-Aldrich (MO,
USA). The sperm concentration and motility of ejaculates were
evaluated by conventional andrological methods with the use of
a light microscope. Spermatozoa were separated from seminal
plasma by centrifugation at 300xg. Spermatozoa were washed
three times with the non-capacitating medium (NCM, HEPES-
buffered Tyrode Lactate solution supplemented with polyvinyl
alcohol void of calcium and bicarbonate; 114 mM NaCl, 3.2 mM
KCl, 0.34mM NaH,PO4, 10mM Na-lactate, 10mM HEPES,
12 mM Sorbitol, 21 mM Gentamicin, 0.174 mM Penicillin, 0.01%
(w/v) polyvinyl alcohol, 0.5 mM MgCl,, 0.2 mM Na-pyruvate; pH
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7.4) at 300xg, at room temperature, and adjusted to the final
concentration of 5 x 107 sperm/mL. After washing, the sperm
concentration was estimated again under a light microscope using
a Biirker chamber.

2.1. Sperm in vitro capacitation (IVC)

Washed spermatozoa were capacitated in TALP-based sperm
capacitation medium (NCM supplemented with 5mM Na-
pyruvate, 2% (w/v) bovine serum albumin, 2mM CaCl,, 2mM
sodium bicarbonate, and 11 mM D-glucose). Sperm samples
were divided into six experimental groups: (i) spermatozoa
with capacitation medium (CM) without proteasomal inhibitor
MG-132 and dimethyl sulfoxide (DMSO); (ii) spermatozoa
in CM with 1% (v/v) DMSO; (iii-vi) following experimental
groups of spermatozoa in CM with various concentrations of
MG-132 inhibitor and DMSO: (iii) 10 M and 0.1% DMSO
(MG10); (iv) 25 M and 0.25% DMSO (MG25); (v) 50 uM and
0.5% DMSO (MG50); (vi) 100puM and 1% DMSO (MG100).
All sperm treatment groups underwent capacitation for 3h
at 38 °C with 5% (v/v) CO;. At hourly intervals, motility
measurements were performed by the CASA system. Samples
were processed for Western blot (WB) detection of protein
tyrosine phosphorylation and ubiquitination, and image-based
flow cytometry (IBFC) measurement of sperm viability and
surface ubiquitination. For time 0h, spermatozoa were evaluated
after 10 min of incubation with the MG-132 inhibitor, DMSO,
or CM.

2.2. Motility assessment

Sperm motility and individual kinematic parameters were
evaluated using the Computer Assisted Sperm Analysis (CASA)
system module as part NIS Elements Ar 4.50. developed by
Laboratory Imaging Ltd. (Prague, Czech Republic; https://
www.nis-elements.cz/en/niselements/nis_advanced_research),
and a phase contrast microscope (Nikon Eclipse E600, Japan)
with a heating plate, a negative phase contrast objective, and a
digital camera with 50 FPS (DMK 23UMO021 Imaging Source,
Germany). A 5 pl sperm sample was placed in a preheated (38°C)
Leja counting chamber (Leja, Netherlands). Subsequently, in 6
random fields, motility was recorded and at least 200 cells per
field were analyzed. Six resulting kinematic parameters, namely
linearity (LIN), straightness (STR), the amplitude of lateral
head displacement (ALH), straight-line velocity (VSL), average
path velocity (VAP), and curvilinear line velocity (VCL), were
subsequently subjected to statistical analysis. Spermatozoa with a
threshold value of VAP > 15pum and STR 80% were considered
progressively motile. Spermatozoa during IVC were evaluated (see
sperm in vitro capacitation) at time zero and then every hour for
all samples separately. Inhibitor reversibility was evaluated after
sperm IVC (2h) with 100 uM MG-132. After the washing step,
spermatozoa were equilibrated in CM for 15min. The motility
assessment was performed as described previously.
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2.3. Western blotting and immunodetection

The CM was removed by centrifugation at 300xg and
spermatozoa were washed twice with phosphate-buffered saline
(PBS). The supernatant was removed and 100 pl of 2x
concentrated Laemmli sample buffer [20% (v/v) glycerol, 4% (w/v)
Sodium Dodecyl Sulfate (SDS), 0.125 M Tris-HCI, pH 6.8, 0.005%
(w/v) bromophenol blue] was added to 50 pl sperm pellets (5 x
107 cells). Spermatozoa were lysed on ice and stirred for 5min
over the course of 1 h. Then the samples were boiled for 5 min and
centrifuged at 10,000 x g for 5 min.

The Mini-PROTEAN Tetra system (Bio-Rad, CA, USA) was
used. Proteins were separated in a 12% polyacrylamide separating
gel (12% (w/v) Acrylamide / Bis-acrylamide solution (Bio-Rad);
1.5M Tris-HCl (Bio-Rad), pH 8.8; 0.1% (w/v) SDS; TEMED;
0.1% (w/v) ammonium persulfate) and 4% stacking gel (4%
Acrylamide/Bis-Acrylamide solution; 0.5 M Tris-HCI pH 6.8 (Bio-
Rad); 0.1% SDS; TEMED; 0.1% ammonium persulfate). Precision
Plus Protein Dual Color Standards (Bio-Rad) were used to estimate
the molecular weights of resolved sperm proteins. The separated
proteins were transferred to a nitrocellulose membrane (GE
Healthcare Life Science, Sweden) for 1.5h at 0.5 A. The transferred
proteins were visualized with Ponceau S. The membranes were
blocked with 5% Blotto non-fat dry milk (Chem Cruz, Santa
Cruz Biotechnology, Inc., TX, USA) dissolved in PBS for 1h at
room temperature. The membranes were afterward incubated with
mouse anti-phosphotyrosine antibody (clone 4G10; Millipore, MA,
USA) diluted 1:1,000 in PBS or mouse anti-ubiquitin antibody
(FK2, 1:250 dilution, monoclonal mouse antibody recognizing
mono- and polyubiquitinated conjugates; ENZO Life Sciences,
NY, USA) at 4°C overnight. After incubation, the membranes
were washed 3x in PBS with 0.1% (v/v) Tween-20 (PBS-T) for
10 min. Next, the membranes were incubated with an appropriate
species-specific secondary antibody (goat anti-mouse IgG, Bio-
Rad, 1:3,000 in PBS) for 1h at room temperature on a rolling
platform. The membranes were washed 5x with PBS-T for
5min and then in PBS for 5min. Subsequently, membranes
were reacted with a chemiluminescent substrate (ThermoFisher
Scientific, MA, USA), and specific protein bands recognized by
the antibodies used were imaged with an AZURE Biosystems
C300 instrument (Azure Biosystems, CA, USA). The densitometric
analysis was performed in IMAGE Studio Digits Ver 3.1 (LI-COR
Biotechnology, NE, USA).

2.4. Image-based flow cytometry

During sperm IVC (see sperm in vitro capacitation), 1 mL
was taken from each sample at time zero and hourly intervals.
Spermatozoa were pelleted by centrifugation at 300xg for 10 min,
washed twice with PBS, and fixed with 100 WL of 2% (w/v)
formaldehyde in dH,O for 20min for ubiquitinated proteins
detection. Following the fixation step, spermatozoa were washed
with PBS, and centrifuged at 300xg, 4°C, for 5min; and 100 pL
of Superblock in PBS (ThermoFisher Scientific) was added and
incubated for 15 min. Subsequently, the samples were washed twice
with PBS and by centrifugation at 300x g for 5 min. Spermatozoa
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TABLE 1 Characterization of different sperm subpopulations determined by cluster analysis of kinematic parameters of motile spermatozoa.

LIN (%) STR(%) ALH (um) VAP (um.s~!) VSL(um.s~—1) VCL(um.s~1)
Fast progressive motile sperm 56.39 £30.20 | 89.01 £ 15.1 559423 103.29 £ 22.17 92.83 4 28.25 178.07 £ 37.14
Medium motile sperm 445142142 | 80.18 £ 211 46419 62.89 + 14.06 50.66 + 18.36 121.41 + 25.05
Slow locally motile sperm 34.60 +£17.68 | 75.27 £23.3 294163 30.69 £ 11.15 23.22£10.78 70.37 £ 19.97

ALH, amplitude of lateral head displacement; LIN, linearity; STR, straightness; VAP, average path velocity; VCL, curvilinear line velocity; VSL, straight line velocity.

were incubated with a mouse anti-ubiquitin antibody (1:10 in PBS,
Ubi-1, Novus Biologicals, Englewood, CO, USA) for 2h at room
temperature. After the incubation, 100 pL of PBS was added and
spermatozoa were washed twice with PBS by centrifugation at
300xg for 5min. 50 pL of a secondary antibody [1:300 in PBS,
Goat anti-Mouse IgG (H + L) Highly Cross-Adsorbed conjugated
to Alexa Fluor® Plus 488; Invitrogen, CA, USA] was added and
the samples were incubated for 1h at room temperature. After
the incubation, 100 pL of PBS was added, and the samples were
centrifuged at 300x g for 5 min. Subsequently, 50 wL of PNA lectin
conjugated with rhodamine (1:500 in PBS, Vector Laboratories,
Newark, CA, USA) was added to the pellet for the acrosome
staining and the samples were incubated for 15min at room
temperature. After incubation, 100 pL of PBS was added, and
the samples were centrifuged at 300xg for 5min. 50 uL of DAPI
aqueous solution (1:1,000, Invitrogen) was added to each sample.

Image-based flow cytometry (IBFC) was then performed
using Amnis® Flow ITmageStream®XMark IT (AMNIS Luminex
Corporation, TX, USA). The following instrument settings were
used: objective 40x, first and second camera gain was 1, flow
core diameter and speed were 10um and 66 mm.s~!, 488 nm
laser (intensity 70 mW), 405nm laser (intensity 50 mW) bright
field with two LEDs (40 and 64 mW). Signals were observed in
four channels: Ch02 (488 nm) for AlexaFluor 488, Ch03 (561 nm)
for rhodamine, Ch07 (405nm) for DAPI, and Ch09 for bright
field. At least 5,000 events were collected per sample. The raw
data collection was done using INSPIRE® software (AMNIS
Luminex Corporation, Austin, TX, USA). Subsequent analyses
were done in IDEAS software Version 6.0 software (AMNIS
Luminex Corporation). The gating strategy for single-cell events is
included in the Supplementary material.

2.5. Determination of sperm viability by
conventional flow cytometry

50 wL (2.5 x 10° sperm) of each sperm treatment group
was collected at times 0, 1, 2, and 3h. Samples were washed
three times at 300xg for 5min with PBS. Subsequently, Zombie
UV™ fixable viability kit (#423107, Biolegend, CA, USA) was used
according to the manufacturer’s protocol. The samples were fixed
for 20 min with 50 wL of 4% (v/v) formaldehyde with 2% BSA.
Spermatozoa were centrifuged at 300 x g for 5 min and resuspended
in the original volume of PBS. Sperm samples were analyzed
using BD LSRFortessa TM SORP instrument (Becton Dickinson,
CA, USA) with a 405nm laser line excitation (50 mW) and a
450/50 nm emission filter. Zombie UV™ negative spermatozoa
were considered viable.
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2.6. Data and statistical analysis

Unless otherwise stated, all statistical analyses were performed
in GraphPad Prism 9.0 (GraphPad Sofware, CA, USA).

Data of (i) percentages of totally and progressively motile
spermatozoa; (ii) individual kinematic parameters; (iii) sperm
viability; (iv) IBFC and finally densitometry was analyzed by
Kruskal-Wallis non-parametric ANOVA. The measured values
of the experimental and control groups were compared with
each other at the same time points. Statistical significance
were determined by Dunn’s post-hoc test. Western blot
immunodetection experiments were performed in five independent
replicates. Densitometric analysis was accomplished in Image
Studio Digits software (LI-COR Biosciences, NE, USA).

To identify sperm sub-populations individual sperm kinematic
parameters from CASA were processed by k-mean cluster analysis
in STATISTICA 12 (StatSoft, Czech Republic). Euclidean distances
algorithm processed variables LIN, STR, ALH, VCL, VSL, and
VAP with 5 iterations were used to define three clusters (sub-
populations). According to computed means of selected variables,
individual spermatozoon was afterward assigned to one of three
specific sperm subpopulations: fast, medium fast, and slow
locally motile (Table 1). To precisely extract the hyperactivated
sperm population k-mean cluster analysis coupled with Principal
Component Analysis (PCA) was used. PCA was used for the
reduction of the number of variables (ALH, VAP, and STR)
which will enter for subsequent cluster analysis. The selection
of variables was based on the matrix of components. Thereby,
the aforementioned variables have been selected based on the
highest values in the matrix of components. The further step was
the standardization of selected values (mean = 0 and SD = 1).
This processing was done according to the study (34). Statistical
differences were analyzed between groups of capacitated, vehicle
control, and experimental groups.

3. Results

3.1. Sperm motility parameters change
during in vitro capacitation in
proteasomally-inhibited spermatozoa

Total and progressive sperm motility as well as individual
kinematic parameters during IVC with various proteasomal
inhibiting conditions were measured by the CASA system. The
effect of proteasomal inhibition on sperm motility during IVC
is presented in Figure I. A significant decrease in total and
progressive motility was observed after 1-, 2-, and 3-h IVC in the
treatment group with the highest MG-132 concentration (MG100)
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FIGURE 1

Total (A) and progressive (B) sperm motility evaluation during sperm in vitro capacitation (IVC) under proteasomal inhibition by ascending
concentrations of MG-132 (10, 25, 50, and 100 uM). Control treatment groups comprised IVC spermatozoa incubated (i) without both the inhibitor
and vehicle (Cap) and (ii) without the inhibitor and with the vehicle (DMSO). Data are presented as mean + SEM. Significance levels *p < 0.05, **p <

0.01, ***p < 0.001, ****p < 0.0001; n = 20.

vs. IVC in the absence of inhibitor (vehicle control DMSO) (p
< 0.0001 after the 1-h incubation; p < 0.01, p < 0.05 after 2
and 3h respectively). Furthermore, a significant decrease (p <
0.05) in total sperm motility was observed after 1-h IVC in the
presence of 50 WM MG-132. Reversibility of the MG-132 treatment
is documented by the significantly restored sperm motility (p <
0.05) (see Supplementary Videos S1, S2, Supplementary Figure S1);
after a 2-h incubation of spermatozoa with the inhibitor the highest
concentration of 100 wM, and subsequent washing, the recovery of
sperm motility was observed.

The effect of proteasomal inhibition on individual kinematic
parameters of sperm motility during IVC is shown in Table 2
and Supplementary Figure S2. Our results showed similar values
of linearity (LIN) and straightness (STR) confirming the relation
between these two parameters. All three parameters (LIN, ALH,
STR) increased during the course of sperm IVC in all treatment
groups. At time 0, LIN significantly decreased (p < 0.05) in
the MG10 and MG25 groups in comparison to vehicle control
(DMSO). After 1-h sperm IVC, the LIN trend remained consistent
for MG10 and MG25, but an opposite pattern was observed for
MG50. After 2 and 3 h of sperm IVC, all MG-132 concentrations
a significant increase (p < 0.05).

At time 0, a significant decrease (p < 0.05) of sperm lateral
head displacement (ALH) was observed in groups MG25, MG50,
and MG100 vs. vehicle control (DMSO). After 1 and 2h of sperm
IVC, ALH was significantly higher (p < 0.05) in MG10, MG25,
and MG50 treatment groups when compared vehicle control
(DMSO). After 3-h of IVC, significant differences were observed
between MG25, and MG100 vs. DMSO control. At the onset of
IVC, straightness (STR) was significantly affected for inhibitor
concentrations 10 and 100 vehicle control group (p < 0.05).
After the second and third hour of capacitation, there was a
significant increase in experimental groups MG10, MG25 and
MG50 compared to vehicle control (DMSO).

Straight-line velocity (VSL) was significantly decreased (p <
0.05) in MG25 and MG100 groups at the beginning of incubation.
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This pattern remained partially consistent after 1-h sperm IVC
with the most substantial decrease in the MG100 group. Additional
1 and 2h of incubation resulted in a significant increase in
VSL in all experimental groups (p < 0.05) compared to vehicle
control (DMSO).

For curvilinear velocity (VCL), results indicate a significant
increase for all inhibitor-treated groups (p < 0.05) at time 0
except MG100 when compared to the vehicle control (DMSO).
However, this was changed during the course of sperm IVC,
when a significant decrease in VCL (p < 0.05) in all inhibitor-
treated groups except MGIO0 was observed. After 1, 2h of
sperm IVC, a significant increase was observed in the MGI10
group (p < 0.05), while a significant decrease was observed
in MG50 and MGI00 (p < 0.05) in relation to vehicle
control (DMSO).

The addition of MG-132 in the highest concentration
(MG100), resulted in a significant decrease (p < 0.05) in
the average velocity path (VAP) for all incubation times.
Interestingly the group MGI10 showed a significant (p <
0.05) of this sperm kinematic
parameter throughout the whole incubation period. After

increment in the values
2h of sperm IVC, a significant VAP increase occurred in the
MG10, MG25 and MG50 (p < 0.05) groups when compared
DMSO control.

The k-means cluster analysis was performed to partition
spermatozoa into three subpopulations (clusters) in regard
In the
Figure 2A), an

to their combined kinematic parameters (Figure 2).
progressively motile sperm cluster (cluster 1;
expected change in sperm motility redistribution toward fast
progressive motility was observed during the course of sperm
IVC. The redistribution toward the fast progressive motility
was significantly reduced when spermatozoa were capacitated
with 100 uM MG-132 after 1, 2, and 3h of incubation (p <
0.05) when compared to vehicle control (DMSO). This pattern
was reflected in the distribution of sperm motility in cluster 3
(Figure 2C), wherein a significant increase of slow, locally motile
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TABLE 2 Kinematic parameters evaluation during sperm in vitro capacitation (IVC) under proteasomal inhibition by MG-132 at various concentrations
(10, 25, 50, and 100 wM) including and vehicle control (DMSO) control.

Kinematic parameter  Experimental group Time of capacitation
1h 2h
LIN (%) Cap 31.6140.18 48.10 +0.21 45.61 +0.32 47.36 +0.35
DMSO 3355 +0.14 43.334£0.19 42.30 £ 0.24 4541 +0.29
MG10 31.39 £0.17* 44.99 £0.22* 48.91 £ 0.31* 50.58 £ 0.39*
MG25 3470 +0.21 4428 +0.31* 49.61 + 0.35* 53.30 £ 0.33*
MG50 33.77£0.23 49.08 £ 0.42* 53.18 £ 0.37* 53.75 £ 0.47*
MG100 32.12+0.22* 45.50 + 0.87* 47.02 £ 1.49* 49.14 + 1.24*
STR (%) Cap 71.89 £ 0.30 82.86 % 0.19 79.75 4 0.32 81.25 +0.33
DMSO 76.52 4 0.24 82.5240.18 80.18 +0.25 8236 +0.28
MG10 73.02 £ 0.30* 81.93 4 0.22 83.73 £ 0.28* 86.89 £ 0.32*
MG25 75.73 40.28 82.74 4 0.30 84.92 £ 0.29* 87.64 £ 0.28*
MG50 75344035 85.68 £ 0.37* 87.20 £ 0.33* 86.68 £ 0.41*
MG100 73.01 £ 0.32* 81.29 £ 0.97* 81.47 + 1.68 84.91 + 127
ALH (jum) Cap 4.64+0.03 3.72 4 0.02 3.76 + 0.03 4.11+0.03
DMSO 4.02 +0.02 338 +0.02 3.76 +0.02 4.01 +0.03
MG10 4.42+0.03 4.12 % 0.03* 4.25 +0.03* 3.97 +0.03
MG25 4.12 £ 0.03* 3.79 £0.03* 3.90 £ 0.03* 4.22 +0.03*
MG50 3.90 + 0.03* 3.70 + 0.04* 4.31£0.04* 4.06 + 0.04
MG100 3.84 +0.03* 335+ 0.07 351+0.12 3.43 £0.12*
VSL (jLm/s) Cap 37.85 +0.30 58.77 £ 0.37 49.54 + 0.48 5217 £0.53
DMSO 35.84 4 0.24 44.98 +0.29 42.99 +0.35 49.06 + 0.45
MG10 34.93 40.28 52.10 £ 0.38* 59.27 £ 0.52* 54.97 £ 0.62*
MG25 39.12 £ 0.35* 46.61 +0.51 54.37 £ 0.53* 55.70 £ 0.53*
MG50 36.06 + 0.39 47.00 £ 0.63* 51.78 £ 0.56* 50.02 £ 0.65*
MG100 32.46 £ 0.32* 35.69 £ 1.02* 31.50 £ 1.66* 32.25+ 1.39*
VCL (jum/s) Cap 113.75 £ 0.70 119.36 £ 0.50 106.26 + 0.64 109.01 + 0.68
DMSO 106.54 + 0.50 102.10 + 0.42 99.82 4 0.52 105.76 + 0.60
MG10 111.63 % 0.63* 112.64 % 0.55* 117.89 + 0.68* 106.46 + 0.85
MG25 112.85 % 0.64* 101.77 + 0.74 108.88 + 0.75 105.46 + 0.80
MG50 105.89 + 0.72 92.48 £ 0.87* 96.48 + 0.80 93.99 £ 0.97*
MG100 102.05 £ 0.61* 77.71 £ 1.62* 67.25 % 2.66* 67.46 £ 2.63*
VAP (jm/s) Cap 53.62 4 0.36 67.83 % 0.36 58.79 % 0.45 61.12 % 0.49
DMSO 4654 + 0.26 5238 4+0.28 51.22 4 0.34 56.99 + 0.43
MG10 48.15 £ 0.32* 61.17 £ 0.37* 67.36 % 0.49* 60.81 £ 0.60*
MG25 51.04 £ 0.37* 53.93 4 0.49 61.32 +0.51* 61.68 £ 0.51*
MG50 47.55 + 0.42 52.93 4 0.62 57.68 £ 0.54* 56.02 & 0.62
MG100 44.14 £0.35* 42.16 £ 0.99* 37.40 £ 1.61* 37.80 + 1.49*

Significances of vehicle control (DMSO) vs. experimental groups with MG-132 inhibitor in individual time of IVC. Data are presented as mean & SEM. Significance level “p < 0.05; n = 20.
MG10, 10 uM MG-132; MG25, 25 puM MG-132; MG50, 50 uM MG-132; MG100, 100 uM MG-132; LIN, linearity; STR, straightness; ALH, amplitude of lateral head displacement; VSL, straight
line velocity; VAP, average path velocity; VCL, curvilinear line velocity. Bold value indicates as they are significantly different.
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FIGURE 2

K-means cluster analysis evaluation of sperm motility based on the cluster distribution throughout all kinematic parameters during sperm in vitro
capacitation with MG-132 proteasomal inhibition (10, 25, 50, and 100 wM) including capacitating (Cap) and vehicle (DMSO) controls. Data are
presented as mean + SEM. Significance levels *p < 0.05. (A) Cluster 1 with rapid progressively motile spermatozoa, (B) Cluster 2 with medium level
progressive motile spermatozoa, (C) Cluster 3 with low motile, static spermatozoa.

B
Cluster 2 - medium motile
100
80

- 0h 1h 2h 3h
ta 60' *
£
@
&
k]
ES

spermatozoa was observed after 2 and 3h of IVC in the MG100
experimental group (p < 0.05) compared to vehicle control
(DMSO). In the medium-level motile sperm cluster (cluster 2;

), significance in the motility redistribution was observed
among vehicle control (DMSO) and the experimental group
with the highest concentration of inhibitor MG-132 after 2h
of incubation.

Principal component analysis coupled with k-mean clustering
analysis was performed in order to reveal potential subtle changes
in the hyperactivated sperm subpopulations caused by proteasomal
inhibition. Results presented in clearly show a significant
decrease in sperm distribution (p < 0.05) under the strongest
(MG100) inhibiting conditions.

Sperm viability was assessed by conventional flow cytometry
using Zombie UV'™ fixable viability kit and is expressed
(Zombie UV™
negative). The sperm viability status, during sperm IVC

as a percentage of viable spermatozoa

in all treatment groups, is presented in together
with the time lapse assessment of the inhibitor effect during
IVC ( ). The

percentage of viable

Frontiersin

spermatozoa was not affected by MG-132 (p > 0.05) regardless
of MG-132 concentration, when compared to control groups
(Cap, DMSO).

3.2. Protein tyrosine phosphorylation
oscillations in spermatozoa during in vitro
capacitation

A level of sperm protein pY was monitored during the course
of sperm IVC under various proteasome-inhibiting conditions,
). Total pY
was assessed with WB detection of phosphorylated proteins in

including capacitating and vehicle controls (

sperm lysates of all experimental groups, with predominantly
detected proteins of 17, 23, 27, 35, 39, 50, and 90 kDa ( ).
Densitometric analysis showed that the abundance of pY increased
after the first hour of sperm IVC, followed by a decrease after 2 h,
and ending in a repeated increase of pY after 3 h of sperm IVC for
all treatment groups. No significant trend (p > 0.05) in the level of
pY was observed during the course of sperm IVC as well as in the
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FIGURE 3

Evaluation of hyperactivated sperm motility based on the cluster distribution of three kinematic parameters (STR, VAP, and ALH). Sperm kinematic
parameters were measured during IVC under proteasomal inhibition by MG-132 at various concentrations (10, 25, 50, and 100 wM), including
capacitating (Cap) and vehicle (DMSO) controls. The right panel represents cluster identification based on cluster analysis coupled with PCA,
followed by further data standardization. The left panel represents the effect of the MG-132 inhibitor on the hyperactivated cluster. Data are

presented as mean + SEM. Significance level *p < 0.05.
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FIGURE 4

Sperm viability assessment during 3 h of in vitro capacitation (IVC) under proteasomal inhibition by MG-132 of various concentrations (10, 25, 50, and
100 wM). Control treatment groups comprised IVC spermatozoa incubated (i) without both the inhibitor and vehicle
inhibitor and with the vehicle (DMSO). Data are presented as mean + SEM. No significant differences were observed; n = 20.
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(Cap) and (ii) without the

treatment groups, contributed by high sample-to-sample variability
(Figure 5A).

3.3. The sperm ubiquitination level does
not change with proteasome inhibition
during sperm in vitro capacitation

Image-based flow cytometry was used to reveal changes in

the total sperm ubiquitination determined by immunofluorescence
staining of spermatozoa (Figure 6). The general trend, observed in

Frontiersin Veterinary Science

all experimental groups, was that the level of sperm ubiquitination
was distinctly increased after 1 h of IVC. In the MG50 and MG100
treatment groups, the mean values of total ubiquitination were
higher when compared to non-inhibited control at the beginning
of sperm IVC (0 h), but this is not significant. After 3-h sperm IVC,
the trend showing the highest ubiquitination level in the MG50
and MG100 groups was not significant. No significant differences
were observed in the sperm total ubiquitination levels during the
course of sperm IVC as well as between the treatment groups
(Figure 6A). Immunofluorescence staining with an anti-ubiquitin
antibody in boar spermatozoa in Figure 6B shows acrosomal
labeling in all experimental groups. Spermatozoa without acrosome
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Detection of total phosphotyrosine levels in sperm protein extracts during sperm in vitro capacitation under proteasomal inhibiting conditions at
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blot shows the molecular masses of pY. (B) The graph represents the total pY determined by densitometric analysis. Data are presented as mean +
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FIGURE 6

Assessment of sperm ubiquitination during sperm in vitro capacitation (IVC) under proteasome inhibiting conditions at various concentrations of
(DMSO) controls. (A) Quantification of the ubiquitin-positive spermatozoa

acrosome status with PNA lectin and DAPI staining of the sperm nuclei; scale bar 10 um. The images are representative of all groups. Data are

UBQ PNA DAPI

ges of ubiquitin immunolabeling (UBQ) in the sperm head with antibody,

(PNA negative) representing only a low percentage in all groups
were also negative for the anti-ubiquitin antibody.

In addition to IBFC, the total amount of ubiquitinated proteins
was monitored in sperm lysates at hourly intervals during sperm
IVC. No effect was observed between MG-132-inhibited groups
and vehicle control (DMSO) during the sperm IVC. The results
suggest the highest relative abundance of total sperm ubiquitination
was reached after 2 h of sperm IVC regardless of the treatment
( ). The highest abundance of ubiquitinated proteins was
detected in the molecular weight range from 55 to 150 kDa

( )

Although recent studies have shown that UPS is involved in

many aspects of sperm capacitation, reviewed in Kerns et al. (35),

Frontiersin 09

a substantial piece of knowledge on the proteasomal regulation of
sperm motility hyperactivation remains undisclosed. Our study is
the first one to shed some light on the physiological role of the
proteasome in boar sperm hyperactivated motility during sperm
capacitation. For our experiments, we used fresh ejaculates as
opposed to extended ones due to the presence of calcium and
bicarbonate ions in commercial extenders that were shown to
initiate capacitation-related events (36). We demonstrated that the
addition of the proteasomal inhibitor MG-132 to the capacitation
medium significantly suppressed total and progressive motility
in a dose-dependent manner during sperm IVC. In addition to
the effect of proteasomal inhibition during sperm IVC on total
and progressive motility, we are also documenting the effect of
proteasome inhibition on the hyperactivated sperm population
redistribution in the MG-132 treated groups. As the subjective
assessment of hyperactivated sperm motility is very difficult,
computer-assisted sperm analysis (CASA) represents a useful tool
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FIGURE 7
Assessment of total ubiquitination in sperm protein extracts during sperm in vitro capacitation (IVC) under proteasomal inhibition at various
concentrations of MG-132 (10, 25, 50, and 100 pM) including capacitating (Cap) and vehicle (DMSO) controls. (A) The graph represents total
ubiquitinated proteins determined by densitometric analysis. Data are presented as mean + SEM. No significant differences were observed. (B)
Representative Western blot detection of ubiquitinated proteins; n = 5.

for the objective assessment of sperm motility (27). Furthermore,
the exact movement pattern of hyperactivated spermatozoa is
difficult to define as it varies among species, due to species
differences in the thickness and length of a flagellum, and
the physical environment in which rheotaxis occurs (24). As
trajectories of motile spermatozoa are complex, there is no single
kinematic parameter that would reflect hyperactivated motility
reliably (27). To mitigate these challenges, we used a cluster
analysis based on a multiparametric evaluation. We confirmed
that the distribution of spermatozoa between individual sperm
motility clusters changed during the course of sperm IVC, and
we also demonstrated a dependency of sperm redistribution on
the proteasomal inhibitor concentration, in a dose-dependent
manner. The abundance of spermatozoa decreased proportionally
with an increasing inhibitor concentration and capacitation time
in spermatozoa with rapid progressive motility and medium-
level progressive motility cluster. The said decrease was reflected
in a proportional abundance increase of spermatozoa in the
low-motile sperm cluster. Moreover, for distribution analysis of
the hyperactivated sperm cluster principal component analysis
was utilized prior to k-means clustering analysis based on the
study by Ibanescu et al. (34). With this narrowing of kinematic
parameter spectrum (STR, ALH, VAP) entering into the cluster
analysis, a subpopulation of hyperactivated spermatozoa was
successfully extracted. In this design, lateral head displacement
(ALH) was included as the main distinguishing parameter for
the increment of flagellar curve amplitude which is related
to sperm hyperactivation (37). Even in this case, there was a
clear effect of dose-dependent proteasomal inhibition on the
hyperactivated sperm subpopulation abundance. We observed a
significant decrease in the hyperactivated sperm subpopulation
abundance in the experimental group with the highest MG-132
concentration (100 wM) when compared to the non-inhibited
control group.

The trend (not significant) in a viability decrease during
the first 3h of incubation is clearly visible. Interestingly for
viability, there is no significant decline in the population of
spermatozoa showing non-viable status in experimental groups
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with the highest concentration of inhibitor, as confirmed by
analysis of total and progressive motility. The reversible nature
of motility inhibition (see Supplementary Video S1) and no
significant difference in sperm viability between the treatment
groups exclude the possibility that motility inhibition might have
been caused by a disruption of sperm plasma membrane integrity.

Sperm motility is strictly regulated in a response to the
environment by subsequent changes in energy requirements during
their passage through the female reproductive tract. The direct
mechanistic link between the energy demand and energy supply
is represented by the AMP-activated protein kinase (AMPK) (38—
40). The AMPK is present in the acrosome and the midpiece
of boar spermatozoa (41, 42). Dysregulation of AMPK activity
had an adverse effect on sperm kinematic parameters such as
VAP, VSL, and VCL (41, 43). Interestingly, Ronnebaum et al.
(44) reported that UPS can also regulate AMPK activity. Their
study demonstrated that AMPK subunits «2, f1, and B2 are
polyubiquitinated and turned-over by UPS. We hypothesize that
energetic metabolism modulation through the AMPK pathway
might be a possible mechanism for how UPS may regulate sperm
motility during capacitation.

Another possible mechanism of sperm motility regulation
by the proteasome might be through the family of AKAP
scaffold proteins located in the fibrous sheet (45, 46), a
structure covering the entire principal piece of the flagellum
(47). Members of the AKAP family are involved in signaling
pathways regulating various cellular functions. The AKAP-
mediated sequestration of signal-transduction enzymes in a specific
subcellular compartment ensures the proximity of the enzyme to
its substrates but also segregates its activity to prevent random
substrate phosphorylation. An important role of AKAPs is also
their ability to form multiprotein complexes that integrate cAMP
signaling with other pathways and their respective signaling
events (48, 49). Several AKAPs have been reported in the sperm
flagellum including AKAP1 (50), AKAP3 (51), AKAP4 (52), and
AKAPI11 (53). It was shown that AKAP3 abundance is reduced
during the incubation of spermatozoa under capacitation-inducing
conditions. Interestingly, the study by Hillman et al. (49) reported
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that a decrease in AKAP3 abundance after 4 h of IVC was mitigated
when incubated under proteasomal inhibition, demonstrating that
AKAP3 degradation is regulated by UPS. In addition, AKAP3
degradation seems to be specific and has a physiological relevance
in capacitation, since another AKAP family member—AKAPS is
not degraded during IVC (49). There remains a question of how
to explain the decline in total and progressive motility, and the
subpopulation of hyperactivated spermatozoa when capacitated
under proteasomally-inhibiting conditions.

Inhibiting the proteasomal degradation of AKAP3, as an
important and specific mediator of the correct course of the sperm
capacitation process (28, 49, 54, 55), can lead to incorrect targeting
of key regulatory molecules to specific subcellular compartments.
Furthermore, these scenarios suggest a disruption in the activation
of downstream signaling molecules and incorrect signaling cues.
Proteasomal inhibition can also disrupt the degradation of
regulatory proteins of which the removal is essential for the
activation of signal transduction enzymes.

The AKAP3 proteins anchor PRKA which is involved in
sperm motility modulation in hamsters, monkeys, and humans
(56-58). Furthermore, in human spermatozoa, Zapata-Carmona
et al. (55) showed that UPS degrades PRKA regulatory subunit 1
(PRKARTI) localized in the sperm head and tail. This represents
one of the candidate regulatory mechanisms for maintaining PRKA
activity. Proteasomal inhibition during IVC can result in low
PRKA activity, and insufficient protein tyrosine phosphorylation
may delay the onset of sperm hyperactivation. This claim is
supported by their previous study (59), where the proteasomal
inhibitor epoxomicin significantly inhibited the phosphorylation
of PRKA. In our study, we were monitoring the total protein pY
during IVC. We observed minor oscillations in pY levels during
sperm IVC as we saw an increase in pY abundance after 1h
of IVC, a decline after 2h, and regeneration of pY after 3h of
IVC. To our best knowledge, this is the first instance of such
a pY pattern reported during IVC. Proteasomal inhibition did
not have a significant effect on the abundance of pY status in
our experimental design. Similarly, Kong et al. (18) did not find
evidence that the sperm proteasome is involved in the regulation
of tyrosine phosphorylation. However, a more recent study by Qu
et al. (28) showed that the level of pY significantly decreased in
MG-132-inhibited boar spermatozoa after 3h of IVC. However, in
their study, the authors recorded the level of pY phosphorylation
only at the end of a 3-h sperm capacitation period, as opposed
to the pY phosphorylation level time lapse recording in the
present study.

Moreover, several studies have shown that inhibition of PRKA
by H89 during sperm IVC led to a reduction in protein pY
(60) and sperm motility (61), but not to inhibition of pY on
AKAP3 (62). This would imply that PRKA is involved in the
downregulation of sperm motility. Interestingly, the study of
Vijayaraghavan et al. (63) showed that the inhibition of PRKA
catalytic activity had no significant effect on basal motility. These
observations suggest that the binding of the PRKA regulatory
subunit to AKAP is a key regulator of sperm motility. Other
studies corroborate the relationship between pY of flagellar
proteins and hyperactivation. For example, treatment of non-
capacitated spermatozoa with procaine or caffeine immediately
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resulted in an increase in intracellular calcium levels leading to
sperm hyperactivation without increasing the protein tyrosine
phosphorylation rate in flagellar proteins (64, 65).

As a part of our study concerned with the impact of
proteasomal inhibition on sperm motility during IVC, we also
focused on monitoring the total level of sperm ubiquitination.
However, the time-dependent effect of different concentrations of
proteasomal inhibitor MG-132 on sperm motility did not coincide
with a detectable accumulation of polyubiquitinated proteins. We
observed no differences based on densitometric analysis of the WB
detection of total ubiquitinated sperm proteins, nor during IBFC
where we monitored median fluorescent intensities of sperm total
ubiquitination. No accumulation of polyubiquitinated proteins was
seen even in the groups with the highest concentrations of MG-
132 inhibitor compared to the control groups, Cap (without DMSO
and inhibitor) and DMSO (vehicle control). Since MG132 inhibits
chymotrypsin-like activity with a much lower inhibition constant
when compared to caspase-like (~300x higher) or trypsin-like
(~900x higher) activities (31), we may propose that the residual
proteasomal activity attributable to trypsin-like and caspase-
like core activities accounted for the observed insignificance in
the protein polyubiquitination abundance between the treatment
groups. Another possible explanation might lie in the presence
of 20S proteasomes that do not require a polyubiquitin signal
as opposed to 26S proteasomes that recognize polyubiquitinated
proteins labeled for degradation. Our unpublished data also suggest
that sperm 20S proteasomes are more abundant than 26S in porcine
spermatozoa. No such study was done in other species, to our
best knowledge. A possible strategy for a future experimental
design might be the use of proteasomal inhibitor cocktails to
provide a stronger inhibition of caspase-like and trypsin-like
20S activities. The experimental design of the current study
prevented the application of such a strategy since the relevant 20S
inhibitors, including epoxomicin or cloasto-lactacystin-B-lactone
are irreversible. Rather than monitoring the accumulation of
total polyubiquitinated proteins, it may be desirable to focus on
individual proteasomal substrate protein level, such as the porcine
DQH/BSP1, MFGE8, and ADAM5 proteins, which accumulate
after proteasomal inhibition as demonstrated in our earlier studies
(9, 66).

The understanding of the mechanism of UPS regulation
during mammalian sperm hyperactivation warrants future studies,
including the link between UPS and protein pY during sperm
IVC. It is important to directly monitor the phosphorylation
of specific proteins within the proteasome-mediated signaling
pathway. The regulatory mechanism of the proteasome might be
linked to the degradation of AKAP3, where its ubiquitination
causes the uncoupling of PRKA (28). Provided such a link exists,
the incomplete inhibition of motility in the experimental group
with 100 wM MG132 can be reasoned that other mechanisms in the
AKAP3 degradation might be involved. Calcium ions, intracellular
alkalization, lack of glucose, and reduction of ATP levels could also
be involved in the regulation of AKAP3 degradation (49, 54).

In conclusion, inhibition of the 20S proteasome chymotrypsin-
like activity caused a reduction in the total and progressively motile
sperm populations and had a negative dose-dependent impact
on sperm hyperactivation. Velocity kinematic parameters during
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IVC were affected, as well. Importantly, proteasomal inhibition
did not impair sperm plasma membrane integrity, ruling out that
non-specific cytotoxicity caused the observed effects. Furthermore,
proteasomal inhibition did not interfere with protein pY, a
hallmark of IVC. Similarly, the accumulation of ubiquitinated
proteins was not observed. A measurable effect of proteasome
inhibition on sperm hyperactivation but not at the protein tyrosine
phosphorylation level implies that the changes in the protein
tyrosine phosphorylation profile may not be the only prerequisite
for boar spermatozoa to achieve the capacitated state.
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