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Abstract

Although recent research has addressed the impact of cryopreservation on the stallion sperm proteome, studies addressing the stallion sperm
phosphoproteome are lacking. In the present study, the data set of proteomes of fresh and cryopreserved spermatozoa were reanalyzed, showing
that cryopreservation caused significant changes in the phosphoproteome. The phosphoproteins reduced most significantly by cryopreservation
were Ca?* binding tyrosine phosphorylation regulated, protein kinase cAMP-activated catalytic subunit beta (CABYR), mitochondria eating protein
(SPATA18), A kinase anchoring protein 4 (AKAP4), A-kinase anchoring protein 3 (AKAP3) and the Family with sequence similarity 71 member
B (FAM71B). These proteins belong to the gene ontology (GO) terms sperm fibrous sheath (GO: 0035686), and sperm principal piece (GO:
0097228). The regulatory interactions between kinases and phosphorylation sites on the proteins that were affected most were also investigated,
and the potential kinases (based on human orthologs) involved in the regulation of these phosphoproteins identified were: PKCR for SPATA18 and
GSK3R for CABYR. Kinase inhibition assays were also conducted showing that kinases phosphorylating the above-mentioned proteins play an
important role in their activity and thus, phosphorylation controls the activity of these proteins and their role in the regulation of the functionality
and viability of stallion spermatozoa. In conclusion, the data reported here contribute to the understanding of the fact that the dephosphorylation
of certain proteins is a molecular lesion induced by cryopreservation in the stallion spermatozoa.
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Introduction

Cryopreservation is a reproductive technology widely used in
animal breeding and the equine industry. Despite the recent
progress made, this biotechnology is still suboptimal, and con-
siderable stallion to stallion variability constrains wider use
[1]. Freezing and thawing cause osmotic-induced necrosis in
a notable proportion of spermatozoa undergoing the process,
and the surviving spermatozoa experience important modi-
fications that reduce their functionality and lifespan in the
mare genital tract [2]. These modifications have been termed
capacitation like, apoptosis like, or spermptosis, and originate
from the osmotic effect on the mitochondria, causing alter-
ations in the electron transport chain (ETC), and increased
the production of the superoxide anion (O,°"), which finally
surpasses the sperm antioxidant defenses causing oxidative
stress, inducing lipid peroxidation, and oxidative damage to
DNA and proteins [3, 4]. Since redox regulation is an essential
mechanism controlling sperm functionality, irreversible redox
modifications of key proteins may induce major alterations in
sperm functionality, fertilizing ability, and capability to sustain
early phases of embryo development [5, 6]. Spermatozoa are
terminal and highly differentiated cells with very little capacity
for transcription of new proteins. Because of these charac-
teristics, spermatozoa are highly dependent on the incorpo-
ration of new proteins through microvesicle trafficking and
posttranslational modifications (PTM) of existing proteins.
Protein phosphorylation is a PTM involved in regulating most
biological processes [7]. Phosphorylation of sperm proteins
plays a major role in many important functions such as
the acquisition of motility upon ejaculation, capacitation,
and fertilization [8-11]. Interestingly, many phosphorylation
events in the spermatozoa are redox regulated, including the
phosphorylation of proteins essential for motility, capacita-
tion, and viability [12]. Spermatozoa are cells that are partic-
ularly suited to proteomic studies, and in the last decade, an
increasing amount of research has been published in the field
of sperm proteomics, revealing new and interesting aspects
of sperm biology [13-19]. Despite this, studies involving the
investigation of changes in the phosphoproteome of the sper-
matozoa are scarce [20, 21], and to the authors’ knowledge,
there are no previous studies investigating the stallion sperm
phosphoproteome. Since cryopreservation induces oxidative
stress and redox deregulation in the spermatozoa potentially
altering the phosphorylation of sperm proteins, the hypothesis
for this study is that alterations in the phosphoproteome
may explain damage induced by cryopreservation, thus the
study of the phosphoproteome in fresh and frozen-thawed
spermatozoa may reveal novel mechanisms involved in cryo-
damage, that may provide targets that can be used to improve
the biotechnology and shed light on mechanisms of sperm
malfunction related to infertility.

Material and methods
Reagents and media

The PKCf II/EGFR inhibitor (inhibitor of EGFR and PKC
isozymes a, BI and BII, CG), bisindolylmaleimide I (Protein
Kinase C inhibitor GF), and GSK3- inhibitor XIX (IM) were
purchased from Sigma Aldrich (Madrid, Spain). All other
reagents for flow cytometry (FC), chicken anti-SPATA18
polyclonal antibody (Invitrogen Catalog# PAS5-72739) and
goat anti-chicken IgY (H+L) Alexa Fluor 488 (Invitrogen
Catalog# A-11039) were purchased from Thermo Fisher
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(Carlsbad, CA, USA). ViaKrome 808 Fixable Viability was
purchased from Beckman Coulter (Miami, FL, USA). Ultra-
pure deionized water (>18.2 M&2-cm) was produced from
a Millipore Milli-Q Gradient system (Millipore, Bedford,
MA, USA).

Experimental design
Reanalysis of data set of proteins from fresh and
cryopreserved stallion spermatozoa

Data from our laboratory consisting of sperm proteins from
ejaculates collected from 10 different stallions on three dif-
ferent occasions were reanalyzed; in brief, each ejaculate
was divided into two identical aliquots, and half of each
ejaculate was cryopreserved using standard protocols previ-
ously described in our laboratory [22] (cryopreserved, frozen-
thawed), whereas the other half was processed as for fresh
spermatozoa (fresh). In brief, the aliquot to be cryopreserved
was diluted in the freezing medium, Caceres (University of
Extremadura, Céceres, Spain) containing 2% egg yolk, 1%
glycerol, and 4% dimethylformamide to 100 x 10° sperma-
tozoa/mL. After loading the extended semen into 0.5-mL
straws (IMV, L’Aigle, France), the straws were sealed ultra-

sonically with UltraSeal 21° (Minitube of America MOFA,
Verona, Wisconsin, USA) and immediately placed in an Ice-
Cube 14S programmable freezer (SY-LAB Neupurkersdorf,
Austria). Straws were kept at 20°C for 15 min, and they
were then slowly cooled from 20 to 5°C at a cooling rate
of 0.1°C/min. Thereafter, the freezing rate was increased to
—40°C/min from 5 to —140°C. The straws were then plunged
into liquid nitrogen and stored until analysis. Frozen samples
were thawed in a water bath at 37°C for at least 30 s.

The samples used to obtain proteomes were from stallions
of proven fertility routinely used in a commercial Al program,
belonging to various Iberian breeds (Andalusian, Lusitano,
and Spanish Sport Horse), Arabs, and cross breeds, main-
tained as indicated in institutional and European regulations
for animal care (Law 6/2913 11 June and European Directive
2010/63/EU). All stallions were of proven fertility, with a
median age of 10.8 years old. Detailed information on the
characteristics of these ejaculates, fresh and cryopreserved are
described in a previous publication by our laboratory [3] and
the original spectra can be found in the ProteomeXchange
Consortium via the PRIDE [23] partner repository with the
data set identifier PXD022236. Additional details are pro-
vided in Supplementary Table 1; stallions showing average
post-thaw motility >35%, membrane integrity >40%, and
the percentage of active mitochondria >40% were considered
good freezers.

Phosphoproteins reanalysis

We reanalyzed the data set of proteins from stallion sperma-
tozoa obtained as described in previous publications [2, 24].
In brief, proteins were extracted from stallion spermatozoa
and analyzed using UHPLC/MS/MS (Agilent 1290 Infinity II
Series UHPLC, Agilent Technologies, Santa Clara, CA, USA)
equipped with an automated multisampler module and a high-
speed binary pump coupled to an Agilent 6550 Q-TOF mass
spectrometer.

Data processing reanalysis

Data sets of fresh and cryopreserved stallion spermatozoa
were reanalyzed using Spectrum Mill MS Proteomics
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Workbench (Rev B.04.01, Agilent Technologies, Santa
Clara, CA, USA). In summary, default conditions were used
for the extraction of raw data as follows: non-fixed or
variable modifications were selected, [MH] + 50-10,000 /2,
maximum precursor charge +35, retention time and m/z
tolerance 60 s, minimum signal-to-noise MS 25, and
finding 12C signals. The following criteria were used for the
MS/MS search against the appropriate and updated protein
database (in this case Uniprot/Horse): selection of non-fixed
modifications with the following selected as variable mod-
ifications: carbamidomethylated cysteines, phosphorylated
Serine (S), phosphorylated Threonine (T), and phosphorylated
Tyrosine (Y), and tryptic digestion with five maximum
missed cleavages; ESI-Q-TOF instrument, minimum matched
peak intensity 50%, maximum ambiguous precursor charge
+5, monoisotopic masses, peptide precursor mass tolerance
20 ppm, product ion mass tolerance 50 ppm, and calculation
of reversed database scores. Validation of peptide and protein
data was performed using the auto-validation algorithm for
validation of peptide and protein data. This is completely
automated and used to validate the highest-scoring results;
those that do not require manual review and are considered
high-quality results. The auto-validation strategy used was
auto-threshold, in which the peptide score is automatically
optimized for a target % false discovery rate (FDR) (1.2%).
Protein polishing validation was then performed to increase
the sequence coverage of validated results with the restriction
of a new maximum target protein FDR (0%).

Bioinformatics of reanalyzed data

Variance filtering and PCA

QlucoreOmics Explorer version 3.7.21 Lund Sweden (https://
qlucore.com) bioinformatics software was used for the anal-
ysis. Data were normalized, and log transformed. Variables
with low overall variance were filtered out to reduce the
impact of noise and the remaining variables were then cen-
tered and scaled to 0 mean and unit variance. Principal
component analysis (PCA) was used for the visualization
of the data set in a 3D space. The optimal filter thresh-
old was established using the projection score [25, 26]. The
Benjamini-Hochberg method [27, 28] was used for multiple
testing with adjusted P-values, and variables with adjusted P-
values (g-value) below 0.1 were considered significant. The
Biomarker Workbench in Qlucore version 3.7.21 was also
used. Using this algorithm, variables (phosphoproteins) differ-
entially expressed were considered potential biomarkers only
if g-values were below 0.05, in order to establish a stronger
statistical threshold to consider a phosphoprotein as especially
modified in cryopreserved samples; this approach has been
previously applied in our laboratory [29].

Enrichment analysis

Enrichment analysis was performed using the g:Profiler
web server (https://biit.cs.ut.ee/gprofiler/gost) [30] of the
most abundant phosphoproteins in fresh or frozen-thawed
ejaculates. Only annotated genes were used, and the Ben-
jamini-Hochberg FDR threshold was set at P <0.05. The
Metascape platform (https://metascape.org) [31] was also
used to search for enrichment of specific terms. In this case,
all the phosphoproteins were identified, with a specific search
for the term “mitochondria”.

Identification and analysis of the most relevant
phosphoproteins identified to be affected by
cryopreservation

The following analyses were conducted on independent ejac-
ulates from three different stallions. The experiments were
conducted to validate the data obtained once changes in the
phosphoproteome were identified and aimed to study the
role of the phosphorylation of the proteins identified in the
functionality of the spermatozoa.

Western blotting

SDS-PAGE was performed to separate the proteins according
to their apparent molecular masses, as previously described
[32, 33]. Briefly, proteins were extracted and denatured by
boiling for 10 min at 70°C in a loading buffer supplemented
with 5% mercaptoethanol. The protein content was calcu-
lated using the Bradford assay [34]. Ten micrograms of sperm
protein extract were loaded on a 10% polyacrylamide gel and
resolved using SDS-PAGE. Immunoblotting was performed by
incubating the membranes with a blocking buffer containing
primary antibody chicken anti-SPATA18 polyclonal antibody
(Invitrogen Catalog# PAS5-72739) 1:1500 for 2.5 h at r.t.
The secondary antibody was goat anti-chicken IgY (H+1L)
Alexa Fluor 488 (Invitrogen Catalog# A-11039) 1:5000 and
incubated for 1 h at r.t. Positive controls used were liver
and lung lysates. Western blotting was measured in a Biorad
Chemidoc MP imaging system.

Immunocytochemistry

Indirect immunofluorescence was performed as previously
described [35]. After blocking, the spermatozoa were incu-
bated with primary antibody anti-SPATA18, overnight at 4°C
diluted 1/200 in PBS containing 5% BSA (w/v). The following
day, cells were washed with PBS and further incubated for
45 min at r.t. with goat anti-chicken IgG antibody conjugated
with Alexa Fluor 488 diluted to 1/500 in PBS containing 5%
BSA (w/v). Finally, cells were thoroughly washed with PBS. A
total of 5000 cells were analyzed in the ImageStream X Mark
Il Imaging Flow Cytometer (Merck Millipore) using a 488 nm
line laser with intensity set to 100 mW, at x 60 magnification.
Data analysis of the raw images was accomplished using
IDEAS1software (version 6.0.309). The absence of nonspe-
cific staining was measured by processing the samples without
a primary antibody (secondary antibody only).

Prediction of regulatory kinases

NetworKIN 3.0 (http://networkin.science) was used to inves-
tigate the regulatory interactions between kinases and phos-
phorylation sites, providing annotation of the relationships
between predicted kinases and phosphorylation sites [21, 36,
37]. After the identification of phosphorylated proteins, and
transformation to the correspondent human orthologs, all the
phosphorylation sites were submitted to NetworKIN 3.0 for
prediction of in vivo kinase—substrate relationships. To further
determine kinases with major roles in sperm functions, we
focused on the phosphoproteins and phosphorylation sites
most significantly affected by the cryopreservation proce-
dures, with an FDR below 0.05.

Kinase inhibition assays

Inhibitors of the kinases identified in the previous step were
used in an inhibition assay in six independent experiments
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(three different stallions and three ejaculates each). Fresh
stallion spermatozoa were incubated in Tyrode’s medium
(96 mM NaCl, 3.1 mM KCI, 2 mM CaCl,.2H20, 0.4 mM
MgS04.7H,0, 0.3 mM KH;,PO4, 20 mM HEPES, § mM
glucose, 21.7 mM NaLactate, 1 mM Na Pyruvate, 15 mM
NaHCOj3, 3 mg/mL BSA, 50 mg/mL Kanamicin) pH 7.4 [38]
in the presence of a PKCBI/EGFR inhibitor (CG), Bisindolyl-
maleimide I, a PKC inhibitor (GF), and GSK3f inhibitor
XIX (IM). Controls consisted of spermatozoa incubated in
Tyrode’s medium containing 1% DMSO (v/v). After incuba-
tion for 0 and 3 h at 37°C, motility and sperm kinematics
were assessed using computer-assisted sperm analysis (CASA),
whereas sperm viability was investigated using FC.

Computer-assisted sperm analysis

Sperm motility and velocity were assessed using a CASA
system (ISAS Proiser, Valencia, Spain) in fresh and frozen-
thawed spermatozoa according to standard protocols used

at our center [33]. Semen samples were loaded into a Leja®
chamber with a depth of 20 um (Leja, Amsterdam, The
Netherlands) and placed on a stage warmed to 37°C. Anal-
ysis was based on an evaluation of 60 consecutive digitized
images obtained using a 10x negative phase-contrast objective
(Olympus CX 41). At least 500 spermatozoa per sample were
analyzed in random fields. Spermatozoa with VAP > 35 um/s
were considered motile. Spermatozoa deviating <45% from a
straight line were classified as linearly motile.

Flow cytometry

FC analysis was conducted using a Cytoflex LX® flow
cytometer (Beckman Coulter, Miami, FL, USA) equipped with
ultraviolet, violet, blue, yellow, red, and infrared lasers. The
instrument was calibrated daily using specific calibration
beads provided by the manufacturer. The combination of
probes used required minimal compensation for spectral
overlap. Files were exported as FCS files and analyzed using

Cytobank® (Beckman Coulter, Miami, FL, USA). Unstained,
single-stained, and fluorescence minus one controls were used
to determine compensations and positive and negative events,
as well as to set regions of interest as described in previous
publications from our laboratory [39-41].

Assessment of viability, Caspase 3 activity, and
phosphatidylserine translocation

Annexin-V 647 conjugated and CellEvent” Caspase 3/7 Green
Detection Reagent were combined in a multiparametric test
and evaluated by FC [42]. Samples were loaded with Hoechst
33342 (0.3 uM) and CellEvent (2 uM) and incubated at
room temperature for 15 min. Following this, the samples
were washed using a short centrifugation spin for 12” and
suspended in 200 uL of annexin binding-buffer (solution in
10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl,, pH 7.4). Five
microliters of Annexin-V was added to 200 uL of sample.
After 15 min of incubation in the dark at room temperature,
400 uL of 1 x Annexin binding buffer was added before
reading in the flow cytometer. To gate dead spermatozoa,
samples were stained with Viakrome 808 (2.5 uL of the recon-
structed solution as indicated by the manufacturer). Samples
were evaluated in a Cytoflex LX° flow cytometer (Beck-
man Coulter). CellEvent staining was validated as previously

described [43].
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Statistical analysis

GraphPad Prism version 7.00 for Mac, La Jolla, California,
USA, www.graphpad.com and Cytobank (Beckman Coulter,
Miami, FL, USA) were used for statistical analysis. The effect
of different kinase inhibitors was compared after incubation
up to 3 h at 37°C with its controls using a one-way ANOVA.
The analysis compared motility and velocities, and the FC-
derived data, viability, apoptosis, mitochondrial membrane
potential, and GSH content in controls and treated aliquots.
Differences were considered significant when P <0. 05 and
results are displayed as means + SEM.

Results

Identification of phosphoproteins in stallion
spermatozoa

A total of 633 phosphoproteins (Supplementary Table 2)
were identified in stallion spermatozoa, both in fresh and
cryopreserved spermatozoa. Enrichment analysis of this
set of proteins revealed the gene ontology (GO) terms
sperm fibrous sheath (P=2.005 x 107°), sperm principal
piece (P=8.168 x 10~3), sperm flagellum (P = 5.830 x 1073),
sperm midpiece (P=8.872x 1073), and acrosomal mem-
branes (P =2.102 x 10-2), among others (Figure 1A). Because
of the deeper annotation of the human proteome, equine
proteins were transformed into their human orthologs, and
new enrichment analysis was conducted, in addition to the
terms related to sperm midpiece and acrosome, previously
disclosed, annotated terms related to immune functions and
interestingly, transcription factors, were present (Figure 1B).
Furthermore, a specific search in Metascape for the term
“mitochondria” revealed significant enrichment in phospho-
proteins related to this term (P =7.1e—035, Figure 1C).

Cryopreservation modifies the stallion sperm
phosphoproteome

Cryopreservation causes major damage to the spermatozoa
because of the intense osmotic stress that these cells expe-
rience at freezing and, especially at thawing. On average,
50% of spermatozoa succumb to osmotic-induced necrosis,
whereas the surviving population experience altered function-
ality. Thus, we investigated if the process of cryopreserva-
tion modifies the phosphoproteome of the stallion sperma-
tozoa. The biomarker workbench (Table 1) in Qlucore Omics
Explorer was used to identify phosphoproteins differentially
expressed in fresh and frozen-thawed spermatozoa, and six
proteins presented a g-value (FDR) equal or below 0.05 mean-
ing highly significant differences in the expression of these
phosphoproteins between fresh and cryopreserved aliquots
were present.

Cryopreservation reduces specific phosphoproteins

The effect of freezing and thawing on the stallion sperm phos-
phoproteome was investigated; cryopreservation significantly
reduced the presence of the phosphoproteins; Ca?tbinding
tyrosine phosphorylation regulated, protein kinase cAMP-
activated catalytic subunit beta (CABYR) (P = 1.6e=93), mito-
chondria eating protein (SPATA18) (P=5.0e=93), A kinase
anchoring protein 4 (AKAP4) (P =7.8e=22), A kinase anchor-
ing protein 3 (AKAP3) (P = 6.3¢~98), and family with sequence
similarity 71 member B (FAM71B) (P =2.3e~Y7; Figure 2A).
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Figure 1. Manhattan plots obtained after g:Profiler enrichment analysis using equine (A) and human orthologs (B). (A) GO terms for biological process
(BP) are in orange and those for cellular component (CC) in green. (B) KEGG pathways are depicted in red, and Reactome pathways are depicted in blue
(using human orthologs). The P-values are depicted on the y-axis and in more detail in the results table below the image. (C) Enrichment of genes
matching membership term: mitochondria. The outer pie shows the number and the percentage of genes in the background that are associated with the
membership (in black); the inner pie shows the number and the percentage of genes in the individual input gene list that are associated with the

membership (P=71e~%).
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Figure 2. (A) Phosphoproteins reduced during the cryopreservation of stallion spermatozoa. These data were obtained after the reanalysis of data from
our laboratory corresponding to fresh and cryopreserved aliquots of stallion semen (10 stallions, three ejaculates each) for the identification of
phosphorylated proteins in Serine (S), Threonine (T), and Tyrosine (Y) conducted and published by our laboratory. Detailed information on the
characteristics of these ejaculates, both fresh and cryopreserved, is described in a previous publication by our laboratory [3] and the original spectra can
be found in the ProteomeXchange Consortium via the PRIDE [23] partner repository with the data set identifier PXD022236. Bioinformatics was
conducted using Qlucore Omics Explorer (https://glucore.com) as described in Material and Methods. (B) Protein—protein interaction among
phosphoproteins downregulated after cryopreservation obtained in STRING. https://string-db.org
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Table 1. Biomarker workbench in Qlucore Omics Explorer (https://www.glucore.com) to identify phosphoproteins differentially expressed in fresh and

frozen-thawed spermatozoa

Response Response variable Two group Two group Two group
variable
Type Details Sample annotation Sample annotation Sample annotation
1[Cryopreseved # Fresh 1[Cryopreseved # Fresh 1[Cryopreseved # Fresh
semen] semen]| semen]|
P-value g-value Fold change
Variable A-kinase anchoring protein 4 7.780864190783239e—22 2.1008333315114747e—-20  0.0022945646645022395
Variable Protein kinase cAMP-activated 0.0009014203415419723 0.0036193792318403605 0.08936035825564884
catalytic subunit beta
Variable Calcium binding tyrosine 0.0016813932048714774 0.005674702066441236 0.10110228242543928
phosphorylation regulated
Variable A-kinase anchoring protein 3 2.739783368783472e—07 3.698707547857687¢—06 0.11555111747080885
Variable Mitochondria-eating protein 0.005667224931912356 0.013213390796474048 0.1927533211750831
Variable Family with sequence similarity 2.2616004527921588e—05  0.0002035440407512943 0.33605952211990753

71 member B

Table 2. Panther overrepresentation test of phosphoproteins differentially expressed in fresh and frozen-thawed stallion spermatozoa

Analysis type:

PANTHER
Overrepresentation
Test (Released
20,210,224)

Annotation Version
and Release Date:

Analyzed List:

Reference List:

GO Ontology database
DOI: 10.5281/zeno
do.5228828 Released

2021-08-18
upload_1 (Equus
caballus)

E. caballus (all genes in
database)

Test Type: FISHER

Correction: FDR

GO CC complete E. caballus—REFLIST upload_1 upload_1 upload_1 upload_1 upload_1 upload_1
(20774) (99) (expected)  (over/under) (fold (raw (FDR)

Enrichment) P-value)

sperm fibrous sheath 8 4 0.04 + >100 2.29E-07 4.11E-04

(GO:0035686)

sperm principal piece 23 4 0.11 + 36.49 7.68E—06 6.90E—-03

(GO:0097228)

Enrichment analysis and protein—protein
interaction network

An enrichment test was performed in Panther (http:/
www.pantherdb.org). The GO terms sperm fibrous sheath
(GO:0035686) and sperm principal piece (GO:0097228)
were enriched in the phosphoproteins differentially expressed
between fresh and cryopreserved spermatozoa (Table 2).
Functional protein—protein interactions were investigated
in STRING (https://string-db.org) showing functional inter-
actions among the phosphoproteins dephosphorylated in
cryopreserved spermatozoa (Figure 2B).

Identification of SPATA18 in stallion spermatozoa

Most of the downregulated proteins have been previously
reported in stallion spermatozoa; however, to the best of
our knowledge, SPATA18 has not been previously reported
in horses. Thus, we used WB and image FC to confirm the
presence of this protein in the stallion spermatozoa (Figure 3,
Panel A). The distribution of the proteins agrees with the

previously described distribution in the cytoplasm that relo-
cates to the mitochondrion outer membrane following cellular
stress (Figure 3, Panel B) [44, 45].

Prediction of regulatory kinases in stallion
spermatozoa

It is well known that cryopreservation causes reduced sperm
functionality, thus changes in the phosphorylation of specific
proteins, and identification of potential kinases involved in
the phosphorylation of these sites in proteins may shed light
on new mechanisms involved in cryodamage. NetworKIN
3.0 analysis [36, 37, 46] was applied to identify candidate
kinases involved in the regulation of sperm functionality.
The equine proteins were converted to the equivalent human
orthologs, and attention was focused on identifying potential
kinases regulating the phosphoproteins reduced after cry-
opreservation. These phosphorylated proteins were AKAP3,
AKAP4, CABYR, FAM71B, and SPATA18 (Figure 2A).
Potential kinases (based on human orthologs) involved in the
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Figure 3. Panel A. Detection of SPATA18 in stallion spermatozoa Lane MW: precision plus protein plus dual standards, 5 uL (BioRad #1610374), Lane 1:
rat liver extract (20 ng), Lane 2: rat lung extract (15 1g), Lanes 3 and 4: stallion sperm lysates (20 ug). Panel B. Immunolocalization of SPATA18 in stallion
spermatozoa. Representative images of 5000 cells were analyzed in the ImageStream X Mark Il Imaging Flow Cytometer (Merck Millipore) using a

488 nm line laser with intensity set to 100 mW, at x60 magnification. AF 488 (Alexa Fluor 488), Differential Interface Contrast Microscopy (DIC).

phosphorylation of these proteins were PKCf for SPATA18,
GSK3fs for CABYR, PKC£, and PKAS for AKAP4 and CK16
for AKAP3.

Kinase inhibition assay

A kinase inhibition assay was performed using inhibitors of
the predicted kinases, PKCBII/EGFR inhibitor (CG, inhibiting
the phosphorylation of SPATA18) bisindolylmaleimide I, a
selective inhibitor of PKC (GE, inhibiting the phosphorylation
of SPATA18), and GSK3{ inhibitor XIX (IM, Inhibiting
CABYR). The inhibition of PKC, with the general inhibitor
(GF) and the more specific inhibitor of the PKCE (CG)
had no effect on the percentages of live spermatozoa after
3 h of incubation at 37°C (Figure 4A and B). In the same
way, the inhibitor of GSK3f had no effect on viability
(Figure 4C). However, the inhibition of PKC and particularly
PKCS8, increased apoptosis (caspase 3+ and Annexin+).
The PKC{ inhibitor CG increased the percentages of
caspase 3+ spermatozoa after 3 h of incubation at 37°C
(17.34+1.0% in controls to 31.6 1.2 at 5 uM, P <0.0001
and to 27.6+£2.5% at 10 uM, P <0.01; Figure 4D), no
difference was observed between the time of incubation
in untreated aliquots (Figure 4D). In a similar manner,

whereas no differences were observed in the percentages of
Annexin-V + spermatozoa after 3 h of incubation, aliquots
incubated in the presence of the CG inhibitor showed
increased percentages of Annexin-V positive spermatozoa
with respect to initial controls (40.0 6.9 in controls to
63.3+4.5% in the presence of 5 uM GC, P<0.01 and
67.3 £+ 3.8% in presence of 10 uM GC, P < 0.001; Figure 4G).
When the PKC (GF) inhibitor was present at 15 uM the
percentage of caspase 3 + spermatozoa increased with respect
to controls at the same time point of incubation (17.3 £1.8%
in controls to 27.1+3.0% Figure 4E; P <0.01), and at
30 uM the percentage of Annexin-V positive spermatozoa
also increased with respect to the controls at the same time
point (Figure 4H; P <0.0001). The GSK3f{ inhibitor IM
increased the percentages of Caspase 3 positive spermatozoa
with respect to the same time point controls at 15 and
30 uM (Figure 4F; P <0.001 and P < 0.01, respectively). At
both concentrations, the percentage of Annexin-V positive
spermatozoa also increased (Figure 4I; P < 0.01 and P < 0.05,
respectively). On the other hand, kinase inhibition had no
major effect on motility (Figure 5A), but the inhibition of
GSK3{ resulted in an increased percentage of linear motile
spermatozoa (Figure 5B).
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Figure 4. Effect of PKC II/EGFR inhibitor (inhibitor of EGFR and PKC isozymes «, Bl and BlI, CG), bisindolylmaleimide | (Protein Kinase C inhibitor GF),
and GSK3R inhibitor XIX (IM) on stallion viability. Stallion spermatozoa were collected and processed as indicated in the Material and Methods, viability
and apoptosis were measured at the beginning of the incubation period and after 3 h of incubation at 37°C. Panel A. (A-C) Effect on the percentage of
live spermatozoa, none of the inhibitors tested reduced the percentage of live spermatozoa (D-F), effect on the percentage of apoptotic spermatozoa
(Caspase 3 +). (D) Incubation in presence of CG (PKCB inhibitor, the predicted kinase responsible for the phosphorylation of SPATA18) at 5 and 10 uM
increased the percentages of apoptotic spermatozoa with respect to controls at the same time point of incubation. (E) GF increased the percentage of
Caspase 3 positive spermatozoa only at a concentration of 15 uM. (F) Inhibition of GSK3R, the predicted kinase responsible for the phosphorylation of
CABYR, caused an increase in the percentage of Caspase 3 positive spermatozoa especially when IM was present at 15 uM. (G-I) Effect on the
percentage of Annexin-V spermatozoa. (G) Incubation in the presence of CG increased the percentage of Annexin-V positive spermatozoa (apoptotic
showing transposition of phosphatidylserine to the outer plasma membrane). (H) GF also increased the percentage of Annexin-V + spermatozoa at both
concentrations tested. (I) IM increased the concentration of Annexin-V spermatozoa. Data are given as means #+ SEM, and are derived from at least
three independent ejaculates obtained from three different stallions. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Panel B. Representative
cytograms showing the gating strategy and changes in the percentages of live and apoptotic spermatozoa (Caspase 3+) in the kinase inhibition assay,
spermatozoa were processed for FC analysis as described in Material and Methods. (A) Spermatozoa were gated based on side scatter (SCC) and
forward scatter FSC; events with higher area in the FSC detector (clumps and doublets) were gated out. (B) Spermatozoa were then gated in Hoechst
33342 positive cells (DNA containing events) allowing debris and non-sperm events to be gated out. (C) Controls at the beginning of the incubation
period, live and dead spermatozoa were detected using Viakrome 808™, apoptotic spermatozoa were detected using CellEvent™ (Caspase 3). (D)
Controls after 3 h of incubation at 37°C. (E) Aliquot incubated in presence of CG (PKCp inhibitor, the predicted kinase phosphorylating SPATA18) at

5 uM. (F) Aliguot incubated in the presence of CG (PKCB inhibitor, the predicted kinase phosphorylating SPATA18) at 10 M.
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Discussion

In the present study, the phosphoproteome of the stallion
spermatozoa was investigated; this, to the authors’ knowl-
edge, is the first study on this topic. We have provided
evidence linking the presence of specific phosphoproteins to
sperm functionality and investigated the effect of cryopreser-
vation on the phosphoproteome; moreover, the functionality
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of phosphoproteins using kinase inhibition assays was stud-
ied. In this study, changes in the phosphoproteome provide
a molecular explanation for the reduced functionality of the
spermatozoa after thawing. One of the theories explaining the
reduced fertility of cryopreserved spermatozoa claimed that
after thawing spermatozoa experience accelerated capacita-
tion and die rapidly in the female genitalia; this theory was
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based mainly on changes in intracellular Ca?* determined
using the CTC assay [47, 48]. However, recent research using
multiparametric FC and computational approaches disputes
the theory of cryo-capacitation. On the one hand, there is
no evident increase in tyrosine phosphorylation after thaw-
ing, and spermatozoa showing a phenotype compatible with
capacitation are only evident in a small subpopulation of
spermatozoa when a computational analysis is performed
[42]. Cryopreservation is known to cause major impairments
in sperm functionality, so we aimed to link changes in the
phosphoproteome in the stallion spermatozoa to changes in
sperm quality induced by the procedure. Since cryopreser-
vation causes major damage to the spermatozoa, changes in
phosphorylation may explain cryopreservation-induced dam-
age. Cryopreservation significantly reduced phosphoproteins
involved in mitochondrial maintenance like SPATA18. This
protein has previously been described in rat, mouse, and boar
spermatozoa [49-51]; however, to the best of our knowl-
edge, the presence and the phosphorylation of this protein
in the stallion spermatozoa have not been described. This
protein showed a 79.9% homology with the human ortholog
(Q8TC71). This is a recently described product of the p53
gene [44, 45], with an important role in mitochondria quality
control. This finding goes in line with the current consen-
sus on the pivotal role of mitochondria in stallion sperm
functionality. Mitophagy has been described in spermatozoa
as a potential quality control system [52], the presence of
SPATA18 in spermatozoa supports this previous finding, and
in addition, is a good candidate for further support of the fun-
damental role of mitochondria and the development of new
methods for sperm diagnosis. Furthermore, this protein was
identified using WB and image FC. Phosphorylation of this
protein appears to be necessary for its activation in stallion
spermatozoa. SPATA18 or Mieap induces the accumulation of
lysosomal proteins within mitochondria in response to mito-
chondrial damage and eliminates oxidized proteins to repair
unhealthy mitochondria [44, 45, 53, 54]. In this context, it
is well known that cryopreservation causes oxidative stress
and that mitochondrial proteins are a preferent target for
electrophilic aldehydes that originate after lipid peroxidation,
like 4-hydroxynonenal (4-HNE) [22, 55]. It is likely that the
stress of cryopreservation may lead to the dephosphorylation
of this phosphoprotein, further contributing to mitochondrial
damage. Potential kinases regulating the phosphorylation of
this protein were identified, in silico analysis identified that
this protein was phosphorylated by PKC£. Functional kinase
assays using PKC beta inhibition showed that the inhibition
of the phosphorylation sites of this protein leads to apoptotic
changes in the stallion spermatozoa, interestingly it is well
described that cryopreservation induces apoptotic changes [4,
56-58], as did PKCB inhibition supporting the link between
the dephosphorylation of this protein during cryopreservation
and apoptotic changes.

Two phosphoproteins with important roles in sperm
functions such as capacitation, the acrosome reaction, and
motility were significantly reduced after cryopreservation, the
A-kinases anchoring proteins (AKAP) 3 and 4. These proteins
and particularly AKAP4 have been proposed as biomarkers
of sperm quality in stallions [18]; moreover, AKAP4 has also
been identified as highly susceptible to adduction by 4-HNE
[18]; the changes observed in our experiment agree with this
previous report and also suggest a role as a marker of sperm
quality after cryopreservation.
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Figure 5. Effect of PKCR II/EGFR inhibitor (inhibitor of EGFR and PKC
isozymes alpha, beta | and beta Il, CG), bisindolylmaleimide |
(ProteinKinase C inhibitor GF), and GSK3R inhibitor XIX (IM) on motility.
Stallion spermatozoa were collected and processed as indicated in the
material and methods, motility (CASA) was measured at the beginning of
the incubation period and after three hours of incubation at 37°C. Data
are given as means &+ SEM, and are derived from at least three
independent ejaculates obtained from 3 different stallions. **<0.01,
#*P<0.001, ***P<0.0001.

Ca?* binding tyrosine phosphorylation regulated (CABYR)
was another protein affected by cryopreservation. This
protein has a major role in the regulation of capacitation
and the acrosome reaction [59], and it is phosphorylated in
tyrosine upon capacitation. In the present study, we observe
a decrease in the general phosphorylation of this protein
after cryopreservation, another finding that does not support
the cryocapacitation theory. The predicted kinases revealed
that this protein is regulated by GSK3f3, and the kinase
inhibition assay performed supported the role of this protein
in stallion sperm function since incubation in the presence
of inhibitors of GSK3f increased the percentage of apoptotic
spermatozoa. Although the main known role of this protein
so far is capacitation, our findings suggest important roles
in other aspects of sperm functionality, which have also been
proposed in mouse spermatozoa [60]. Interestingly, a recent
report shows that in human spermatozoa, cryopreservation
dephosphorylates the isoform GSK3a of this protein [61], a
finding that falls well in line with our study.
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In conclusion, the data reported here contribute to under-
standing molecular lesions induced by cryopreservation in
the stallion spermatozoa and dispute the cryo-capacitation
theory. In spite of the fact that previous enrichment on phos-
phoproteins was not performed (data based on reanalysis),
noteworthy information was obtained, indicating that the
study of the phosphoproteome is a powerful tool. Reduced
motility after cryopreservation can be explained by modi-
fications in key flagellar proteins such as AKAP3 and 4,
and proteins involved in metabolism and redox regulation;
moreover, molecular damage in key proteins with roles in
the maintenance of mitochondrial health explains the reduced
lifespan of cryopreserved spermatozoa and the activation of
cell death mechanisms arising in the mitochondria. The data
reported here may pave the way for further studies that could
expand our knowledge of the biology of stallion spermatozoa
in aspects directly related to sperm biotechnology such as
cryopreservation.
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