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Abstract

In a previous study, we reported that porcine sperm cysteine-rich secretory protein 2 (CRISP2) is localized in the post-acrosomal sheath-
perinuclear theca (PT) as reduction-sensitive oligomers. In the current study, the decondensation and removal of CRISP2 was investigated
during in vitro sperm capacitation, after both the induction of the acrosome reaction and in vitro fertilization. Confocal immunofluorescent
imaging revealed that additional CRISP2 fluorescence appeared on the apical ridge and on the equatorial segment (EqS) of the sperm head
following capacitation, likely due to cholesterol removal. After an ionophore A23187-induced acrosome reaction, CRISP2 immunofluorescence
disappeared from the apical ridge and the EqS area partly not only owing to the removal of the acrosomal shroud vesicles, but to its presence in
a subdomain of EqS. The fate of sperm head CRISP2 was further examined post-fertilization. In vitro matured porcine oocytes were co-incubated
with boar sperm cells for 6–8 h and the zygotes were processed for CRISP2 immunofluorescent staining. Notably, decondensation of CRISP2,
and thus of the sperm PT, occurred while the sperm nucleus was still fully condensed. CRISP2 was no longer detectable in fertilized oocytes
in which sperm nuclear decondensation and paternal pronucleus formation were apparent. This rapid dispersal of CRISP2 in the PT is likely
regulated by redox reactions for which its cysteine-rich domain is sensitive. Reduction of disulfide bridges within CRISP2 oligomers may be
instrumental for PT dispersal and elimination.

Summary Sentence
Dispersal of the pig sperm’s perinuclear the ca and complete degradation of its CRISP2 protein content was observed within 5 hours post-
fertilization.
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Introduction

To achieve the capacity to fertilize an egg, mammalian sperma-
tozoa must undergo a series of biochemical and physiological
changes, defined as capacitation, in the female reproductive
tract [1], or in a defined medium in vitro [2], to become
competent to fertilize a mature oocyte. Sperm capacitation
involves multiple signaling events including cholesterol efflux
and protein tyrosine phosphorylation [3]. Eventually, these
changes result in a sperm surface reordering that prime sperm
to bind to the oocyte zona pellucida (ZP) and induce the subse-
quent zona-induced acrosomal exocytosis. Both are required
for the sperm to penetrate the ZP and enable fusion with
the oolemma [4]. Redistribution of lipids and proteins has
been observed on the sperm surface during capacitation [5,
6]. The sperm anterior head plasma membrane is remodeled
during capacitation [7, 8], and this area is considered the
primary site where sperm bind to the ZP. Following capac-
itation, a controlled exocytotic event termed the acrosome
reaction takes place, releasing acrosomal granules that likely
contain enzymes believed to aid in penetrating the ZP [9]. In
acrosome-reacted (AR) sperm, intra-acrosomal components
become exposed at the surface of the equatorial segment (EqS)
of the sperm head, which is commonly considered the first

site where sperms fuse with the oolemma [10]. Numerous
sperm proteins have been reported to appear at the EqS after
the acrosome reaction and are essential for the sperm–egg
fusion, for example, IZUMO-1 [11, 12], CD9 [13], cysteine-
rich secretory protein 2 (CRISP2) [14–16].

After the sperm–egg fusion, the post-acrosomal sheath
(PAS)-perinuclear theca (PT) of the sperm head is exposed to
the ooplasm. The PT is a highly condensed protein structure
housed in the minimal cytosolic space between the nuclear
envelope and plasma membrane in the mature mammalian
sperm cell. In most of the eutherian species, the PT consists of
two structurally continuous regions named the sub-acrosomal
layer and PAS [17]. The PAS-PT has gained attention over
the past decades as it is held that the PAS-PT houses the
sperm-borne, oocyte-activating factor (SOAF) responsible
for oocyte activation and zygotic development [17–20]. The
two favored SOAF candidates are phospholipase C zeta
(PLCζ ) and post-acrosomal WW domain-binding protein
(PAWP). Both PLCζ and PAWP are found to be responsible
for triggering Ca2+ oscillations within the oocyte [18–22].
Crucially, the PAS-PT is the first internal structure solubilized
in the ooplasm and the sperm born cytosolic molecules are
released into the oocyte cytoplasm at fertilization [17, 23].
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Disulfide bond reduction has been considered as the main
driving force leading to sperm head solubilization [24, 25].
This is supported by the presence of glutathione-S-transferase
omega 2 (GSTO2) as an oxidative-reductive enzyme in the
PAS-PT region [26]. This enzyme plays an active role in
facilitating sperm nuclear decondensation likely through the
reduction of disulfide bonds within sperm chromatin [27]. On
the one hand, the sperm head structures including the PT must
first be disassembled in the oocyte cytoplasm before sperm
nuclear decondensation can take place. Before dissociation,
the PT is a rigid condensed structure that protects the sperm
nucleus and does not permit surrounding enzymes to initiate
decondensation of the highly protamine-packed DNA. On the
other hand, the proteins that are dissociating from the PT can
be recruited to de- or re-stabilize sperm chromatin until male
pronucleus formation [28].

The latest phylogenetic analysis shows that mammalian
CRISPs have three distinct lineages, CRISP1, CRISP2, and
CRISP3 [29]. CRISP4, found in some rodents, is derived
from the same gene as CRISP1 [29]. CRISP1 and CRISP4
are characterized as epididymal proteins that adhere to the
sperm surface during sperm epididymal maturation [30, 31].
Unlike other CRISPs, CRISP3 expression is not restricted to
the reproductive tract and shows a greater diversity among
species [29, 32]. Related to sperm, CRISP3 is present on
ejaculated human spermatozoa, similar to human CRISP1
[33]. Interestingly, CRISP3 is found enriched in equine seminal
plasma and is a valuable factor for the sperm quality [34, 35].
Downregulation of CRISP2 expression has been observed in
human patients with asthenozoospermia and linked with male
infertility [36–38]. CRISP2 has gained attention as it is the
sole CRISP endogenously produced during spermatogenesis
[39] and thus the only intracellular CRISP, while CRISP1,
CRISP3, and CRISP4 are soluble proteins secreted by either
the accessory sex glands or the epididymis and adsorb to
the sperm surface outside the testis in the male genital tract
[30, 34, 40]. Human CRISP2 reassociates with the EqS only
after acrosome reaction [14] and a similar result is observed
for mouse spermatozoa [16]. However, the underlying mecha-
nisms supporting CRISP2 cellular redistribution and/or expo-
sure is still unclear. Studies on human and rodent CRISP2
show that CRISP2 is involved in fertilization events especially
at the site of the sperm–egg fusion [15, 16, 41]. Despite a
morphologically normal acrosome, Crisp2−/− sperms have
a defect in their ability to undergo an acrosome reaction
when provoked by progesterone [42]. Additionally, Crisp2−/−
sperms exhibit greatly lower motility due to stiffening of the
midpiece of the sperm tail [42]. Thus, CRISP2 knockout males
are subfertile [42, 43]. Interestingly, our previous study on
porcine spermatozoa demonstrated that CRISP2 resides in the
PAS-PT and that CRISP2 in the sperm head forms reduction-
sensitive oligomers [44]. The domestic pig is genetically very
close to humans and has often been used as a biomedical
model [45]. Importantly, porcine gamete development is partly
similar to human gamete development. Examples include
centrosome paternal inheritance as well as timely zygotic
development [10]. In this study, we have followed the fate
of CRISP2 as a reporter component of the PT (i) during
in vitro porcine sperm capacitation, (ii) after the calcium
ionophore-induced acrosome reaction, and (iii) during in vitro
fertilization (IVF) until male pronucleus formation (in the time
period of 6–8 h post-co-incubation of mature porcine oocytes
with porcine sperm). The dynamics of CRISP2 dispersal and

degradation in the peri-fertilization period, and thus of the PT,
are discussed in view of the implications for sperm chromatin
decondensation and male pronucleus formation.

Materials and methods

Reagents and antibodies

All chemicals were obtained from Sigma (St. Louis, MO),
unless otherwise stated. Goat polyclonal antibody against
CRISP2 (aa77-89) (MBS422304) was obtained from MyBioso
urce (San Diego, CA). Mouse monoclonal antibody against
phosphotyrosine (pTyr) (clone 4G10) was purchased from
Sigma. Rabbit polyclonal to alpha tubulin (ab15246) was
obtained from Abcam. Mouse monoclonal antibody against
GAPDH was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA).

Boar spermatozoa preparation

Ethical review and approval were not required for the animal
study because semen samples are delivered from a commercial
breeder. A written informed consent was obtained from the
owners for the participation of their animals in this study.
Freshly ejaculated sperm cells from highly fertile boars were
obtained from a commercial breeder (Cooperative Center
for Artificial Insemination in Pigs, Veghel, the Netherlands).
The collected semen was diluted to 20 million sperm/mL in
a commercial diluter, shipped in 80-mL sealed insemination
tubes in a cool box (17◦C) until use. Diluted sperm from
approximately two to three different ejaculates were pooled
and washed through a discontinuous Percoll (GE Healthcare)
gradient (35% v/v and 70% v/v) in HEPES-buffered saline
(HBS; 20 mM HEPES, 137 mM NaCl, 10 mM glucose,
2.5 mM KCl, 0.1% kanamycin, pH 7.6) for 750× g for
15 min, room temperature (RT). Top and interface layers were
removed, and sperm pellets were further washed in HBS at
750× g for 10 min at RT. All solutions were iso-osmotic (290–
300 mOsm/kg) and at RT before use.

In vitro capacitation and calcium ionophore
A23187-induced acrosome reaction

The capacitating medium (CM) used in this study is
a modified Tyrode’s medium containing 90 mM NaCl,
10.0 mM HEPES, 3.0 mM KCl, 0.4 mM MgCl2, 2.0 mM
CaCl2·2H2O, 0.3 mM Na2HPO4, 25 mM NaHCO3, 2.0 mM
Na-pyruvate, 5.0 mM D-glucose, 21.6 mM sodium DL-
lactate, 3.0 mg/mL bovine serum albumin (BSA) (fatty acid
free), 290–300 mOsm/kg, pH 7.4. Medium supplied with
neither CaCl2, NaHCO3, nor BSA (300 mOsm/kg was
achieved by compensatory NaCl addition) was defined as
a non-capacitating medium (NCM). Na-pyruvate and BSA
were added into the medium on the same day prior to use.
Complete CM and NCM were brought to equilibrium in an
incubator (38.5◦C, 5% CO2) with loose lids or in the water
bath (38.5◦C) with lids on for at least 2 h, respectively, before
adding to sperms. Percoll-washed sperms were suspended in
the CM (1 mL, 20 × 106 sperm/mL) in open vials for 2.5 h
at 38.5◦C in the incubator with 5% CO2 or incubated in
NCM (1 mL, 20 × 106 sperms/mL) in air-tight vials for 2.5 h
at 38.5◦C in a pre-warmed water bath.

Sperm cells were exposed to 5 μM calcium ionophore
A23187 during the last 30 min of capacitation to induce an
acrosome reaction. All sperm incubations were carried out in
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5 mL polystyrene round bottom tubes (Falcon, 352,054; Life
Sciences, Corning, NY). After incubation, sperm cells were
spun down and washed twice with phosphate-buffered saline
(PBS) (137 mM NaCl, 8.0 mM Na2HPO4, 1.5 mM KH2PO4,
2.7 mM KCl, pH 7.4) at 750× g for 10 min at RT. Cells were
either processed for immunofluorescence or stored at −80◦C
for later use.

Immunofluorescence staining of sperm

Non-capacitated (NC), capacitated (CAP), and AR sperm
cells were stained using a LIVE/DEAD fixable blue kit
(L23105, Thermo Scientific) to examine the cell viability
following the manufacturer’s instructions. Briefly, washed
sperm cells (20 × 106) were resuspended in 1 mL PBS and
2 μL fluorescent-reactive LIVE/DEAD dye was added. After
mixing, cells were incubated in the dark with the dye for
30 min at RT. Then the cells were washed twice with PBS
at 750× g for 10 min to remove excessive dye and fixed in
4% paraformaldehyde (PFA) for 15 min at RT. A suspension
of 100 μL sperm (105 sperm/mL) was deposited in the
chamber built by imaging spacers (GBL654008, Merck)
on Superfrost slides (Thermo Scientific). Sperm cells were
settled down for 30 min at RT and further permeabilized
using 0.5% (v/v) Triton X-100 for 15 min at RT. After
rising with PBS, cells were blocked using 1% (w/v) BSA
in PBS for 1 h at RT, incubated overnight at 4◦C with
goat anti-CRISP2 or/and mouse anti-pTyr. Wells were then
washed three times for 30 min in PBS before incubation
for 1 h at RT with Alexa Fluor 568-conjugated donkey
anti-goat IgG [H + L] or/and Alexa Fluor 488-conjugated
goat anti-mouse (Thermo Scientific) and counterstaining with
Alexa Fluor 488-conjugated peanut agglutinin lectin (PNA)
(Thermo Scientific) or/and Hoechst 33342 (1 μg/mL Sigma)
at RT for 20 min. After extensive washing with PBS, slides
were mounted with FluorSave reagent (Merck Millipore)
and covered with coverslips. For negative controls, primary
antibodies were omitted. Observations were performed on a
Leica SPE-II confocal microscope using a 63× objective (NA
1.3, HCX PLANAPO oil). The scale bar was added by Image
J software (bundled with 64-bit Java 1.8.0_172, National
Institutes of Health, Bethesda, MD).

Porcine oocyte collection and in vitro maturation

Ovaries were collected from gilts from a local slaughterhouse
within 2 h of slaughter. Cumulus–Oocyte complexes (COCs)
were obtained by aspirating medium sized follicles (3–6 mm
diameter) with an 18 g needle fixed to a vacuum pump via
50 mL conical tube and matured as previously described [46].
Briefly, COCs were recovered and washed in a modified
Tyrode’s lactate-HEPES medium (TL-HEPES, 114.0 mM
NaCl, 3.2 mM KCl, 2.0 mM NaHCO3, 0.25 mM Na-
pyruvate, 0.4 mM NaH2PO4, 10.0 mM HEPES, 0.1% (w/v)
polyvinylpyrrolidone (PVP), 10.0 mM Na-lactate, 0.5 mM
MgCl2·6H2O, 2.0 mM CaCl2·2H2O). COCs were further
washed twice in pre-warmed Medium 199 (Gibco) supple-
mented with 2.2 mg/mL NaHCO3 (Medium C incomplete)
and washed once in pre-equilibrated Medium C incomplete
supplemented with 10% porcine serum, 1 mM Na-pyruvate,
and 0.6 mM cysteine (oocyte maturation medium; OMM).
COCs were transferred in groups of 40–50 per well in to
a four-well dish containing 500 μL equilibrated OMM-I
(OMM supplemented with 0.2 mM cysteamine, 0.05 IU/mL
recombinant human follicle-stimulating hormone (rhFSH,

Table 1. The cleavage (≥2-cell) and blastocyst formation

No. of examined
oocytes

≥ 2-Cell (at 48 h) Blastocysts (at day 7)

Group 45 27 3
47 19 3
50 41 3
50 40 7
46 25 7
39 27 2

≥ 2-Cell rate (%) Blastocysts relative
to total oocytes (%)

Total 277 64.3 ± 16.0% 8.9 ± 4.5%

Six groups from three independent experiments. The cleavage (≥2-cell) and
blastocyst formation of embryos were assessed 48 h and 7 days after IVF,
respectively. The number of 2-cell and blastocyst stages were observed per
group. The percentages for the cleavage (≥2-cell) and blastocyst rates are
expressed as the mean ± standard deviation (SD).

Organon, Oss, The Netherlands), 100 units/mL penicillin, and
100 μg/mL streptomycin (Gibco)) and incubated at 38.5◦C
with 5% CO2 for 22 h. After 22 h, COCs were then washed
twice in OMM- (OMM-I without rhFSH) and then placed
in 500 μL OMM-II for an additional 20 h to reach the
metaphase II stage.

In vitro fertilization

The expanded cumulus cells were removed by using a
micropipette set at 150 μL and pipetting the contents of the
dish in and out 30 times. Denuded oocytes were then washed
twice in equilibrated IVF medium (113.1 mM NaCl, 3.0 mM
KCl, 20.0 mM Tris, 11.0 mM glucose, 1.0 mM caffeine,
7.5 mM CaCl2·2H2O, 0.1% BSA (fatty acid free), 5 mM
Na-pyruvate (add on the day of fertilization), 100 units/mL
penicillin, and 100 μg/mL streptomycin, 275–290 mOsm/kg,
equilibrated overnight in the incubator at 38.5◦C in 5% CO2)
and transferred in groups of 40–50 oocytes into a four-well
dish containing a 500 μL IVF medium and cultured at 38.5◦C
with 5% CO2 until adding sperms. Freshly ejaculated sperm
cells (from three different boars) were mixed and washed
twice in an IVF medium at 700× g for 4 min at RT. Sperm
pellets were resuspended in 3 mL of the IVF medium and pre-
stained with 0.5 μM MitoTracker Red (Thermo Scientific)
in 37◦C water bath for 15 min. After twice washing with
IVF medium, sperm suspensions were added into oocytes at a
final concentration of 2.5 × 105 sperm/mL and co-incubated
at 38.5◦C with 5% CO2 for 6–8 or 24 h. At 24 h post-IVF,
the presumptive zygotes were removed from the IVF wells,
washed twice in pre-equilibrated synthetic oviductal fluid
(SOF) medium [47] and placed in groups of 40–50 per 500 μL
SOF medium for further development at 38.5◦C with 5%
CO2 and 7% O2. The cleavage rate (≥2-cell) and blastocyst
formation of embryos were assessed 48 h and 7 days after
IVF, respectively (Table 1).

Immunostaining of oocytes/zygotes

Immunostaining analysis of oocytes was carried out as pre-
viously described [20] with minor modifications. Before fix-
ation, the ZP was removed by briefly incubating with 0.5%
(w/v) protease in TL-HEPES. The zona-free zygotes were fixed
in 4% PFA for 15 min at RT and stored in 0.1 M phosphate
buffer (PB)-0.01% (w/v) PVP at 4◦C, if not used immedi-
ately (no longer than 5 days). Oocytes were permeabilized in
0.1 M PB-0.01% (w/v) PVP with 0.1% Triton X-100 for 1 h
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Figure 1. The distribution of porcine sperm CRISP2 during in vitro capacitation and the acrosome reaction. After incubation, NC, CAP, and AR sperm cells
were washed and labelled with a live/dead blue dye before fixation and permeabilization. Sperm cells were then labelled with anti-CRISP2 and Alexa
Fluor 568-conjugated secondary antibodies (red) followed by Alexa Fluor 488-conjugated PNA (green). The CRISP2 primary antibody was omitted and
representative dead cells with bright blue signals were shown in control. Additional signals were observed on the apical ridge of sperm head and the EqS
(arrows). Three ejaculates from different boars were mixed as one biological replicate and this experiment was replicated three times. Scale bar = 10 μm.

at RT, then blocked in 0.1 M PB-0.01% PVP (w/v) with 1%
(w/v) BSA for 45 min at RT. After this, zygotes were incubated
with a CRISP2 antibody (1:100) diluted in 0.1-M PB-0.01%
PVP (w/v) with 1% (w/v) BSA at 4◦C, overnight. After three
times washing in 0.1 M PB-0.01% PVP (w/v), oocytes were
incubated with Alexa Fluor 488-conjugated or Alexa Fluor
568-conjugated donkey anti-goat IgG [H + L] (Thermo Sci-
entific) for 1 h at RT in the dark. After extensive washing,
oocytes were counterstained with 20 μg/mL Hoechst 33342
for 10 min at RT. Oocytes were mounted in imaging spacers
(GBL654008, Merck) on Superfrost slides (Thermo Scientific)
with FluorSave reagent (Merck Millipore) and covered with
coverslips. Observations were performed on a Leica SPE-II
confocal microscope using a 63× objective (NA 1.3, HCX
PLANAPO oil).

Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and immunoblotting

An equal number of sperm cells were lysed in the same volume
of RIPA lysis buffer (Thermo Scientific) with freshly added
protease inhibitors containing aprotinin, leupeptin, pepstatin,
and phenylmethylsulfonyl fluoride (PMSF) (Thermo Scien-
tific) on ice for 30 min with mixing. Cell debris was removed
by centrifugation at 14000 g for 15 min, at 4◦C. Supernatants
were transferred to new tubes and denatured in a 4× SDS
sample buffer (200 mM Tris–HCl, pH 6.8, 10% β-mercapto-
ethanol, 8% SDS, 0.08% bromophenol blue, 40% glycerol)
and boiled for 10 min. The same amount of each lysate was
loaded on to an SDS-PAGE gel (5% stacking gel, 12% resolv-
ing gel) and blotted onto 0.2-μm nitrocellulose membranes
(GE Healthcare, Piscataway, NJ) at 100 V for 1 h. After block-
ing for 3 h at RT in 5% (w/v) BSA in PBS with 0.05% (v/v)
Tween-20 (PBST), membranes were incubated with primary

antibodies (diluted in PBST with 1% BSA) overnight at 4◦C.
After three washes in PBST for 15 min, membranes were
incubated with horse radish peroxidase (HRP)-conjugated
secondary antibodies (mouse anti-goat HRP IgG, sz-2354,
Santa Cruz, CA; goat anti-rabbit and mouse HRP IgG, P0448,
Agilent) for 1 h at RT. After rinsing four times in PBST for
20 min, membranes were developed using chemiluminescence
(ECL-detection kit; Supersignal West Pico, Pierce, Rockford
IL). The protein band size was determined using a PageRuler
Plus pre-stained protein ladder, 10–250 kDa (Thermo Scien-
tific).

Results

Exposure of CRISP2 on the apical ridge and the EqS
of the sperm head during capacitation

We have characterized the biochemical properties of CRISP2
in ejaculated boar spermatozoa in earlier work [44]. Here
we explored the fate of CRISP2 during in vitro capacitation
and during the calcium ionophore-induced acrosome reaction.
To perform this study, we first focused on immunostaining
of CRISP2 in NC, CAP, and AR porcine sperm. This was
performed in the presence of PNA to assess the acrosome
status. The results demonstrated that the fluorescent signals
of CRISP2 in NC sperms were bright in the post-acrosomal
region and the connecting piece, with weak signals in the
sperm tail, as previously reported [44] (Figure 1, Supplemen-
tary Figure S1A). Interestingly, after incubation in the CM, a
population (34.2 ± 3.8%; Table 2) of sperms with intact acro-
somes showed strong CRISP2 labeling at the EqS region and
the apical ridge of the sperm head (labeling type 2), and this
CRISP2 labeling pattern was absent in NC sperms (Figure 1,
Supplementary Figure S1B). While the majority possessed a
staining pattern (labeling type1) that was consistent with NC
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Figure 2. Saponin incubation with ejaculated spermatozoa mimics the exposure of CRISP2 at the apical ridge and the EqS of capacitated sperm. Percoll
washed sperm cells were incubated in 0.01% Saponin supplied in HBS for 10 min at 37.5◦C. After incubation, sperm cells were washed and sampled for
immunostaining and immunoblotting analysis. (A) Sperm cells were fixed and permeabilized, probed with anti-CRISP2 followed by Alexa Fluor
568-conjugated (red) secondary antibodies, counterstained with Alexa Fluor 488-conjugated PNA (green) and Hoechst 33342 (blue). Scale bar = 10 μm.
(B) Immunoblotting analysis of CRISP2 on the extracts from Saponin treated sperm probed with anti-CRISP2.

Table 2. Type 2 labeling of CRISP2 in pig sperm after in vitro capacitation

No. of examined sperms Sperms showing type 2 labeling

Group 206 77
230 81
217 65

(%) Sperm showing type 2 labeling
Total 653 34.2 ± 3.8%

In the case of in vitro capacitated sperm, the exposure of CRISP2 on the
apical ridge and the EqS (labeling type 2) was recorded. This experiment
was replicated three times and the number of sperms examined as well as
the number of those sperms with type 2 labeling for CRISP2 were expressed
for each group. The percentage of sperms with type 2 labeling is expressed
as the mean ± SD.

sperms (Figure 1, Supplementary Figure S1B). To eliminate
the possibility that staining pattern in type 2 was specific
associated with cell death, a live/dead blue staining was used
to assess sperm viability and revealed that type 2 stained
sperm cells had no preference to deteriorated versus intact
sperm cells. After the calcium ionophore-induced acrosome
reaction, CRISP2 signals at the EqS and the apical ridge
were not visible, but CRISP2 labeling was detected at the
subdomain of EqS (EqSS) (Figure 1, Supplementary Figure
S1A). To address the point that additional CRISP2 staining of
capacitated sperms was likely an exposure, fresh spermatozoa
was incubated with 0.01% saponin. Interestingly, the staining
pattern of CRISP2 at the apical ridge and the EqS of the
sperm head was mimicked. CRISP2 signal was present in
the apical ridge when spermatozoa possessed a PNA-positive
and swollen acrosome (Figure 2A). Further, immunoblotting
analysis of CRISP2 showed that Saponin treatment did not
cause visible loss of CRISP2 from sperm cells (Figure 2B).

Additional appearance of CRISP2 is specific for
capacitated sperm cells that show protein tyrosine
phosphorylation

To confirm that the translocation of CRISP2 to the EqS and
apical region was dependent on capacitation, protein tyrosine
phosphorylation was analyzed to confirm the capacitation
status of the cells. Coomassie brilliant blue staining analysis
of lysates from NC, CAP, and AR sperm was conducted to
view total proteins loading and protein changes. As indicated

in Figure 3A, the total protein amount among the condi-
tions was comparable, with three protein bands that changed
depending on capacitation and acrosome reaction treatments:
(i) an ∼ 66-kDa protein band was absent in NC spermw and
present in CAP and AR sperm. This likely corresponds to
BSA, which was not present in the NCM. (ii) An ∼ 52-kDa
protein band was present in NC and CAP sperms, but greatly
decreased in AR sperms. This protein band likely represents
proacrosin. Finally, (iii) the ∼32-kDa protein band associated
with AR sperm is in line with the corresponding increased
tyrosine phosphorylated protein detected by immunoblots
in Figure 3B. Immunoblotting analysis on lysates from NC,
CAP, and AR sperms showed that the intensity of ∼43, ∼40,
and ∼36 kDa protein tyrosine-phosphorylation bands was
increased when sperm were incubated in CM. Additional
bands of ∼32 and ∼27 kDa also appeared after calcium
ionophore-induced acrosomal exocytosis (Figure 3B). Previ-
ous studies have reported that protein tyrosine phospho-
rylation is enhanced at the acrosome in capacitated boar
sperms, with consistently signals being present in the EqSS
[48]. Similar results were observed in our study. In NC sperms,
protein tyrosine phosphorylation was restricted to the EqSS
(Figure 3D). After capacitation, a representative 25% sperms
showed the tyrosine phosphorylation signal spreading over
the acrosome. Among those, a representative 76% sperms
showed additional CRISP2 labeling at the apical ridge and
EqS (Figure 3D). After induction of the acrosome reaction,
additional labeling of CRISP2 in the apical ridge was not
observed despite protein tyrosine phosphorylation fluores-
cence labeling the acrosome region. Moreover, CRISP2 was
colocalized with tyrosine phosphorylation fluorescence in the
EqSS in AR sperms (Figure 3D). Immunoblot analysis of
CRISP2 on lysates from NC, CAP, and AR sperm cells was
shown in Figure 3C.

Distribution of CRISP2 of sperm bound to ZP

To further explore how CRISP2 is distributed post-fertilization,
IVF was performed on matured porcine oocytes by coincu-
bation with porcine sperms. Initial experiments focused on
investigating the distribution of CRISP2 in the sperms that
were bound to the oocyte ZP. Immunostaining of CRISP2
revealed CRISP2 signal at the apical ridge, the EqS, the
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Figure 3. Exposure of CRISP2 at the apical ridge and the EqS of the sperm head during capacitation is an event associated with tyrosine phosphorylation.
(A) Lysates from NC, CAP, and AR sperm cells were analyzed by SDS-PAGE and Coomassie blue staining. Immunoblotting analysis of tyrosine
phosphorylation and CRISP2 on the extracts from NC, CAP, and AR sperm cells probed with anti-pTyr (B) and anti-CRISP2 (C) antibodies. (D) NC, CAP,
and AR sperm cells were co-incubated with anti-CRISP2 and anti-pTyr, labelled with Alexa Fluor 568-conjugated (red) and Alexa Fluor 488-conjugated
second antibodies (green) and counterstained with Hoechst 33342 (blue). This experiment was replicated three times. Scale bar = 10 μm.

post-acrosomal region of the sperm head and tail (Figure 4Aa).
This distribution of CRISP2 was consistent with what we
described above for CAP sperm that showed increased protein
tyrosine phosphorylation. Sperms that were penetrating the
ZP lost the signal on the apical ridge as well as on the
EqS, but the immunofluorescence of CRISP2 in the post-
acrosomal region was retained (Figure 4Aa). In Figure 4B,

another capture of sperm penetrating the ZP showed that
CRISP2 stayed condensed in the post-acrosomal region. A
recent study has shown that there is no CRISP2 mRNA
expression in porcine ovary [49]. In our study, mature oocytes
were collected and processed for immunoblotting analysis.
Ejaculated sperm cells were used as a positive control. We
have described in our earlier study that 8 M urea treatments
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Figure 4. The distribution of sperm CRISP2 in zona-bound and zona-penetrated spermatozoa. Porcine oocytes and sperm were co-incubated for 6–8 h
after insemination. Zygotes were fixed and permeabilized for immunochemistry analysis. (A) Zygotes were labelled with anti-CRISP2 (a) followed by
Alexa Fluor 568-conjugated (red) secondary antibodies and counterstained with Hoechst 33342 (blue). (b) The anti-CRISP2 was omitted. (B)
Immunolocalization of CRISP2 of sperm penetrated in zona detected by Alexa Fluor 488-conjugated (green) secondary antibodies. Scale bar = 10 μm.

cause high molecular CRISP2 complexes disassociation into a
monomer [44]. Here, denuded oocytes were also solubilized in
8 M urea to acquire an efficient denature of oocyte proteins.
Our result revealed that no CRISP2 signal was detected on
the immunoblot of the porcine oocytes lysates (Supplementary
Figure S2). Thus, the CRISP2 signal detected in Figure 4A/B
was definitely coming from CRISP2 within boar spermatozoa.

Rapid dispersal of sperm CRISP2 prior to sperm
nuclear decondensation

Intrigued by the findings that CRISP2 is a component of the
PAS-PT and its important roles in early events of fertilization,
we sought to investigate the fate of sperm CRISP2 in fertilized
pig oocytes. Oocytes were co-incubated with fresh boar
spermatozoa preloaded with fluorescent MitoTracker Red
probe, cultured and sampled for CRISP2 detection. The
dissociation of sperm CRISP2 from the PAS-PT was observed
within the oolemma, while the sperm nucleus was still fully
condensed and the entire mitochondrial sheath was still intact
(Figure 5A). Remarkably, sperm CRISP2 was undetectable
in zygotes that were in the two-pronuclear stage, while
sperm mitochondria were still linear arranged (Figure 5B,

Supplementary Figure S3B). Multilayer scanning (z-stack, step
size 1 μm) was recorded to show the CRISP2 and sperm mito-
chondrial sheath originating from the fertilizing sperm cell
(Supplementary Files 1 and 2). Another fertilizing sperm was
imaged and showed CRISP2 dispersal as well as a decreased
intensity of CRISP2 immunofluorescence, while the sperm
nucleus was still condensed (Supplementary Figure S3A). This
indicates that the PT dissociation (as imaged with CRISP2
immunolabeling) and degradation events occur earlier than
sperm chromatin decondensation and degradation of the
sperm mitochondria.

Discussion

In the past few decades, CRISPs have been extensively investi-
gated due to their proposed functions in reproductive events.
Crucially, triple and quadruple CRISP knockout models have
been described to have severely subfertile phenotypes and
generate a higher number of sterile males [50], indicating
that the CRISP family are indispensable for male fertility.
The outcome that single and double knockout mice males are
still fertile under various laboratory conditions is explained
by compensatory mechanisms within homologous family
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Figure 5. The fate of porcine sperm CRISP2 after incorporation with oocyte cytoplasm. Porcine oocytes and MitoTracker Red pre-stained sperm were
co-incubated for 6–8 h after insemination. Zygotes were stripped of ZP using 0.5% (w/v) protease prior to fixation and permeabilization, labelled with
anti-CRISP2 detected by Alexa Fluor 488-conjugated (green) secondary antibodies and counterstained with Hoechst 33342 (blue). (A) Rapid dispersal of
sperm CRISP2 was observed in the zygote after incorporation while the sperm nucleus was still condensed. Moreover, the mitochondria were
compacted. (B) CRISP2 signals were beyond detection in the two-pronuclear stage. Scale bar = 10 μm.

proteins [42, 50–53]. However, the intracellular sperm
CRISP2 cannot be compensated by other CRISPs that are
associated with the sperm surface. CRISP2 is crucial for
flexible sperm midpiece development, suggesting that CRISP2
holds independent functions contributing to fertility process
[42, 50].

In the present study, we investigated the fate and organi-
zation of boar sperm CRISP2 during in vitro capacitation,
calcium ionophore-induced acrosome reaction and through-
out the first 6–8 h of IVF of porcine oocytes. Our data
demonstrated that following capacitation, additional CRISP2
immunofluorescence was detected on the apical ridge as well
as the EqS of the sperm head. Interestingly, this staining
pattern is similar to that we have obtained after incubating
ejaculated porcine sperm with 0.01% saponin. Saponin is
a mild detergent and can be used at very low concentra-
tions to selectively permeabilize the plasma membrane but
no other interior membrane compartments [54]. Saponin
removes cholesterol from membranes with little disintegration
of the membranes themselves [54]. Physiologically, cholesterol
removal is also observed in capacitating sperm cells [8, 55,
56]. Moreover, we showed previously that additional CRISP2
labeling of the EqS on ejaculated spermatozoa is observed
only after sonication, not in untreated, intact sperms [44]. A
similar phenomenon has been reported for equatorin, a sperm
head equatorial protein, which is exposed at the EqS after
sonication and protease inhibitors are unable to prevent the
exposure [57]. A proteolytic reaction is not likely involved
during the exposure of CRISP2 after sonication as the soni-
cation medium was enriched with PMSF in order to inhibit
proteases. Physiologically, the exposure of CRISP2 on the
apical ridge and the EqS was only associated with capacitated
sperms, as indicated by positive tyrosine phosphorylation
labeling over the acrosome [48]. Protein tyrosine phospho-
rylation is a capacitation marker with the process thought
to occur simultaneously with cholesterol depletion [8]. Sperm
membrane cholesterol efflux is part of a signal transduction

pathway involving elevated cAMP levels and protein kinase
A activity leading to protein tyrosine phosphorylation [3, 58].
Evidence demonstrates that cholesterol restricts the freedom
of membrane proteins to undergo conformational changes
[59]. The fact that human CRISP2 binds sterols in vitro
may suggest a sterol binding function of CRISPs in sperm
maturation and fertilization process [60]. Additionally, studies
show that cholesterol removal disassociates the interaction
between the proteins and caveolin, leading to the activation
of caveolin-interacting proteins [61, 62]. Thus, we conclude
that the exposure of CRISP2 on the apical ridge and the
EqS is a capacitation-associated phenomenon likely driven
by cholesterol efflux. Given that the capacitation status of
sperms is positively correlated to sperm–zona binding and
acrosome reaction [63] as well as that the apical ridge of sperm
head membrane has high affinity for sperm–zona binding after
capacitation [64–66], our data suggest that CRISP2 on the
apical ridge and the EqS of capacitated cells may be indicative
of those cells that can bind to the ZP. This idea was supported
by the immunofluorescent staining of CRISP2 of zona-bound
sperm that CRISP2 was located on the apical ridge, the EqS,
the post-acrosomal region, and the sperm tail.

It has been reported that the EqS still holds intact
membranes even after the acrosome reaction [67]. Unex-
pectedly, our results revealed that the CRISP2 signal on
the EqS disappeared after the acrosome reaction, whereas
CRISP2 immunofluorescence was detected in a EqSS. Initially,
the EqSS was characterized as an unusual semicircular
substructure within the EqS by atomic force microscopy in
Artiodactyla spermatozoa [68]. The EqSS develops during
sperm epididymal maturation [68] and is enriched in tyrosine
phosphorylated proteins such as sperm acrosome-associated
protein 1 and heat-shock protein 70 [69, 70]. The presence
of CRISP2 in the EqSS was confirmed in our previous
study when sonicated sperm heads are extracted in 0.2%
Triton X-100 and this signal disappears after 0.1 M NaOH
extraction as the PAS-PT residing CRISP2 [44]. It indicates

D
ow

nloaded from
 https://academ

ic.oup.com
/biolreprod/article/107/5/1242/6687728 by U

niversiteitsbibliotheek U
trecht user on 16 N

ovem
ber 2022



1250 The fate of porcine sperm CRISP2, 2022, Vol. 107, No. 5

that CRISP2 in the EqSS underlying the PT shares similar
biochemical extractability properties of CRISP2 in the PT
itself. Topographical changes in the EqSS have been observed
when sperm are introduced to calcium ionophore A23187,
and thus, this area has been speculated to initiate the sperm–
egg fusion within Artiodactyla [68]. However, no prominent
structural changes or modifications of PT following the
acrosome reaction have yet been reported. The loss of CRISP2
immunofluorescence from the EqS after ionophore A23187-
induced acrosome reaction suggests that CRISP2 is not
directly involved in sperm–egg fusion at this site.

Our key findings of this manuscript suggest that the PAS-
PT residing CRISP2 in boar spermatozoa [44] is dispersed
rapidly in the oocyte cytoplasm, which may be needed for
subsequent nuclear decondensation and male pronucleus for-
mation. In an attempt to quantify CRISP2 decondensation
and its subsequent degradation, we have recorded 28 fertilized
pig oocytes 6–8 h post-fertilization. Four of them showed
the two pronuclear stages in which CRISP2 labeling was
not visible (as shown in Figure 5B and Supplementary Figure
S3B). The other 24 of them showed a still condensed sperm
nucleus and clear MitoTracker Red staining. However, only 5
out of these 24 fertilized oocytes showed CRISP2 dispersal,
whereas the other 19 had already degraded their CRISP2.
This indicates that CRISP2 dispersal and degradation occur
rapidly at fertilization and much earlier than sperm chromatin
decondensation. The rapid dispersal of CRISP2 is likely due to
the disassembly of disulfide bonds facilitated by GSTO2 [24,
27]. In the sperm head, CRISP2 resides in the condensed PT
structure and is involved in formation of reduction-sensitive
oligomers at its cysteine-rich domain, which fits with the
conversed amyloidogenic behavior of CAP proteins [44, 71].
The removal of PAS-PT from sperm head is indispensable for
sperm chromatin decondensation and the released molecules
from PAS-PT are essential for oocyte activation [17]. The
compacted organization of CRISP2 in the PAS-PT and its
rapid disassociation from the sperm nuclear envelope post-
fertilization (more or less immediately when the PAS-PT is
exposed to oocyte cytoplasm) fits the model proposed by
Sutovsky and Oko [17]. Notably, CRISP2 dispersal is com-
plete prior to any signs of male nuclear decondensation,
raising the possibility that disulfide bond reduction is the way
to initiate PAS-PT solubilization. The oxidation of free thiol
groups in proteins is reversibly regulated by redox reactions
and is crucial in many cellular functions [71, 72]. Sperm
cells carry physiological levels of reactive oxygen species that
play an important role in sperm maturation, capacitation,
acrosome reaction, and sperm–egg fusion [73]. We speculate
that CRISP2 is modified concomitantly with PT condensation
in the elongating phase of spermatids, thus serving as a
scaffold stabilizing the rigidity of PT as well as hampering the
activity of certain proteins. Soon after the sperm–egg incor-
poration, reduction of disulfide bridges within CRISP2 as a
transduction signal leads to the solubilization of PT contents
into the oocyte cytoplasm and subsequently the sperm nuclear
decondensation. Once inside the oocyte, the decondensing PT
will liberate other PT components into the oocyte’s cytosol
that may be relevant for post-fertilization changes in the
oocyte. Of specific interest are the CRISP2-interacting PT
proteins: PAWP and Ras-related protein Rab-2B (RAB2B)
[74]. The release of RAB2B, can be important for locally
regulating vesicle transport and membrane fusion [75]. Sperm
that interacted with the oolemma showed condensed RAB2B

staining (unpublished observations) supporting the idea that
this PT component is introduced into the oocyte’s cytosol at
fertilization. A similar release of PAWP and phospholipase
C ζ from the PT into the oocyte’s cytosol may be involved
in the induction of Ca2+ oscillations required for activating
the oocyte [19, 20]. Finally, it is notable that CRISP2 is
degraded soon after PT dispersal and is eliminated before
a male pronucleus is formed. The PT structure is enriched
in proteasome subunits (in fact it contains all subunits for
re-assembly of a functional proteasome) [74]. The group of
Sutovsky has designed a cell free system to follow the dispersal
and breakdown of sperm structures [76]. Such an approach
in combination with redox titrations on sperm heads can be
used to follow PT dispersion and break down in vitro. In
this way, it is possible to demonstrate that the reassembly
of these proteasome subunits into functional proteasomes
will facilitate the destruction of the PT structure and other
accessory sperm components, as shown here for CRISP2.
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V, Tůmová L, Bubeníčková F, Sutovsky P. Porcine model for the
study of sperm capacitation, fertilization and male fertility. Cell
Tissue Res 2020; 380:237–262.

11. Inoue N, Ikawa M, Isotani A, Okabe M. The immunoglobulin
superfamily protein Izumo is required for sperm to fuse with eggs.
Nature 2005; 434:234–238.

12. Ellerman DA, Pei J, Gupta S, Snell WJ, Myles D, Primakoff P.
Izumo is part of a multiprotein family whose members form large
complexes on mammalian sperm. Mol Reprod Dev 2009; 76:
1188–1199.

13. Ito C, Yamatoya K, Yoshida K, Maekawa M, Miyado K, Toshimori
K. Tetraspanin family protein CD9 in the mouse sperm: unique
localization, appearance, behavior and fate during fertilization.
Cell Tissue Res 2010; 340:583–594.

14. Nimlamool W, Bean BS, Lowe-Krentz LJ. Human sperm CRISP2 is
released from the acrosome during the acrosome reaction and re-
associates at the equatorial segment. Mol Reprod Dev 2013; 80:
488–502.

15. Busso D, Cohen DJ, Hayashi M, Kasahara M, Cuasnicú PS. Human
testicular protein TPX1/CRISP-2: localization in spermatozoa, fate
after capacitation and relevance for gamete interaction. Mol Hum
Reprod 2005; 11:299–305.

16. Busso D, Goldweic NM, Hayashi M, Kasahara M, Cuasnicú PS.
Evidence for the involvement of testicular protein CRISP2 in mouse
sperm-egg fusion. Biol Reprod 2007; 76:701–708.

17. Sutovsky P, Manandhar G, Wu A, Oko R. Interactions of sperm
perinuclear theca with the oocyte: implications for oocyte activa-
tion, anti-polyspermy defense, and assisted reproduction. Microsc
Res Tech 2003; 61:362–378.

18. Saunders CM, Larman MG, Parrington J, Cox LJ, Royse J, Blayney
LM, Swann K, Lai FA. PLC zeta: a sperm-specific trigger of Ca(2+)
oscillations in eggs and embryo development. Development 2002;
129:3533–3544.

19. Aarabi M, Balakier H, Bashar S, Moskovtsev SI, Sutovsky P,
Librach CL, Oko R. Sperm-derived WW domain-binding protein,
PAWP, elicits calcium oscillations and oocyte activation in humans
and mice. FASEB J 2014; 28:4434–4440.

20. Wu AT, Sutovsky P, Manandhar G, Xu W, Katayama M, Day BN,
Park KW, Yi YJ, Xi YW, Prather RS, Oko R. PAWP, a sperm-
specific WW domain-binding protein, promotes meiotic resump-
tion and pronuclear development during fertilization. J Biol Chem
2007; 282:12164–12175.

21. Kashir J, Jones C, Lee HC, Rietdorf K, Nikiforaki D, Durrans C,
Ruas M, Tee ST, Heindryckx B, Galione A, De Sutter P, Fissore
RA et al. Loss of activity mutations in phospholipase C zeta (PLCζ )
abolishes calcium oscillatory ability of human recombinant protein
in mouse oocytes. Hum Reprod 2011; 26:3372–3387.

22. Nomikos M, Yu Y, Elgmati K, Theodoridou M, Campbell K,
Vassilakopoulou V, Zikos C, Livaniou E, Amso N, Nounesis G,
Swann K, Lai FA. Phospholipase Cζ rescues failed oocyte activation
in a prototype of male factor infertility. Fertil Steril 2013; 99:
76–85.

23. Sutovsky P, Oko R, Hewitson L, Schatten G. The removal of the
sperm perinuclear theca and its association with the bovine oocyte
surface during fertilization. Dev Biol 1997; 188:75–84.

24. Perreault SD, Wolff RA, Zirkin BR. The role of disulfide bond
reduction during mammalian sperm nuclear decondensation in
vivo. Dev Biol 1984; 101:160–167.

25. Sutovsky P, Schatten G. Depletion of glutathione during bovine
oocyte maturation reversibly blocks the decondensation of the
male pronucleus and pronuclear apposition during fertilization.
Biol Reprod 1997; 56:1503–1512.

26. Hamilton LE, Acteau G, Xu W, Sutovsky P, Oko R. The
developmental origin and compartmentalization of glutathione-s-
transferase omega 2 isoforms in the perinuclear theca of eutherian
spermatozoa. Biol Reprod 2017; 97:612–621.

27. Hamilton LE, Suzuki J, Aguila L, Meinsohn MC, Smith OE, Pro-
topapas N, Xu W, Sutovsky P, Oko R. Sperm-borne glutathione-
S-transferase omega 2 accelerates the nuclear decondensation of
spermatozoa during fertilization in mice†. Biol Reprod 2019; 101:
368–376.

28. Hamilton LE, Lion M, Aguila L, Suzuki J, Acteau G, Protopapas N,
Xu W, Sutovsky P, Baker M, Oko R. Core histones are constituents
of the perinuclear theca of murid spermatozoa: an assessment of
their synthesis and assembly during spermiogenesis and function
after gametic fusion. Int J Mol Sci 2021; 22:7163. https://doi.o
rg/10.3390/ijms23137163.

29. Gaikwad AS, Hu J, Chapple DG, O’Bryan MK. The functions of
CAP superfamily proteins in mammalian fertility and disease. Hum
Reprod Update 2020; 26:689–723.

30. Jalkanen J, Huhtaniemi I, Poutanen M. Mouse cysteine-rich secre-
tory protein 4 (CRISP4): a member of the Crisp family exclusively
expressed in the epididymis in an androgen-dependent manner.
Biol Reprod 2005; 72:1268–1274.

31. Nolan MA, Wu L, Bang HJ, Jelinsky SA, Roberts KP, Turner TT,
Kopf GS, Johnston DS. Identification of rat cysteine-rich secretory
protein 4 (Crisp4) as the ortholog to human CRISP1 and mouse
Crisp4. Biol Reprod 2006; 74:984–991.

32. Vadnais ML, Foster DN, Roberts KP. Molecular cloning and
expression of the CRISP family of proteins in the boar. Biol Reprod
2008; 79:1129–1134.

33. Da Ros VG, Muñoz MW, Battistone MA, Brukman NG, Carvajal
G, Curci L, Gómez-ElIas MD, Cohen DB, Cuasnicu PS. From
the epididymis to the egg: participation of CRISP proteins in
mammalian fertilization. Asian J Androl 2015; 17:711–715.

34. Guasti PN, Souza FF, Scott C, Papa PM, Camargo LS, Schmith RA,
Monteiro GA, Hartwig FP, Papa FO. Equine seminal plasma and
sperm membrane: functional proteomic assessment. Theriogenol-
ogy 2020; 156:70–81.

35. Restrepo G, Rojano B, Usuga A. Relationship of cysteine-rich secre-
tory protein-3 gene and protein with semen quality in stallions.
Reprod Domest Anim 2019; 54:39–45.

36. Jing XW, Xing RW, Zhou QZ, Yu QF, Guo WB, Chen SM, Chu
QJ, Feng CQ, Mao XM. Expressions of cysteine-rich secretory
protein 2 in asthenospermia. Zhonghua Nan Ke Xue 2011; 17:
203–207.

37. Zhou JH, Zhou QZ, Lyu XM, Zhu T, Chen ZJ, Chen MK, Xia
H, Wang CY, Qi T, Li X, Liu CD. The expression of cysteine-rich
secretory protein 2 (CRISP2) and its specific regulator miR-27b in
the spermatozoa of patients with asthenozoospermia. Biol Reprod
2015; 92:28.

38. Du Y, Huang X, Li J, Hu Y, Zhou Z, Sha J. Human testis specific
protein 1 expression in human spermatogenesis and involvement
in the pathogenesis of male infertility. Fertil Steril 2006; 85:
1852–1854.

39. Foster JA, Gerton GL. Autoantigen 1 of the guinea pig sperm
acrosome is the homologue of mouse Tpx-1 and human TPX1 and
is a member of the cysteine-rich secretory protein (CRISP) family.
Mol Reprod Dev 1996; 44:221–229.

40. Roberts KP, Ensrud-Bowlin KM, Piehl LB, Parent KR, Bernhardt
ML, Hamilton DW. Association of the protein D and protein E
forms of rat CRISP1 with epididymal sperm. Biol Reprod 2008;
79:1046–1053.

D
ow

nloaded from
 https://academ

ic.oup.com
/biolreprod/article/107/5/1242/6687728 by U

niversiteitsbibliotheek U
trecht user on 16 N

ovem
ber 2022

https://doi.org/10.3390/ijms23137163
https://doi.org/10.3390/ijms23137163


1252 The fate of porcine sperm CRISP2, 2022, Vol. 107, No. 5

41. Muñoz MW, Ernesto JI, Bluguermann C, Busso D, Battistone MA,
Cohen DJ, Cuasnicú PS. Evaluation of testicular sperm CRISP2 as a
potential target for contraception. J Androl 2012; 33:1360–1370.

42. Lim S, Kierzek M, O’Connor AE, Brenker C, Merriner DJ, Okuda
H, Volpert M, Gaikwad A, Bianco D, Potter D, Prabhakar R,
Strünker T et al. CRISP2 is a regulator of multiple aspects
of sperm function and male fertility. Endocrinology 2019; 160:
915–924.

43. Brukman NG, Miyata H, Torres P, Lombardo D, Caramelo JJ,
Ikawa M, Da Ros VG, Cuasnicú PS. Fertilization defects in sperm
from cysteine-rich secretory protein 2 (Crisp2) knockout mice:
implications for fertility disorders. Mol Hum Reprod 2016; 22:
240–251.

44. Zhang M, Bromfield EG, Veenendaal T, Klumperman J, Helms
JB, Gadella BM. Characterization of different oligomeric forms of
CRISP2 in the perinuclear theca versus the fibrous tail structures
of boar spermatozoa†. Biol Reprod 2021; 105:1160–1170.

45. Vodicka P, Smetana K Jr, Dvoránková B, Emerick T, Xu YZ,
Ourednik J, Ourednik V, Motlík J. The miniature pig as an animal
model in biomedical research. Ann N Y Acad Sci 2005; 1049:
161–171.

46. Schoevers EJ, Colenbrander B, Roelen BA. Developmental stage of
the oocyte during antral follicle growth and cumulus investment
determines in vitro embryo development of sow oocytes. Theri-
ogenology 2007; 67:1108–1122.

47. Brinkhof B, van Tol HT, Groot Koerkamp MJ, Wubbolts RW,
Haagsman HP, Roelen BA. Characterization of bovine embryos
cultured under conditions appropriate for sustaining human naïve
pluripotency. PLoS One 2017; 12:e0172920.

48. Luño V, López-Úbeda R, García-Vázquez FA, Gil L, Matás C.
Boar sperm tyrosine phosphorylation patterns in the presence of
oviductal epithelial cells: in vitro, ex vivo, and in vivo models.
Reproduction 2013; 146:315–324.

49. Gao F, Wang P, Wang K, Fan Y, Chen Y, Chen Y, Ye C, Feng
M, Li L, Zhang S, Wei H. Investigation into the relationship
between sperm cysteine-rich secretory protein 2 (CRISP2) and
sperm fertilizing ability and fertility of boars. Front Vet Sci 2021;
8:653413.

50. Curci L, Brukman NG, Weigel Muñoz M, Rojo D, Carvajal G,
Sulzyk V, Gonzalez SN, Rubinstein M, Da Ros VG, Cuasnicú PS.
Functional redundancy and compensation: deletion of multiple
murine Crisp genes reveals their essential role for male fertility.
FASEB J 2020; 34:15718–15733.

51. Weigel Muñoz M, Battistone MA, Carvajal G, Maldera JA, Curci
L, Torres P, Lombardo D, Pignataro OP, Da Ros VG, Cuasnicú PS.
Influence of the genetic background on the reproductive phenotype
of mice lacking cysteine-rich secretory protein 1 (CRISP1). Biol
Reprod 2018; 99:373–383.

52. Volpert M, Furic L, Hu J, O’Connor AE, Rebello RJ, Keerthikumar
S, Evans J, Merriner DJ, Pedersen J, Risbridger GP, McIntyre P,
O’Bryan MK. CRISP3 expression drives prostate cancer invasion
and progression. Endocr Relat Cancer 2020; 27:415–430.

53. Carvajal G, Brukman NG, Weigel Muñoz M, Battistone MA,
Guazzone VA, Ikawa M, Haruhiko M, Lustig L, Breton S, Cuasnicu
PS. Impaired male fertility and abnormal epididymal epithelium
differentiation in mice lacking CRISP1 and CRISP4. Sci Rep 2018;
8:17531.

54. Wassler M, Jonasson I, Persson R, Fries E. Differential perme-
abilization of membranes by saponin treatment of isolated rat
hepatocytes. Biochem J Rev 1987; 247:407–415.

55. Boerke A, Brouwers JF, Olkkonen VM, van de Lest CH, Sostaric E,
Schoevers EJ, Helms JB, Gadella BM. Involvement of bicarbonate-
induced radical signaling in oxysterol formation and sterol deple-
tion of capacitating mammalian sperm during in vitro fertilization.
Biol Reprod 2013; 88:21.

56. Bernecic NC, Zhang M, Gadella BM, Brouwers J, Jansen JWA,
Arkesteijn GJA, de Graaf SP, Leahy T. BODIPY-cholesterol can
be reliably used to monitor cholesterol efflux from capacitating
mammalian spermatozoa. Sci Rep 2019; 9:9804.

57. Manandhar G, Toshimori K. Exposure of sperm head equatorin
after acrosome reaction and its fate after fertilization in mice. Biol
Reprod 2001; 65:1425–1436.

58. Travis AJ, Kopf GS. The role of cholesterol efflux in regulating
the fertilization potential of mammalian spermatozoa. J Clin Invest
2002; 110:731–736.

59. Hamilton DW, Jones AL, Fawcett DW. Cholesterol biosynthesis
in the mouse epididymis and ductus deferens: a biochemical and
morphological study. Biol Reprod 1969; 1:167–184.

60. Choudhary V, Schneiter R. Pathogen-related yeast (PRY) proteins
and members of the CAP superfamily are secreted sterol-binding
proteins. Proc Natl Acad Sci USA 2012; 109:16882–16887.

61. Okamoto T, Schlegel A, Scherer PE, Lisanti MP. Caveolins, a family
of scaffolding proteins for organizing “preassembled signaling
complexes” at the plasma membrane. J Biol Chem 1998; 273:
5419–5422.

62. Baltiérrez-Hoyos R, Roa-Espitia AL, Hernández-González EO.
The association between CDC42 and caveolin-1 is involved in the
regulation of capacitation and acrosome reaction of guinea pig and
mouse sperm. Reproduction 2012; 144:123–134.

63. Liu DY, Liu ML, Clarke GN, Baker HW. Hyperactivation of capac-
itated human sperm correlates with the zona pellucida-induced
acrosome reaction of zona pellucida-bound sperm. Hum Reprod
2007; 22:2632–2638.

64. Flesch FM, Wijnand E, van de Lest CH, Colenbrander B, van Golde
LM, Gadella BM. Capacitation dependent activation of tyrosine
phosphorylation generates two sperm head plasma membrane
proteins with high primary binding affinity for the zona pellucida.
Mol Reprod Dev 2001; 60:107–115.

65. van Gestel RA, Brewis IA, Ashton PR, Brouwers JF, Gadella BM.
Multiple proteins present in purified porcine sperm apical plasma
membranes interact with the zona pellucida of the oocyte. Mol
Hum Reprod 2007; 13:445–454.

66. Kongmanas K, Kruevaisayawan H, Saewu A, Sugeng C, Fernandes
J, Souda P, Angel JB, Faull KF, Aitken RJ, Whitelegge J, Hardy D,
Berger T et al. Proteomic characterization of pig sperm anterior
head plasma membrane reveals roles of acrosomal proteins in ZP3
binding. J Cell Physiol 2015; 230:449–463.

67. Nixon B, Cafe SL, Bromfield EG, De Iuliis GN, Dun MD. Capaci-
tation and acrosome reaction: histochemical techniques to deter-
mine acrosome reaction. In: Majzoub A, Agarwal A, Henkel R
(eds.), Manual of Sperm Function Testing in Human Assisted
Reproduction. Cambridge: Cambridge University Press; 2021:
81–92.

68. Ellis DJ, Shadan S, James PS, Henderson RM, Edwardson JM,
Hutchings A, Jones R. Post-testicular development of a novel
membrane substructure within the equatorial segment of ram, bull,
boar, and goat spermatozoa as viewed by atomic force microscopy.
J Struct Biol 2002; 138:187–198.

69. Jones R, James PS, Oxley D, Coadwell J, Suzuki-Toyota F, Howes
EA. The equatorial subsegment in mammalian spermatozoa is
enriched in tyrosine phosphorylated proteins. Biol Reprod 2008;
79:421–431.

70. Harayama H, Nishijima K, Murase T, Sakase M, Fukushima
M. Relationship of protein tyrosine phosphorylation state with
tolerance to frozen storage and the potential to undergo cyclic
AMP-dependent hyperactivation in the spermatozoa of Japanese
Black bulls. Mol Reprod Dev 2010; 77:910–921.

71. Sheng J, Olrichs NK, Gadella BM, Kaloyanova DV, Helms JB.
Regulation of functional protein aggregation by multiple factors:
implications for the amyloidogenic behavior of the CAP superfam-
ily proteins. Int J Mol Sci 2020; 21:6530. https://doi.org/10.3990/i
jms21186530.

72. Cai Z, Yan LJ. Protein oxidative modifications: beneficial roles in
disease and health. J Biochem Pharmacol Res 2013; 1:15–26.

73. Du Plessis SS, Agarwal A, Halabi J, Tvrda E. Contemporary
evidence on the physiological role of reactive oxygen species
in human sperm function. J Assist Reprod Genet 2015; 32:
509–520.

D
ow

nloaded from
 https://academ

ic.oup.com
/biolreprod/article/107/5/1242/6687728 by U

niversiteitsbibliotheek U
trecht user on 16 N

ovem
ber 2022

https://doi.org/10.3990/ijms21186530
https://doi.org/10.3990/ijms21186530


M. Zhang et al., 2022, Vol. 107, No. 5 1253

74. Zhang M, Chiozzi RZ, Skerrett-Byrne DA, Veenendaal T, Klumper-
man J, Heck AJR, Nixon B, Helms JB, Gadella BM, Brom-
field EG. High resolution proteomic analysis of subcellular frac-
tionated boar spermatozoa provides comprehensive insights into
perinuclear theca-residing proteins. Front Cell Dev Biol 2022;
10:836208.

75. Aizawa M, Fukuda M. Small GTPase Rab2B and its specific bind-
ing protein Golgi-associated Rab2B Interactor-like 4 (GARI-L4)
regulate Golgi morphology. J Biol Chem 2015; 290:22250–22261.

76. Song WH, Sutovsky P. Porcine cell-free system to study mam-
malian sperm mitophagy. Methods Mol Biol 2019; 1854:
197–207.

D
ow

nloaded from
 https://academ

ic.oup.com
/biolreprod/article/107/5/1242/6687728 by U

niversiteitsbibliotheek U
trecht user on 16 N

ovem
ber 2022


	 The fate of porcine sperm CRISP2 from the perinuclear theca before and after in vitro fertilization 
	 Introduction
	 Materials and methods
	 Results
	 Discussion
	 Author contributions
	 Supplementary material
	 Acknowledgments
	 Data availability


