Biology of Reproduction, 2025, 00, 1-18
https://doi.org/10.1093/biolre/ioaf051

Research Article OXFORD

Novel insights into human CRISP2: localization in
reproductive tissues and sperm, and molecular
characterization’

Thibault Masai’, Amandine Delnatte’, Marie Dendievel?, Denis Nonclercq?, Annica Frau?,
Jean-Francois Simon3, Vanessa Arcolia3, Ruddy Wattiez*, Baptiste Leroy#, Patricia S. Cuasnicu®,
Pascale Lybaert® and Elise Hennebert'*

Laboratory of Cell Biology, Research Institute for Biosciences, Research Institute for Health Sciences and Technology, University of Mons,
Mons, Belgium

2L aboratory of Histology, Research Institute for Health Sciences and Technology, University of Mons, Mons, Belgium

3Clinique de Fertilité Régionale de Mons, Centres Hospitaliers Universitaires (CHU) HELORA—Hapital de Mons site Kennedy, Mons, Belgium
4Laboratory of Proteomics and Microbiology, Research Institute for Biosciences, University of Mons, Mons, Belgium

SInstituto de Biologia y Medicina Experimental - Consejo Nacional de Investigaciones Cientificas y Técnicas (IByME-CONICET), Ciudad
Auténoma de Buenos Aires, Argentina

6Research Laboratory on Human Reproduction, Faculty of Medicine, Université libre de Bruxelles, Brussels, Belgium

*Correspondence: Laboratory of Cell Biology, Research Institute for Biosciences, Research Institute for Health Sciences and Technology, University of Mons,
Place du Parc 23, 7000 Mons, Belgium. E-mail: elise.hennebert@umons.ac.bhe

T Grant Support: This work was funded by UMons Research Institute for Biosciences, by the Fund for Scientific Research of Belgium (F.R.S.—FNRS) under
Grant Equipment UNO7220F, by the Programme Wallon d‘investissement: Région Wallonne—UMONS n°1910169 dans le domaine de INSTIMAG (Instruments
d'imagerie) for the acquisition of the Nikon TI2-E-ATRHD25 confocal microscope, and by the European Regional Development Fund and the Walloon Region as
part of support for the Bioprofiling platform, Belgium. TM is a FRIA grantee of the FR.S.—FNRS.

Abstract

CRISP2 is enriched in the male reproductive system of mammals and plays roles in spermatogenesis, sperm motility, and fertilization. Although
extensively investigated in rodents and boars, human CRISP2 (hCRISP2) remains poorly studied, particularly concerning its localization in
testicular and epididymal tissues and its molecular features. In this study, we used immunofluorescence to determine the localization of hCRISP2
in testis, epididymis, and ejaculated sperm. While no expression was observed in the epididymal epithelium, hCRISP2 was detected at different
stages during spermatogenesis. Specifically, h\CRISP2 was found in the nucleus of primary spermatocytes and of both round and early elongated
spermatids. In elongated spermatids, it was additionally observed in the cytoplasm, the flagellum, and the equatorial segment of the acrosome
(EgS). The presence of aggregated material with hCRISP2 immunoreactivity in the apical pole of Sertoli cells suggests that most of the hCRISP2
involved in spermatogenesis is phagocytized by these cells during spermiation. In ejaculated sperm, hCRISP2 was found in the cytoplasmic
droplet, flagellum, and EgS, consistent with its described roles in sperm motility and gamete fusion. Native and denaturing electrophoresis
combined with western blot analyses depicted the ability of hCRISP2 to form stable high molecular weight complexes, and mass spectrometry
revealed that these complexes likely consist exclusively of hCRISP2. Furthermore, we showed that hCRISP2 undergoes only limited post-
translational modifications. These findings shed light into the dynamic localization of hCRISP2 throughout spermatogenesis and in ejaculated
sperm, as well as its molecular features, enhancing our understanding of its functional roles and relevance for male fertility.

Summary Sentence
hCRISP2 is present at different stages of spermatogenesis, absent in epididymal epithelium, and, in mature sperm, localizes in the cytoplasmic
droplet, flagellum, and EqS, forming stable homo-oligomers with minimal post-translational modifications.
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Introduction

The cysteine-rich secretory proteins (CRISPs) belong to a
super-family of proteins named “Cysteine-rich secretory pro-
teins, Antigen 5, and Pathogenesis-related 1” (CAP) [1, 2].
CRISPs are only expressed in vertebrates and, in mammals,
are enriched in the male reproductive system [3]. Indeed,
evidence showed that mammalian CRISPs play key roles in the
fertilization process as recently reviewed [4]. Eight intramolec-
ular disulfide bonds stiffen and shape these proteins [5, 6]
which are composed of two evolutionary conserved and struc-
tured domains linked by a hinge region [6]: an N-terminal
CAP domain with a proposed cell—cell interaction function
[7, 8] and a C-terminal cysteine-rich domain with ion channel
regulatory activity [9].

Most studies on CRISPs have been carried out in mice and
rats, in which four (mCRISP1, 2, 3, and 4) and three (rCRISP1,
2, and 4) proteins have been described, respectively [10]. In
humans, the expression of three CRISPs has been reported
(hCRISP1, 2, and 3) [2]. Based on sequence homology, tissue
distribution, and in vitro experiments, hCRISP1 has been
shown to serve as the functional equivalent of the combination
of rodent CRISP1 and 4 [11-13]. The expression of CRISP1,
CRISP3, and CRISP4 has been shown to be androgen regu-
lated in different species [11, 14-20]. In rodents and humans,

these proteins are produced and secreted by the epididymal
epithelium [5, 11, 12, 21, 22] and associate with the surface
of sperm during their journey within the male genital tract
[22-24]. Additionally, CRISP3 is also expressed in the blood
in humans [25] and in various secretory organs such as the
pancreas, salivary glands, prostate, and vas deferens ampulla,
depending on the species [2, 14, 20, 22, 26]. Unlike the other
CRISPs, CRISP2 is a testicular protein expressed during sper-
matogenesis in an androgen-independent manner. The exact
stage at which the protein is expressed varies in the literature
depending on the species and even on the study within the
same species (Supplementary Table 1) [27-31].

CRISP2 is a versatile protein for which multiple functions
have been described in different species: (1) it was found to
interact with Sertoli cells during spermatogenesis in rats [27],
(2) it regulates sperm motility and acrosome reaction (AR)
in mice [9, 32, 33], and (3) it mediates the interaction with
the oocyte during gamete fusion in humans and mice [34,
35]. These different functions involve the presence of CRISP2
both within sperm and on its surface. However, a literature
survey reveals that investigating the localization of CRISP2 is
not straightforward. CRISP2 localization in sperm has been
studied in rodents [28, 35-41], humans [34, 42, 43], boars
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[31, 44, 45], wild cats [46], and Malayan tapirs [47]. While it
is almost systematically detected in the connecting piece (or
neck), it is also described at other localizations (acrosome,
perinuclear theca (PT), and/or flagellum), depending on the
study (Supplementary Table 1, see also Supplementary Fig-
ure 1 for illustration of sperm-specific regions referred to in
this paper). In humans and mice, acrosomal CRISP2 has been
shown to relocalize to the equatorial segment of the acrosome
(EqS) after the AR [34, 35]. Subsequently, in humans, it was
demonstrated that it actually reassociates with the plasma
membrane covering this region, implicating CRISP2 in gamete
fusion, as the EqS is the region through which sperm fuses with
the plasma membrane of the oocyte [42]. Recently, different
results obtained in boars suggested that CRISP2 is present
in the PT rather than in the acrosome [44, 45, 48]. For this
species, capacitation results in relocalization of CRISP2 to the
apical end of the head, as well as to the EqS. After the AR, only
a subdomain of the EqS region remains labeled, presumably
still the PT [45].

The molecular characterization of native CRISP2 is still
relatively limited in the literature. In studies involving mice,
boars, and humans, CRISP2 has consistently been reported
as a 25-kDa protein based on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) analysis
[34, 35, 42, 44]. However, in rats, CRISP2 appears as
two distinct bands of 27 and 25 kDa which are thought
to represent CRISP2 with and without its signal peptide,
respectively [28, 49]. While CRISP1, 3, and 4 are known to be
glycosylated [11, 22, 50-52], only one study has specifically
examined the glycosylation status of CRISP2. In that study
conducted in guinea pigs, carbohydrate analysis using gas—
liquid chromatography did not reveal any sugar residue on
CRISP2 [41]. To the best of our knowledge, there is currently
no information available regarding other potential post-
translational modifications in CRISP2. Interestingly, recent
observations in boars showed that CRISP2 from the PT
and the flagellum forms stabilized oligomers of different
biochemical properties [44].

The aim of the present study is to contribute to the charac-
terization of hCRISP2, which has been less studied compared
to CRISP2 from other species. We investigated its localization
during spermatogenesis and epididymal maturation as well
as in ejaculated sperm before and after capacitation, and
following AR. Indeed, given the challenges associated with
obtaining human tissue samples, only two studies addressed
the localization of hCRISP2 in testis sections [29, 30], and
none has examined its presence in the epididymis. Further-
more, although several studies have investigated hCRISP2
localization in sperm, no consensus has been reached, as the
results varied among studies [29, 30, 34, 42, 43, 46, 47]
(Supplementary Table 1), presumably due to the methods of
sample preparation and the use of different antibodies. Here,
we used the same set of antibodies raised against hCRISP2,
for which we previously validated the specificity, across all
our investigations. In addition, we performed experiments
to contribute to the molecular characterization of hCRISP2,
focusing on its primary and quaternary structures and explor-
ing its post-translational modifications. Overall, we show that
hCRISP2 is translated from the primary spermatocyte stage
during spermatogenesis and, in mature sperm, is localized in
the cytoplasmic droplet, the flagellum, and within the EqS. In
mature sperm, hCRISP2 forms stable homo-oligomers with
minimal post-translational modifications.

Materials and methods
Samples and ethics

Human semen samples were obtained from the fertility
clinic of HELORA Hospital (Mons, Belgium) from patients
undergoing routine semen analysis or from voluntary donors.
All experiments conducted in this study were approved
by the Ethics Committee of HELORA Hospital in Mons
and by the Ethics Committee of FErasme Hospital in
Brussels (EudraCT/CCB:/B4062020000093). The samples
were obtained with the informed written consent from all
subjects. Semen samples were collected by masturbation after
an abstinence period of 3-5 days and routine semen analysis
was performed according to the World Health Organization
(WHO) 2021 guidelines [53]. Only normozoospermic samples
(volume >1.4 mL, sperm concentration >16 x 106/mL, and
total motility >42%) were investigated.

Regarding human testis and epididymis sections, the
material was obtained from Erasme Hospital biobank
(BE_BERAT1; Biobanque Hopital Erasme-Université Libre de
Bruxelles (BERA); Biobanking and Biomolecular Resources
Research Infrastructure — European Research Infrastructure
Consortium (BBMRI-ERIC)). The sections were taken from
tissues sampled at a distance from a malignant region and
presenting a normal histology (i.e., complete spermatogenesis
in the case of testes).

Sperm preparation

Sperm purification from the semen samples was carried out
by centrifugation at 300xg for 20 min at 37°C on a dis-
continuous PureSperm 40/80 density gradient (Nidacon, Mol-
ndal, Sweden) as described in Nicholson [54] and the WHO
guidelines [53]. Purified sperm recovered from the bottom of
the 80% PureSperm fraction were then washed with Dul-
becco phosphate-buffered saline (Sigma-Aldrich, St Louis,
MO, USA) supplemented with 100 ug/mL ampicillin (Thermo
Fisher Scientific, Geel, Belgium).

In vitro capacitation

Sperm (1.0 x 107 cells/mL) were incubated for 4 h at 37°C
in an incubator containing 5% CO; in a capacitation solu-
tion composed of homemade Earle’s balanced salt solution
(116.36 mM sodium chloride, 26.19 mM sodium bicarbon-
ate, 1.01 mM sodium dihydrogen phosphate monohydrate,
5.37 mM potassium chloride, 0.81 mM magnesium sulfate
heptahydrate, 5.55 mM D-glucose, 1.80 mM calcium chlo-
ride) [53] supplemented with 26 mg/mL of delipidated bovine
serum albumin (Fraction V) (Sigma-Aldrich, St Louis, MO,
USA), 2.73 mM sodium pyruvate (Carl Roth GmbH, Karl-
sruhe, Germany), 24.90 mM sodium D, L-lactic acid (Sigma-
Aldrich, St Louis, MO, USA), and 100 ug/mL ampicillin.
Sperm were resuspended every hour by gentle agitation. Non-
capacitated sperm were incubated for only 3 min under the
same conditions.

Acrosome reaction induction

Capacitated sperm were exposed to 20 uM calcium ionophore
A23187 (Sigma-Aldrich, St Louis, MO, USA) or 50 uM
progesterone (Sigma-Aldrich, St Louis, MO, USA) to induce
acrosome reaction. Briefly, inducers (resuspended in dimethyl
sulfoxide; Thermo Fisher Scientific) were added to the sperm
suspension at the appropriate concentration and sperm were
incubated for 1 h at 37°C in an incubator containing 5% CO;.
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Analysis of hCRISP2 localization on ejaculated
sperm

Aliquots of sperm from non-capacitated, capacitated, and
acrosome-reacted conditions were fixed in an equal volume
of 4% (w/v) paraformaldehyde (PAF; Sigma-Aldrich, Burling-
ton, MA, USA) in phosphate-buffered saline (PBS; 137 mM
NaCl, 2.7 mM KCI, 10 mM Na,HPOy, 1.76 mM KH, POy,
pH 7.4) for 20 min at room temperature. The samples were
then centrifuged at 2 000xg for 5 min at 4°C. They were
washed twice with PBS supplemented with 50 mM glycine,
to quench the remaining PAF, and once with PBS. Droplets
of 0.1 to 0.2 x 10° fixed sperm were air dried on 12-mm-
diameter glass coverslips. After a quick wash with PBS sup-
plemented with 0.05% (v/v) Tween-20 (Tw; Thermo Fisher
Scientific, Waltham, MA, USA), sperm were permeabilized
in PBS-Tw containing 0.3% (v/v) Triton X-100 (Carl Roth
GmbH, Karlsruhe, Germany) for 20 min. The coverslips were
then washed three times for 5§ min with PBS-Tw before block-
ing in PBS-Tw supplemented with bovine serum albumin
(BSA; 3% (w/v)) (Carl Roth GmbH, Karlsruhe, Germany) for
45 min at room temperature. Sperm were incubated overnight
at 4°C with rabbit polyclonal anti-hCRISP2 (Proteintech,
Manchester, UK; Cat# 19066-1-AP) diluted 1:100 in PBS-Tw-
BSA (3%). Controls were performed by incubating coverslips
in PBS-Tw-BSA (3%) without primary antibody. Following
several washes with PBS-Tw, the coverslips were incubated
for 1 h at room temperature with Alexa fluor 568—coupled
goat anti-rabbit immunoglobulins (Invitrogen, Eugene, OR,
USA; Cat# A-11011) diluted 1:100 in PBS-Tw-BSA (3%).
After washing with PBS-Tw, acrosome labeling was performed
for 30 min at room temperature with a 5 ug/mL solution of
fluorescein isothiocyanate (FITC) conjugated Pisum sativum
agglutinin (PSA-FITC; Sigma-Aldrich, Burlington, MA, USA;
Cat# L0770) diluted in PBS. Finally, the coverslips were
washed again with PBS and then mounted on glass slides
with Prolong Gold Antifade Mountant with DAPI (Invitrogen,
Waltham, MA, USA; Cat# P36941). Z-Stack images of 0.15-
um increment were collected using a confocal microscope
Nikon TI2-E-A1RHD25.

Analysis of hCRISP2 localization on human testis
and epididymis sections

Testis and epididymis sections (5 um in thickness) were
dewaxed and rehydrated. For each tissue, one section
was stained using Masson Trichrome and the others were
subjected to an indirect immuno-labeling method according
to the following protocol. First, a heat-induced epitope
retrieval (HIER) was performed with sodium citrate buffer
(21.8 mM citric acid, pH = 6.2). Sections were washed with
PBS before blocking in PBS-BSA (5%). Then, hCRISP2
and sperm acrosomes were labeled using the protocol
described for ejaculated sperm. Sections were counterstained
for 15 min with 10 pug/mL of Hoechst 33342 (Sigma-
Aldrich, St Louis, MO, USA) and mounted with Vectashield
Plus (Vector Laboratories, Burlingame, CA, USA). Double
immuno-labeling for hCRISP2 and vimentin (used to identify
Sertoli cells) was performed using the same protocol but
with serial incubations with (1) mouse monoclonal anti-
Vimentin (Proteintech, Manchester, UK; Cat# 60330-1-Ig)
diluted 1:500 in PBS-BSA (3%) for 2 h at room temperature,
(2) rabbit polyclonal anti-hCRISP2 overnight at 4°C, (3)
Alexa fluor 568-coupled goat anti-rabbit immunoglobulins
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for 1 h at room temperature, and (4) CoraLite488 conjugated
Affinipure Goat Anti-Mouse (Proteintech, Manchester, UK;
Cat# SA00013-1) diluted 1:100 in PBS-BSA (3%) for 1 h at
room temperature. Z-Stack images were collected as described
for ejaculated sperm, but with 0.1-um increment.

Sperm protein extraction

Aliquots of purified sperm and capacitated sperm were used
for protein extractions. Purified sperm were either extracted
directly or were flash frozen in liquid nitrogen and stored
at —80°C until use. Capacitated sperm were centrifuged at
2 000xg for 5 min at 4°C, washed three times with cold PBS,
flash frozen in liquid nitrogen, and stored at —80°C until use.

(1) Denaturing extraction

Sperm aliquots were incubated for 5 min at room temper-
ature in Laemmli SDS sample buffer (50 mM Tris, 10% (v/v)
glycerol, 2% (w/v) sodium dodecyl sulfate (SDS), 100 mM
dithiothreitol (DTT; Molekula, Darlington, UK), and bro-
mophenol blue, pH 6.8).

(2) Native extraction

Sperm aliquots were vortexed three times for 10 s in PBS
supplemented with protease inhibitors (Complete ULTRA
Tablets; Roche, Mannheim, Germany) and phosphatase
inhibitors (PhosSTOP; Roche, Mannheim, Germany) sup-
plemented or not with 1% Triton X-100. Some samples
were submitted to a mechanical lysis using an ultrasound
probe (IKA US0 sonicator; Staufen, Germany). Three cycles
of sonication of 5 s at 20% amplitude were performed at
4°C. All the samples were incubated for 1 h on ice and then
centrifuged at 17 000xg for 20 min at 4°C. The resulting
supernatant was either directly processed for electrophoresis
(see below) or first exposed for 1 h at room temperature to
different dissociation agents: (1) 1 M sodium chloride (NaCl,
(2) 100 mM DTT, (3) 24 mM ethylenediaminetetraacetate
(EDTA), (4) 1% Triton X-100, or (5) 4 M urea.

(3) Successive extraction

Sperm aliquots were rapidly thawed, and proteins were suc-
cessively extracted with (1) PBS, (2) PBS supplemented with
1% Triton X-100 (PBS-T), (3) PBS-T supplemented with 0.5%
sodium deoxycholate (PBS-T-D), and (4) Laemmli SDS sample
buffer. For each extraction, samples were vortexed three times
for 10 s and incubated for 20 min on ice, then centrifuged
at 17 000xg for 20 min at 4°C. The supernatant collected
after each extraction and centrifugation was used for western
blot analysis, as described below. Between each extraction, the
pellet was washed with PBS to minimize protein transfer from
one extraction to the next. All buffers were supplemented with
protease inhibitors and phosphatase inhibitors as described
for native extraction.

Human CRISP2 immunoprecipitation

Dynabeads Protein G (Thermo Fisher Scientific, Vilnius,
Lithuania) were prepared according to manufacturer guide-
lines. Briefly, per reaction, 3 ug of rabbit polyclonal anti-
hCRISP2 (Proteintech, Manchester, UK; Cat# 19066-1-AP)
were incubated with 50 uL of Dynabeads. The antibody was
crosslinked to the beads using 1 mM bis (sulfosuccinimidyl)
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suberate (BS3; Abcam, Amsterdam, Netherlands). Sperm
aliquots were extracted in PBS followed by sonication as
explained above. After centrifugation at 17 000x g for 20 min
at 4°C, the supernatant (corresponding to 1 to 4.5 x 107
sperm) was added to the beads and incubated overnight at
4°C on a rotating shaker. The next day, the beads were washed
three times with PBS and resuspended in 50 L of 50 mM
glycine (pH=2.8) under vigorous agitation for 10 min at
room temperature. The eluate was transferred into a new
tube and the acidic pH was promptly neutralized with 5 uL
of 1 M Tris (pH=7.5). A second elution was carried out
under the same condition, neutralized, and pooled with the
first one.

Western blot
(1) Protein separation by SDS-PAGE

Sperm protein extracts obtained in Laemmli SDS sample
buffer or immunoprecipitated hCRISP2 mixed with Laemmli
SDS sample buffer were heated for 5 min at 95°C, centrifuged,
and loaded on 12% SDS-PAGE gels. Electrophoresis was
carried out with TGS buffer (25 mM Tris, 192 mM glycine,
0.1% (w/v) SDS).

(2) Protein separation by Native-PAGE

Sperm protein extracts obtained in PBS or immunoprecipi-
tated hCRISP2 were mixed with native-sample buffer (50 mM
Tris, 10% (v/v) glycerol, bromophenol blue, pH=6.8) sup-
plemented or not with 100 mM DTT, centrifuged, and loaded
on 10% Native-PAGE gels. Electrophoresis was carried out
for 2 h at 150 V and 4°C with cold TG buffer (25 mM Tris,
192 mM glycine).

(3) Protein transfer and detection

After electrophoresis, proteins were transferred onto PVDF
membranes (GE Healthcare) using 25 mM Tris, 192 mM
glycine, 0.05% (w/v) SDS, and 20% (v/v) methanol as transfer
buffer. The membranes were washed with PBS-Tw and then
blocked for 1 h in PBS-Tw-BSA (5%). After that, they were
incubated overnight at 4°C under gentle agitation with the
following antibodies diluted in PBS-Tw-BSA (3%): (1) mouse
monoclonal anti-hCRISP2 (D-10) (Santa Cruz Biotechnol-
ogy, Inc., Heidelberg, Germany; Cat# sc-390,914) (1:1000),
(2) rabbit polyclonal anti-hCRISP2 (Proteintech, Manchester,
UK; Cat# 19066-1-AP) (1:1 000), (3) mouse monoclonal
anti-phosphotyrosine clone 4G10 (Merck KGaA, Darmstadt,
Germany; Cat# 05-321X) (1:20 000), or with the following
biotinylated lectins diluted in Tris-buffered saline (TBS)-Tw-
BSA (3%): (1) peanut agglutinin (PNA) (Vector Laboratories,
Burlingame, CA, USA; Cat# 30272) (1:1 000) to detect O-
glycosylations or (2) wheat germ agglutinin (WGA) (Vector
Laboratories, Burlingame, CA, USA; Cat# 30268) (1:1 000)
to detect N-glycosylations. From this point, all buffers were
supplemented with 0.1 mM CaCl, for PNA, and 0.1 mM
CaCl, and 0.01 mM MnCl, for WGA. After five washes of
5 min in PBS-Tw or TBS-Tw, the membranes were incubated
for 1 h at room temperature under gentle agitation with (1)
HRP-conjugated goat anti-mouse immunoglobulins (Invitro-
gen, Eugene, OR, USA; Cat# G-21040) (1:50 000), (2) HRP-
conjugated goat anti-rabbit immunoglobulins (Proteintech,

Manchester, UK; Cat# SA00001-2) (1:5 000), diluted in PBS-
Tw-BSA (3%), or (3) HRP-conjugated streptavidin (Dako,
Glostrup, Denmark; Cat# P0397) (1:5 000) diluted in TBS-
Tw-BSA (3%). Finally, the membranes were washed again and
immunoreactive bands were visualized using the ECL Western
Blotting Substrate (Thermo Fisher Scientific, Waltham, MA,
USA) and the Fusion FX imaging system (Vilber, Marne-la-
Vallée, France).

Mass spectrometry analyses

Human CRISP2 was immunoprecipitated from frozen puri-
fied sperm as described above. Control reactions were per-
formed using: (1) Dynabeads not coupled to any antibody,
(2) Dynabeads coupled to a rabbit polyclonal anti-HSP70
(Proteintech, Manchester, UK; Cat# 10995-1-AP), and (3)
Dynabeads coupled to rabbit IgG (Proteintech, Manchester,
UK; Cat# 30000-0-AP). The eluates were mixed with 10 mM
dithioerythritol (DTE; Thermo Fisher Scientific, Geel, Bel-
gium) and incubated for 20 min at 56°C. Then, iodoacetamide
(23 mM final concentration; VWR International, Leuven,
Belgium) was added and the mixture was incubated in the
dark for 30 min at room temperature. The proteins con-
tained in the samples were precipitated overnight at —20°C
in cold acetone 80% (v/v). After centrifugation at 21 000xg
for 20 min at 4°C, the resulting pellet was resuspended
in 20 uL of 5 ng/ul porcine sequencing grade modified
trypsin (Promega, Madison, WI, USA) in 25 mM ammo-
nium bicarbonate (NH4HCO3; Sigma-Aldrich, St Louis, MO,
USA) and incubated overnight at 37°C. Trypsinolysis was
terminated with formic acid (0.1% (v/v) final concentration).
The resulting peptides were analyzed by reverse-phase HPLC-
ESI-MS/MS on a UHPLC-HRMS/MS instrument (AB SCIEX
LC420 and TripleTOFTM 6600) using data-dependent acqui-
sition (DDA) mode. Tryptic peptides were separated on a
C18 column (YMC-Triat 0.3 mm x 150 mm column) with
a linear acetonitrile gradient (5% to 35% of acetonitrile,
5 uL/min, 75 min) in water containing 0.1% formic acid.
The MS survey scans (m/z 400-1250, 100-ms accumula-
tion time, mass resolution of 25 000) were followed by 50
MS/MS acquisition overlapping windows covering the pre-
cursor m/z range. Collision-induced dissociation was carried
on using rolling collision energy, and fragment ions were
accumulated for 50 ms in high sensitivity mode (mass res-
olution of 10 000). The MS/MS data were processed with
ProteinPilot software (version 5.0.1.04895; AB SCIEX) and
analyzed against UniProt Homo sapiens database with the
relevant parameters, including carbamidomethyl cysteine, oxi-
dized methionine, all biological modifications, amino acid
substitutions, and missed cleavage site.

Discrimination between hCRISP2 isoforms

Transcript sequences for hCRISP2 were retrieved from
Ensembl (release 111—January 2024) [55] and used to
identify exon boundaries. Protein sequences of the two known
hCRISP2 isoforms (P16562-1 and P16562-2) were retrieved
from UniProt (release 2024_01) [56] and aligned with
MUSCLE in Geneious Prime 2023.2.1 (Geneious, Boston,
MA, USA). Human CRISP2 peptides were searched in a
sperm proteome available in our laboratory and obtained
through a DDA proteomic analysis performed on proteins
extracted from sperm in different conditions using a TripleTof
6600 mass spectrometer (Sciex, Framingham, MA, USA).
Additionally, hCRISP2 peptides were also retrieved from
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MS/MS results from immunoprecipitated hCRISP2 obtained
as described above. Peptides identified with high confidence
and highest-quality MS/MS spectra were selected and were
mapped on hCRISP2 isoform alignment.

Results
Localization of hCRISP2 in testis and epididymis

To investigate the temporal dynamics of hCRISP2 localization
across spermatogenesis, we analyzed its localization on
testis sections using immunofluorescence (IF). First, due
to the observed variability in CRISP2 immunolocalization
across species and studies (Supplementary Table 1), which
could, among other causes, be attributed to antibody
specificity, we assessed the ability of two different anti-
hCRISP2 (i.e., a mouse monoclonal antibody and a rabbit
polyclonal antibody) to specifically detect hCRISP2. Both
antibodies were able to detect hCRISP2 in human sperm
protein extracts by western blot (WB) following SDS-
PAGE (Supplementary Figure 2A) while only the polyclonal
antibody was able to detect hCRISP2 under native conditions
(i.e., Native-PAGE; Supplementary Figure 2B). In addition,
both antibodies detected hCRISP2 by immunofluorescence
in Hela cells transfected with an expression vector encoding
hCRISP2 but did not label HeLa cells expressing hCRISP1,
demonstrating their specificity (Supplementary Figure 2C).
Based on these results, the polyclonal antibody was selected
to investigate hCRISP2 localization on testis sections by IF.
In these experiments, counter-labeling with PSA was used
to visualize sperm acrosomes and identify the germ cell
stage during spermiogenesis, while anti-vimentin was used
to highlight Sertoli cells. An increasing gradient of hCRISP2
immunostaining intensity was observed from the basal
compartment to the luminal compartment of the seminiferous
tubules, reflecting the progression of hCRISP2 expression
during spermatogenesis (Figure 1A, Supplementary Figure 3).
For each cell type, equatorial views and 3D reconstructions
from confocal z-stacks are provided to accurately illustrate
the precise localization of the labeling. Additionally, Masson
Trichrome-stained images are included to highlight cellular
histology, clearly differentiating between the nucleus and
cytoplasm. No hCRISP2 immunoreactivity was detected in
spermatogonia (Figure 1B, Supplementary Figure 4). A very
faint labeling was observed in primary spermatocytes, appear-
ing as few puncta in the nucleus (Figure 1B, Supplementary
Figure 5). In round spermatids, hCRISP2 immunoreactivity
in the nucleus was more intense and homogeneous than in
primary spermatocytes (Figure 1B, Supplementary Figures 6
and 7). In early elongated spermatids, some intense spots of
hCRISP2 immunoreactivity were observed in the nucleus,
accompanied by a labeling in the cytoplasm (Figure 1B,
Supplementary Figure 8). Finally, in late elongated spermatids,
hCRISP2 was observed within the equatorial segment of
the acrosome (EqS), in the cytoplasm, and in the flagellum
(Figure 1B, Figure 2, Supplementary Figure 9). Elongated
spermatids displaying immunostained cytoplasm were found
at the apical pole of the Sertoli cells. Additionally, small puncta
of hCRISP2 immunoreactivity were observed in the nucleus
and cytoplasm of Sertoli cells (Figure 1, Supplementary Fig-
ure 10). The control experiments, where the primary antibody
was omitted, revealed no labeling on the testis sections
(Supplementary Figure 11).

Characterization of Human CRISP2, 2025

As the other two members of the human CRISP family,
hCRISP1 and 3, are expressed and secreted by the epididymal
epithelium (cf. Supplementary Figure 12A for hCRISP1), and
considering hCRISP2 possesses a signal peptide, we investi-
gated whether hCRISP2 is also expressed at epididymal level.
Results showed that hCRISP2 immunostaining was restricted
to the sperm present in the lumen of the epididymis, as an
intense dense spot at the basal region of the head, and at the
level of the flagellum, with no labeling observed in epithelial
cells (Figure 3, Supplementary Figure 12B). The control exper-
iments, where the primary antibody was omitted, revealed
no labeling on the epididymis sections (Supplementary Fig-
ure 12C).

Localization of hCRISP2 on ejaculated sperm before
and after capacitation and acrosome reaction

We investigated hCRISP2 localization in mature ejaculated
sperm before and after capacitation and AR using PSA-FITC
labeling to assess acrosome integrity. For analysis of the AR,
we compared the effects of induction with calcium ionophore
(A23187) with those produced by a more physiological induc-
tion using progesterone. Independently of the tested condition,
hCRISP2 was consistently detected as an intense spot in the
basal region of the head in all sperm (Figure 4, Supplementary
Figure 13). A labeling was also observed in the flagellum
of almost all (>90%) sperm. In both non-capacitated and
capacitated sperm, a weak signal was additionally detected
in the apical region of the head and at the level of the
EqS (Figure 4, Supplementary Figure 13). Based on PSA-
FITC labeling, the calcium ionophore was more potent than
the progesterone to induce AR. In acrosome-reacted sperm
(i.e., no or EqS-restricted PSA-FITC labeling), different results
were observed regarding hCRISP2 immunoreactivity in the
apical region and EqS, depending on the sperm. While many
still exhibited hCRISP2 immunoreactivity at the EqS, some
showed no labeling in the apical region, while others retained
it (Figure 4, Supplementary Figure 13). Notably, we tested
two methods of epitope retrieval (ER) on sperm to improve
accessibility of the antibodies to native hCRISP2: (1) HIER
(heat-induced epitope retrieval), where sperm were incubated
in citric acid, with or without EDTA, heated at 95°C, and
(2) RTER (room temperature epitope retrieval), where sperm
were incubated in 10% formic acid or 2 N HCl. However,
these did not change the results (data not shown). In addition,
we tried a method of signal amplification using biotinylated
secondary antibodies and streptavidin-Texas red, but again
with no change in the results obtained (data not shown).

Identification of hCRISP2 isoform in sperm

In the public Ensembl database, three transcripts are listed
for hCRISP2 (referred to as CRISP2-201, CRISP2-202,
and CRISP2-203), encoding two potential protein isoforms
that differ by only 35 amino acids encoded by exon 9.
Transcripts CRISP2-201 and CRISP2-202 only differ in the 5’
untranslated region. CRISP2-201 encodes for a 243-amino-
acid isoform with a calculated molecular weight of 27.3 kDa,
designated in UniProt as P16562-1, while transcript CRISP2-
203 encodes for a 278-amino-acid isoform with a calculated
molecular weight of 31.6 kDa, designated in UniProt as
P16562-2. To check if both isoforms are present in sperm, we
searched for hCRISP2 peptides in a sperm proteome available
in our laboratory, obtained as detailed in the Materials
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A Merged (hCRISP2 ; PSA ; Hoechst) hCRISP2

B Spermatogonium (hCRISP2 ; PSA ; Hoechst) Primary Spermatocyte (hCRISP2 ; PSA ; Hoechst)

Round Spermatid (hCRISP2 ; PSA ; Hoechst)

Figure 1. Localization of hCRISP2 on human testis sections. (A) Maximum-intensity projections (MaxIP) obtained from z-stack images using Nikon NIS
Elements software. (B) Equatorial views of each cell type extracted from the z-stack images. Hoechst staining was used to label the nuclei, PSA-FITC
staining was used to visualize sperm acrosomes, and vimentin immuno-labeling was used to highlight Sertoli cells. Scale bar: 10 um in (A), 2 um in (B).
Ac, acrosome; C, cytoplasm; EqS, equatorial segment; ES, elongated spermatid; F, flagellum; L, lumen of the seminiferous tubule; MC, myoid cell; PS,
primary spermatocyte; RS, round spermatid; SC, Sertoli cell; Sg, spermatogonium. Representative results from N =3 replicates. Results from two other
replicates and controls are available in Supplementary Figure 3 and Supplementary Figure 11, respectively.
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Figure 2. Three-dimensional (3D) reconstructions of elongated spermatids showing the intra-nuclear and intra-acrosomal (at the EqS) localization of

hCRISP2. Three-dimensional rendered confocal z-stacks were obtained using Nikon NIS Elements software. Full renderings are shown in panels (A) and
(C). For better clarity, partial renderings with orthogonal planar sectioning applied along the z-axis, leaving the hCRISP2 channel unaffected, are shown in
panels (B) and (D). Panel (D) includes an inset that provides a detailed examination of the successive layers in the EgS region. Hoechst staining was used
to label the nuclei and PSA-FITC staining was used to visualize sperm acrosomes. The scale is shown on the edge of the box enclosing the spermatid(s).

EgS, equatorial segment.

and Methods section and in MS/MS results obtained from
immunoprecipitated hCRISP2. A total of 18 distinct peptides
were identified with >99% confidence, covering 54.05% and
46.69% of P16562-1 and P16562-2 isoforms, respectively
(this calculation was performed excluding the signal peptide)
(Figure 5). No peptide was identified within the protein
region specific to isoform P16562-2 (i.e., encoded by exon
9), although identifiable tryptic peptides were predicted
in this region. However, a peptide overlapping with the
protein sequences encoded by exons 8 and 10 and, thus,
totally specific to isoform P16562-1, was detected (Figure 5,
Supplementary Figure 14).

Extractability of hCRISP2 from sperm

Western blot analysis of sperm extracts obtained in denaturing
conditions (i.e., in the presence of 2% SDS and 100 mM
DTT) revealed the presence of hCRISP2 as a unique
band of ~25 kDa (Supplementary Figure 2A). To analyze
hCRISP2 extractability from sperm, frozen—thawed purified
(considered as “non-capacitated”) and capacitated sperm
were sequentially extracted in PBS, PBS supplemented with
1% Triton X-100 (PBS-T), PBS-T supplemented with 0.5%
sodium deoxycholate (PBS-T-D), and, finally, with Laemmli
SDS sample buffer (SB). SDS-PAGE and WB analysis of the
extracts revealed that, by considering the cumulated intensity
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Figure 3. Localization of hCRISP2 on human epididymis sections. (A) Maximum-intensity projections (MaxIP) obtained from z-stack images using Nikon
NIS Elements software. Scale bar: 10 um. (B) Three-dimensional (3D) rendered confocal z-stacks, general view on the left and detailed view on the right.
The scale is shown on the edge of the box enclosing the 3D rendering. Hoechst staining was used to label the nuclei and PSA-FITC staining was used to
visualize sperm acrosomes. Scale bar: 10 um. BH, basal region of the head; EC, epithelial cell; F, flagellum; L, lumen of the epididymis; Sz, sperm.
Representative results from N =2 replicates. Results from another replicate, corresponding general views, and controls are available in

Supplementary Figure 12.

of hCRISP2 immunostaining in the different conditions as
100%,~65% and 91% of hCRISP2 were extracted using PBS
from the purified or capacitated sperm, respectively (Figure 6).
For purified, non-capacitated sperm, subsequent incubation
with PBS-T was necessary to extract an additional fraction
(34%) of hCRISP2 (Figure 6).

Analysis of hCRISP2 quaternary organization

Native-PAGE and WB analysis of sperm extracts obtained
in PBS from purified (considered as “non-capacitated”) and
capacitated sperm detected hCRISP2 as three high molecular
weight bands (Figure 7). This electrophoretic pattern was
also observed after immunoprecipitation (IP) of hCRISP2
from both non-capacitated and capacitated sperm (Figure 7),
and irrespective of the extraction method used. Specifically,
similar patterns were observed when sperm were fresh or
frozen—thawed, lysed using PBS associated or not to sonica-
tion or Triton X-100, and in the presence or absence of DTT
(Supplementary Figure 15). However, the bands obtained were

of very low intensity when fresh samples were extracted with
PBS only (Supplementary Figure 15). Interestingly, the high
molecular weight hCRISP2 complexes were not disrupted at
high concentrations of NaCl, DTT, EDTA, Triton X-100, or
urea (Supplementary Figure 16).

To investigate the composition of the complexes formed
by hCRISP2, the eluate obtained after hCRISP2 immuno-
precipitation was analyzed by mass spectrometry. The
experiment was performed with three independent samples
(three replicates), and the results were compared to three
control conditions (Dynabeads without any antibody, or
coupled to rabbit IgG isotype or to a different rabbit
polyclonal antibody, in this case directed against HSP70).
Excepted for contaminant proteins (i.e., either proteins non-
specifically linked to the resin and common with the control
conditions, or keratin and antibody fragments), the eluate
obtained after hCRISP2 immunoprecipitation was only made
up of hCRISP2 in two out of the three replicates. In the third
replicate, beta-microseminoprotein co-eluted with hCRISP2.
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Progesterone-induced AR

Figure 4. Localization of hCRISP2 within human sperm, before and after capacitation as well as after acrosomal reaction (AR) induced either by calcium
jonophore (A23187) or progesterone. Images are maximumr-intensity projections (MaxIP) obtained from z-stack images using Nikon NIS Elements
software. DAPI staining was used to label the nuclei and PSA-FITC staining was used to label the acrosomes. Scale bar: 10 um. BH, basal region of the
head; EgS, equatorial segment; F, flagellum. General views and control are available in Supplementary Figure 13. Representative results from N=3
replicates.
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Figure 5. Identification of hCRISP2 isoform in human sperm. Peptides identified by mass spectrometry from hCRISP2 immunoprecipitated from
ejaculated sperm are aligned on the two hCRISP2 isoforms listed in UniProt (P16562-1 and P16562-2). Translation of the longest mMRNA coding for
hCRISP2 from Ensembl database (CRISP2-203) is shown to highlight coding exons. The alignment was performed using Geneious software.
Exon-encoded regions, the protein sequence encoded by hCRISP2 ORF, hCRISP2 peptide signal, and peptides identified in mass spectrometry are
shown. The peptide overlapping the protein sequences encoded by exons 8 and 10 and specific to isoform P16562-1 (fragmentation spectrum and
fragment ions table are available in Supplementary Figure 14) is indicated by a triangle.

This protein was not detected in any of the control eluates  this process is known to involve protein PTMs [57]. In addi-

(Supplementary Table 2). tion to immunoprecipitated hCRISP2, crude extracts obtained

. . in Laemmli SDS sample buffer were analyzed to confirm the
AnaIIy'S|s (_)f hCRISP2 post-translational ability of the lectins and antibody to detect the corresponding
modifications PTMs. The presence of hCRISP2 was confirmed in both

The presence of post-translational modifications (PTMs) on  crude and immunoprecipitated extracts. In addition, a signal
hCRISP2 was investigated using lectin blot and WB to detect ~ was detected using the lectins and the anti-phosphotyrosine
glycosylation and tyrosine phosphorylation, respectively.  antibody in the crude extracts, demonstrating the method’s
These experiments were performed on capacitated sperm as efficiency in detecting the corresponding PTMs in sperm.
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Figure 6. Detection of hCRISP2 in sperm extracts. Frozen-thawed
purified and capacitated sperm were successively extracted with PBS,
PBS supplemented with 1% Triton X-100 (PBS-T), PBS-T supplemented
with 0.5% sodium deoxycholate (PBS-T-D), and Laemmli SDS sample
buffer (SB), all containing protease and phosphatase inhibitors. Proteins
from the supernatants of the different extracts were resolved by
SDS-PAGE on a single gel (12% acrylamide) and analyzed by western blot
using monoclonal anti-hCRISP2. Notably, a loading control is not included
in these experiments, as variability in the intensity of the control protein
is expected due to the different extraction buffers used sequentially.
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Figure 7. Electrophoretic mobility of hCRISP2. Proteins were extracted
from purified or capacitated sperm under native condition (PBS) and a
fraction of the lysate was used to immunoprecipitate hCRISP2 (IP). Both
PBS and IP fractions were resolved by Native-PAGE (10% acrylamide)
followed by western blot analysis using polyclonal anti-hCRISP2.
Arrowheads indicate the three immunoreactive bands. Representative
results from N =3 replicates.

However, no signal was observed in the immunoprecipitated
fractions, indicating the absence of detectable glycosylation
and tyrosine phosphorylation on hCRISP2 (Figure 8).
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Figure 8. Analysis of hCRISP2 post-translational modifications. Crude
extracts from capacitated sperm were obtained in Laemmli SDS sample
buffer (SB) and hCRISP2 was immunoprecipitated in native conditions
from capacitated sperm extracted with PBS (IP). The crude SB extract
and IP eluate were separated by SDS-PAGE (12% acrylamide) and
analyzed in western blot using anti-hCRISP2 to confirm the presence of
hCRISP2 in the extracts, anti-phosphotyrosine (pTyr) antibodies to detect
tyrosine phosphorylation, the lectin peanut agglutinin (PNA) to detect
O-glycosylation, and the lectin wheat germ agglutinin (WGA) to detect
N-glycosylation. The SB crude extract was analyzed to confirm the ability
of the antibodies and lectins to detect the corresponding modifications.
Representative results from N =4 replicates.

Discussion

Of the four CRISPs identified in mammals, CRISP2 stands out
as the sole intracellular member, expressed specifically in the
testis during spermatogenesis. It has gained attention because
of its multiple roles in male fertility, including interaction with
Sertoli cells during spermatogenesis [7, 27], sperm motility [9,
32, 33], and interaction with the oocyte [34, 35]. For these rea-
sons, and given its expression exclusively limited to the testes,
CRISP2 appears as a key protein in reproduction. However,
although CRISP2 has been extensively studied in rodents and
boars, data on human CRISP2 (hCRISP2) remains limited.
Therefore, we aimed to deepen our understanding of hCRISP2
and its roles in human reproduction by analyzing its localiza-
tion throughout spermatogenesis and epididymal maturation,
as well as by exploring several of its molecular features.

1. Human CRISP2 localization throughout spermatogene-
sis, epididymal maturation and in ejaculated sperm

As highlighted in Supplementary Table 1, many studies
investigated CRISP2 localization in the male reproductive
system, but with results varying depending on the species,
and even depending on the study within the same species
(Supplementary Table 1). One of the reasons for this dis-
parity could be experimental due to the use of different
antibodies, tissue fixation, or treatment applied to testicu-
lar sections. Here, we made sure that the anti-CRISP2 we
used could specifically target hCRISP2: (1) it labeled HeLa
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cells expressing hCRISP2 but not hCRISP1, (2) its use in
immunoprecipitation allowed the recovery of hCRISP2 only
(Supplementary Table 2), and (3) Zhang [44] used the same
antibody to study CRISP2 localization in boar sperm and
showed no labeling when the antibody was pre-incubated
with a blocking peptide. We used this same antibody to
investigate the localization of hCRISP2 on testis sections,
epididymis sections, and ejaculated sperm to enable a compar-
ison of the results. In testes, hCRISP2 immunoreactivity was
observed within the germ cell lineage, as already documented
in rats [27, 28], humans [29, 30], and boars [31]. We observed
a gradient of increasing signal intensity from primary sperma-
tocytes to elongated spermatids. These results, which suggest
hCRISP2 translation from the primary spermatocyte stage, are
in line with accumulated data on CRISP2 mRNA expression
in mice, rats, and humans, evaluated using in situ hybridiza-
tion and single-cell RNA-seq, which indicate the appearance
of CRISP2 mRNA transcripts in pachytene spermatocytes
with levels increasing progressively through subsequent stages
[1,27, 30, 58-60].

Human CRISP2 initially appears in the nucleus of primary
spermatocytes and round spermatids. It is still observed in
the nucleus of early elongated spermatids but becomes unde-
tectable in the nucleus of late elongated spermatids. This
absence of nuclear labeling in late elongated spermatids may
result from high chromatin condensation at this stage, likely
restricting antibody access to hCRISP2. To the best of our
knowledge, the presence of hCRISP2 in the nucleus of primary
spermatocytes and spermatids is reported for the first time.
This immunostaining is most likely specific as no labeling
was observed in the nucleus of other cell types (i.e., myoids
and spermatogonia), excepted for Sertoli cells, in which a
faint labeling was observed. The presence of hCRISP2 inside
the nucleus appears atypical, as no nuclear localization signal
(NLS) has been identified or predicted in hCRISP2. However,
the absence of an NLS does not preclude nuclear entry of
proteins. For example, proteins smaller than ~40-60 kDa
can passively diffuse through the nuclear pore complex, and
some proteins may also enter by binding to other proteins that
have an NLS [61]. To accurately determine hCRISP2 localiza-
tion within the nucleus, higher-resolution techniques, such as
immuno-TEM, should be employed. Currently, it is challeng-
ing to propose a specific role for hCRISP2 within the nucleus
of spermatocytes and spermatids. It is known that the nucleus
plays a role in the quality control of cytoplasmic proteins
[62]. Therefore, it is possible that some misfolded hCRISP2
are targeted to the nucleus for degradation or sequestration.
Further studies are necessary to investigate this possibility
and clarify the role of hCRISP2 in the nucleus. Interestingly,
the proteome of the human sperm nucleus includes many
proteins traditionally considered non-nuclear, such as CRISP1
[63]. In mice, one such protein, ACTL7A, a protein from the
perinuclear theca (PT), displays a localization pattern during
spermatogenesis similar to that of hCRISP2. It is predomi-
nantly nuclear in spermatocytes and round spermatids but
shifts to a cytoplasmic localization in elongated spermatids
[64]. Small puncta of hCRISP2 immunoreactivity were also
detected in the nucleus of Sertoli cells. Since Sertoli cells
absorb the residual cytoplasm expelled by maturing sper-
matids, a plausible explanation for this nuclear labeling is that
some hCRISP2 mRNA may be translated within these cells,
with hCRISP2 subsequently localizing in their nucleus, similar
to its behavior in spermatocytes and spermatids. In addition to
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the nucleus, hCRISP2 was observed in the cytoplasm of early
elongated spermatids and was subsequently observed within
the EqS and in the flagellum of late elongated spermatids.
Some aggregated material with hCRISP2 immunoreactivity
was also observed in apical extensions of Sertoli cells. This
material likely corresponds to apoptotic spermatogenic cells
or residual bodies, cytoplasmic remnants of the spermatids
which are phagocytized by Sertoli cells during spermiogenesis
and spermiation [65-67]. Similar results were described in rats
regarding the presence of rCRISP2 in the cytoplasm of elon-
gating spermatids and its incorporation in the flagellum [28].
Interactions of CRISP2 with proteins like mitogen-activated
protein kinase kinase kinase 11 (MAP3K11) [36], gameto-
genetin 1 (GGN1) [37], and sperm head and tail associated
protein (SHTAP) [38] suggest its involvement in the formation
of essential sperm structures such as the acrosome or the
flagellum during spermatogenesis. Once these structures are
formed, this subpopulation of CRISP2 may no longer be nec-
essary and thus eliminated. In rats, rCRISP2 immunoreactivity
is detectable in the acrosome starting at the round spermatid
stage [28]. In contrast, we did not observe hCRISP2 in the
forming acrosome. However, the presence of hCRISP2 within
the EqS suggests that it may be present in small quantities
during acrosome formation, making it difficult to detect in
our analyses. Human CRISP2 localization in the acrosome
was expected, given the presence of a signal peptide at its N
terminus, which typically directs it into the secretory network.
However, its presence in cytoplasmic compartments is more
surprising and difficult to explain. Noteworthy, phenomena
of retro-translocation have been described in the literature for
proteins with improper folding [68]. In such cases, misfolded
proteins in the ER are transported to the cytosol for degra-
dation by the proteasome [68]. Therefore, it is possible that
some misfolded hCRISP2 undergoes such translocation to the
cytoplasm, where the proteasome is localized.

Given that all other CRISPs are secreted by the epididymal
epithelium and the presence of a signal peptide in CRISP2,
we investigated hCRISP2 expression in human epididymal
sections. The absence of labeling in epididymal cells confirmed
the testis specificity of hCRISP2 expression [2]. Sperm within
the epididymal lumen presented an intense labeling at the
basal region of the head and along the flagellum. However,
contrary to late elongated spermatids, the last germ cell stage
observed in the testis sections, these sperm did not present
any hCRISP2 immunoreactivity at the EqS. Noteworthy,
PSA-FITC labeling of the acrosomes was also absent on
epididymis sections, indicating a potential bias during the
experimentation.

Finally, we investigated hCRISP2 localization in mature
ejaculated sperm before and after capacitation, and after AR.
Human CRISP2 was consistently detected as an intense spot
at the basal region of the head, which likely corresponds to the
cytoplasmic droplet, a tiny portion of cytoplasm retained after
spermiogenesis and spermiation [69, 70]. In this cytoplasm
compartment is localized the redundant nuclear envelope
(RNE) that serves as a calcium reservoir essential for sperm
motility [71-73]. Studies have shown CRISP2 interaction with
ryanodine channel receptors [9], which regulate calcium flux
and are also located at the base of the head [74, 75]. Human
CRISP2 was also present within the flagellum of ejaculated
sperm, which is coherent with studies showing its ability to
interact with CatSper [33] and its localization in the outer
dense fibers and longitudinal columns of the fibrous sheets of
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the flagellum in other species [28, 44, 58]. In addition, a signal
was observed in the apical region of the head and at the level of
the EqS region in both non-capacitated and capacitated sperm.
Since labeling of the apical region was not observed in elon-
gated spermatids in testis sections, it could be non-specific,
possibly due to antibody adsorption in this region. The apical
membrane of ejaculated sperm undergoes modifications com-
pared to spermatids [76], which may account for this. As for
the signal at the EqS region, it is likely that it is present within
the acrosome, as observed in elongated spermatid. Our results,
therefore, do not seem to show the presence of hCRISP2 in
the PT, as observed in boars [44, 45, 48]. However, as sperm
spread on slides are relatively flat, we were not able to obtain
correct 3D reconstructions with confocal imaging. Higher-
resolution techniques, such as immuno-TEM, should be used
to confirm our hypothesis. Although our results are consistent
with the observations made by Anklesaria [43] and Du [29]
in humans, they diverge from studies by Busso [34] and Nim-
lamool [42], where an intense hCRISP2 immunoreactivity was
predominantly observed in the acrosome in non-capacitated
and capacitated sperm. The use of different antibodies and/or
protocols could explain these differences.

Following the AR, most sperm continued to display a label-
ing at the EqS, whereas immunostaining of the apical region
of the head was variable, appearing in some sperm but absent
in others. The presence of hCRISP2 at the EqS after AR is in
line with previous studies on human sperm [34, 42]. However,
in this study, we show that hCRISP2 is already present at the
EqS before the AR, in contrast to other studies that reported
hCRISP2 initially localized in the whole acrosome and relo-
cated to the EqS [34, 42] after the AR. However, this location
in the EqS (i.e., sandwiched between the remaining outer and
inner acrosomal membranes) is not compatible with CRISP2’s
described role in fusion with the oocyte [32, 33, 35, 77], which
implies its presence on the plasma membrane covering the EqS
region. The presence of hCRISP2 at the surface of the EqS
following AR could correspond to a fraction of acrosomal
hCRISP2 reassociating to this location, as proposed by Busso
[30] and Nimlamool [36]. Alternatively, hCRISP2 could be
associated to the acrosome membranes of the EqS through
binding to a membrane protein and relocate at the surface of
the EqS region during AR, as proposed in the so-called lateral
diffusion model for equatorin [78].

2. Molecular characterization of hCRISP2

Although two hCRISP2 isoforms are identified in databases
(P16562-1 and -2 in UniProt), it is usually assumed that
the shorter one, P16562-1, is the one expressed in sperm.
However, to the best of our knowledge, no studies attempted
to prove it experimentally. These two isoforms differ by the
presence of 35 additional amino acids in P16562-2. Here,
we analyzed sperm extracts by WB using two different anti-
hCRISP2, one mouse monoclonal, and one rabbit polyclonal.
Both antibodies revealed a band at ~25 kDa, corresponding
to the shorter isoform of hCRISP2 without its signal peptide.
We also searched for hCRISP2 peptides in a proteome of
human sperm available in our laboratory and in MS/MS data
obtained from immunoprecipitated hCRISP2. No peptide was
detected in the 35-amino-acid region specific to P16562-2
isoform, although identifiable tryptic peptides were predicted
in this region. In contrast, a peptide overlapping the sequences
framing this region, and specific to P16562-1 isoform, was
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identified. These results strongly suggest that the shorter
isoform of hCRISP2 predominates in sperm. However, the
potential presence of the longer isoform cannot be entirely
ruled out, as it may exist in a very small proportion, making it
difficult to detect. Interestingly, no peptide corresponding to
the signal peptide of hCRISP2 was detected, suggesting that it
is co-translationally cleaved.

Using sequential extraction in different buffers, we showed
that most of hCRISP2 could be extracted from freeze—thawed
sperm using PBS, or from fresh sperm using PBS supple-
mented with Triton-X-100, without the need for the addition
of denaturing agents or detergents. We also noticed that
hCRISP2 was more easily extracted from capacitated sperm
than from non-capacitated sperm. Indeed, all three processes
(freezing, capacitation, and Triton X-100) are known to alter
sperm membrane integrity [79-82]. These results indicate that
hCRISP2 is present in easily accessible compartments after
membrane breaking within sperm, such as the acrosome or
the cytoplasmic droplet, as observed in IF in the present study.
This is contrasting to results obtained in boar sperm, in which
CRISP2 was found in the detergent-resistant PT and flagellum
[44]. However, some additional hCRISP2 could be extracted
after subsequent incubation in Laemmli SDS sample buffer,
which could correspond to more stabilized proteins, such as
those present in the flagellum or RNE.

After extraction in PBS and Native-PAGE analysis,
hCRISP2 migrated as three high molecular weight bands.
Concerned about potential aggregate formation induced by
sonication [83] and freezing [84], we omitted these steps in
sample preparation, but observed no impact. The presence
of CRISP2 complexes was also observed in boar sperm head
and flagellum extracts [44]. However, in this species, these
flagellar complexes were maintained in denaturing conditions
(SDS-PAGE), which was not the case in the present study. To
identify the type of interactions stabilizing these aggregates,
we incubated sperm PBS extracts with high concentrations
of various agents targeting specific interactions (urea, DTT,
NaCl, EDTA, or Triton X-100). However, none of these
conditions resulted in the dissociation of the aggregates.
These results show that hCRISP2 forms highly stabilized
complexes in sperm. However, we cannot rule out the
fact that the agents may have been washed away during
electrophoresis, preventing their dissociative effect. Analysis
of these complexes in mass spectrometry after IP revealed
that they were only made up of hCRISP2 in two out of the
three investigated replicates. In the third replicate, however,
beta-microseminoprotein co-eluted with hCRISP2 and was
not detected in any of the controls. This protein is secreted
by the epithelial cells of the prostate and could potentially
correspond to a contaminant during the IP procedure, given
it was detected only in one of the three replicates. Our
results contrast to findings in boars, where CRISP2 appears
to interact with acrosin (ACR) and acrosin binding protein
(ACRBP) [85]. In their study, Zhang et al. [85] identified 272
proteins in the eluate after CRISP2 IP while we identified only
8-12 proteins, according to the replicate. These differences
could be attributed to the fact that we performed the IP
using a lower amount of starting protein extract, a slightly
lower-resolution mass spectrometer, and a gentler protein
extraction protocol. Nonetheless, we identified hCRISP2 with
up to 21 peptides, compared to the 17 peptides identified
for boar CRISP2, indicating that our IP procedure is highly
efficient despite the reduced starting material. In addition,
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in the three negative control IPs omitting anti-hCRISP2,
ACR and ACRBP were identified in the eluates, indicating
that these proteins are non-specific contaminants in the
IP process. Taken together, these findings suggest that the
highly stabilized complexes formed by hCRISP2 are most
likely composed solely of hCRISP2. These results are in
line with observations that members of the CRISP family
tend to form amyloid fibers [86, 87], which are fibrillar
structures composed of identical proteins stacked on top of
each other [88, 89]. These structures are thermodynamically
stable and require harsh conditions for complete dissociation
[90, 91]. While these amyloids are implicated in various
pathologies [92, 93], they are not always harmful; in some
cases, they play essential roles in processes like reproduction,
gamete biology, and gamete interaction [94]. Nevertheless,
it is not excluded that hCRISP2 could interact with other
proteins (such as MAP3K11 or CatSper, cited previously) in
the sperm. Indeed, our extraction method, compatible with
immunoprecipitation and mass spectrometry, does not enable
the extraction of all sperm proteins. The absence of detergent,
for example, limits the extraction of membrane proteins.
Post-translational modifications are important modulator
of protein function in reproduction [95]. While CRISP1, 3,
and 4 exhibit glycosylations [11, 22, 50-52], CRISP2 has
always been described as lacking such PTMs. However, to
the best of our knowledge, this assumption is based on a
single study, conducted in guinea pigs [41]. Moreover, the
presence of other PTMs on CRISP2 has never been considered.
Here, using WB and lectin blot, we were not able to detect
the presence of tyrosine phosphorylation and glycosylation
on hCRISP2 immunoprecipitated from capacitated sperm.
However, the possibility of potential PTMs cannot be entirely
dismissed, as they might only impact a small fraction of
the hCRISP2 pool, rendering them challenging to detect
with the method used in the present study. Moreover, these
modifications could be transient, further complicating their
visualization. Noteworthy, during the last 20 years, PTM-
specific proteomic studies allowed the identification of post-
translationally modified proteins in sperm. A search of these
proteomes supports the idea that CRISP2 does not exhibit
glycosylations, while a few peptides exhibiting phosphoserine
(a PTM not targeted in the present study) have been identified
(Supplementary Table 3). The fact that hCRISP2 exhibits
only minimal PTMs indicates that it does not primarily
rely on these modifications to interact with other proteins
during spermatogenesis or to fulfill its various functions.
Notably, these minimal PTMs support the use of prokaryotic
hosts for the recombinant production of hCRISP2 in further
characterization studies.

Considering several reports showing significantly reduced
levels of CRISP2 in infertile asthenozoospermic men
[96-99], we believe that our observations on hCRISP2
expression, localization, and biochemical behavior pro-
vide important information for a better understanding of
human infertility, as well as for future male contraceptive
development.
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Supplementary figure 1: Schematic illustration of a human sperm illustrating the regions of interest mentioned in
this article. EqS: Equatorial Segment, a subregion of the acrosome. EqS region: region of the sperm head (including
the plasma membrane and the perinuclear theca) comprising the EgS.
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Supplementary Figure 2: Analysis of antibody specificity. Purified human sperm were extracted with PBS and
proteins were resolved by A) SDS-PAGE (12% acrylamide) or B) Native-PAGE (10% acrylamide) and analyzed
by western blot using rabbit polyclonal anti-hCRISP2 (Proteintech, Cat# 19066-1-AP) (Polyclonal) or mouse
monoclonal anti-hCRISP2 (D-10) (Santa Cruz Biotechnology, Cat# sc-390914) (Monoclonal). C) HeLa cells
transfected with expression vectors encoding for hCRISP1 and hCRISP2, or water (as a control) were analyzed in
immunofluorescence using rabbit polyclonal anti-hCRISP1 (Sigma-Aldrich, Cat# HPA028445) and both anti-
hCRISP2 antibodies. Magenta: hCRISP1 or hCRISP2. Blue: Hoechst staining of the nucleus. Scale bar: 10 um.
Images are equatorial views of the cells obtained from z stack images using Nikon NIS Elements software.
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Supplementary Figure 3: Localization of CRISP2 on human testis sections in three different donors. Images are
maximum-intensity projections (MaxIP) obtained from z stack images using Nikon NIS Elements software.
Magenta: hCRISP2. Blue: Hoechst staining of the nucleus. Green: vimentin (used to highlight Sertoli Cells, in
Donors | and 3) or PSA-FITC staining (used to visualize sperm acrosomes, in Donor 2). Scale bar: 10 pm. C,

Cytoplasm; ES, Elongated Spermatid; L, Lumen of the seminiferous tubule; MC, Myoid Cell; PS, Primary
Spermatocyte; RS, Round Spermatid; SC, Sertoli Cell; Sg, Spermatogonia.



Supplementary Figure 4: Absence of hCRISP2 within a spermatogonium. (A,B) 3D rendered confocal z-stacks
obtained using Nikon NIS Elements software. Full rendering is shown in panel A. For better clarity, partial
rendering with orthogonal planar sectioning applied along the z-axis, leaving the hCRISP2 channel unaffected, is
shown in panel B. The scale is shown on the edge of the box enclosing the spermatogonium. (C) Three orthogonal
slice views (xy, xz, and yz planes), all intersecting at the empty cross marked point, providing detailed cross-
sectional perspectives of the structure within the nucleus from different axes. No immunoreactivity was observed
for hCRISP2 (in Magenta). Blue: Hoechst staining of the nucleus. Green: PSA-FITC staining (used to visualize
sperm acrosomes). (D) Spermatogonium on a Masson's trichrome-stained testis section. Scale bar: 1 um (C and
D). Cy, Cytoplasm; Nu, Nucleus; SC, Sertoli Cell; Sg, Spermatogonium.
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Supplementary Figure 5: Localization of hCRISP2 within a primary spermatocyte. (A,B) 3D rendered confocal z-
stacks obtained using Nikon NIS Elements software. Full rendering is shown in panel A. For better clarity, partial
rendering with orthogonal planar sectioning applied along the z-axis, leaving the hCRISP2 channel unaffected, is
shown in panel B. The scale is shown on the edge of the box enclosing the primary spermatocyte. (C) Three
orthogonal slice views (Xy, Xz, and yz planes), all intersecting at the empty cross marked point, providing detailed
cross-sectional perspectives of the structure within the nucleus from different axes. Magenta: hCRISP2. Blue:
Hoechst staining of the nucleus. Green: PSA-FITC staining (used to visualize sperm acrosomes). (D) Primary
spermatocyte on a Masson's trichrome-stained testis section. Scale bar: 1 pum (C and D). Cy, Cytoplasm; Nu,
Nucleus; PS: Primary Spermatocyte.



Supplementary Figure 6: Localization of hCRISP2 within an early round spermatid. (A,B) 3D rendered confocal
z-stacks obtained using Nikon NIS Elements software. Full rendering is shown in panel A. For better clarity, partial
rendering with orthogonal planar sectioning applied along the z-axis, leaving the hCRISP2 channel unaffected, is
shown in panel B. The scale is shown on the edge of the box enclosing the early round spermatid. (C) Three
orthogonal slice views (Xy, Xz, and yz planes), all intersecting at the empty cross marked point, providing detailed
cross-sectional perspectives of the structure within the nucleus from different axes. Magenta: hCRISP2. Blue:
Hoechst staining of the nucleus. Green: PSA-FITC staining (used to visualize sperm acrosomes). (D) Early round
spermatid on a Masson's trichrome-stained testis section. Scale bar: 1 um (C and D). Ac, Acrosome; Cy,
Cytoplasm; Nu, Nucleus; RS, Round Spermatid.



Supplementary Figure 7: Localization of hCRISP2 within a late round spermatid. (A,B) 3D rendered confocal z-
stacks obtained using Nikon NIS Elements software. Full rendering is shown in panel A. For better clarity, partial
rendering with orthogonal planar sectioning applied along the z-axis, leaving the hCRISP2 channel unaffected, is
shown in panel B. The scale is shown on the edge of the box enclosing the late round spermatid. (C) Three
orthogonal slice views (Xy, Xz, and yz planes), all intersecting at the empty cross marked point, providing detailed
cross-sectional perspectives of the structure within the nucleus from different axes. Magenta: hCRISP2. Blue:
Hoechst staining of the nucleus. Green: PSA-FITC staining (used to visualize sperm acrosomes). (D) Late round
spermatid on a Masson's trichrome-stained testis section. Scale bar: 1 um (C and D). Ac, Acrosome; Cy,
Cytoplasm; ES, Elongated Spermatid; Nu, Nucleus; RS, Round Spermatid.



Supplementary Figure 8: Localization of hCRISP2 within an early elongated spermatid. (A,B) 3D rendered
confocal z-stacks obtained using Nikon NIS Elements software. Full rendering is shown in panel A. For better
clarity, partial rendering with orthogonal planar sectioning applied along the z-axis, leaving the hCRISP2 channel
unaffected, is shown in panel B. The scale is shown on the edge of the box enclosing the early elongated spermatid.
(C) Three orthogonal slice views (xy, Xz, and yz planes), all intersecting at the empty cross marked point, providing
detailed cross-sectional perspectives of the structure within the nucleus from different axes. Magenta: hCRISP2.
Blue: Hoechst staining of the nucleus. Green: PSA-FITC staining (used to visualize sperm acrosomes). (D) Early
elongated spermatid on a Masson's trichrome-stained testis section. Scale bar: 1 um (C and D). Ac, Acrosome;
Cy, Cytoplasm; ES, Elongated Spermatid; Nu, Nucleus; RS, Round Spermatid.



Supplementary Figure 9: Localization of hCRISP2 within a late elongated spermatid. (A,B) 3D rendered confocal
z-stacks obtained using Nikon NIS Elements software. Full rendering is shown in panel A. For better clarity, partial
rendering with orthogonal planar sectioning applied along the z-axis, leaving the hCRISP2 channel unaffected, is
shown in panel B. The scale is shown on the edge of the box enclosing the late elongated spermatid. (C) Three
orthogonal slice views (Xy, Xz, and yz planes), all intersecting at the empty cross marked point, providing detailed
cross-sectional perspectives of the structure within the nucleus from different axes. Magenta: hCRISP2. Blue:
Hoechst staining of the nucleus. Green: PSA-FITC staining (used to visualize sperm acrosomes). (D) Late
elongated spermatid on a Masson's trichrome-stained testis section. Scale bar: 1 um (C and D). Ac, Acrosome;
Cy, Cytoplasm; ES, Elongated Spermatid; Nu, Nucleus; PS, Primary Spermatocyte.



Supplementary Figure 10: Localization of hCRISP2 within a Sertoli cell. (A,B) 3D rendered confocal z-stacks
obtained using Nikon NIS Elements software. Full rendering is shown in panel A. For better clarity, partial
rendering with orthogonal planar sectioning applied along the z-axis, leaving the hCRISP2 channel unaffected, is
shown in panel B. The scale is shown on the edge of the box enclosing the Sertoli cell. (C) Three orthogonal slice
views (Xy, Xz, and yz planes), all intersecting at the empty cross marked point, providing detailed cross-sectional
perspectives of the structure within the nucleus from different axes. Magenta: hCRISP2. Blue: Hoechst staining
of the nucleus. Green: PSA-FITC staining (used to visualize sperm acrosomes). (D) Sertoli cell on a Masson's
trichrome-stained testis section. Scale bar: 1 um (C and D). Cy, Cytoplasm; ES, Elongated Spermatid; Nu,
Nucleus; PS, Primary Spermatocyte; SC, Sertoli’s Cell; Sg, Spermatogonium.
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Supplementary Figure 11: Control for the immunostaining of CRISP2 in human testis, in which incubation with
primary antibody was omitted. Images are maximum-intensity projections (MaxIP) obtained from z stack images
using Nikon NIS Elements software. No immunoreactivity was observed for hCRISP2 (in Magenta). Blue:
Hoechst staining of the nucleus. Scale bar: 10 um. ES, Elongated spermatid; L, lumen of the seminiferous tubule;
MC, myoid cell; PS, Primary Spermatocyte; RS, Round Spermatid; SC, Sertoli Cell; Sg, Spermatogonium.



A Merged hCRISP1

PSA

B Merged hCRISP2 PSA

Donor1

Donor 2

Supplementary Figure 12: continues on the next page.
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Supplementary Figure 12: Localization of hCRISP1 and hCRISP2 on human epididymis sections from two donors.
A) hCRISPI localization from donor 1. Scale bar: 10 um. B) General view of hCRISP2 immunostaining provided
in Fig. 3 (top) and from donor 2 (bottom). Scale bar: 20 um C) Controls, in which incubation with primary antibody
was omitted, no immunoreactivity was observed for hCRISP2. Scale bar: 10 um. Images are maximum-intensity
projections (MaxIP) obtained from z stack images using Nikon NIS Elements software. Magenta: hCRISP1 or
hCRISP2. Blue: Hoechst staining of the nucleus. Green: PSA-FITC staining (used to visualize sperm acrosomes).

Scale bar: 10 um. BH, Basal region of the Head; EC, Epithelial Cell; F, Flagellum; L, Lumen of the epididymis;
Sz, Sperm.
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Supplementary Figure 13: General views (A) and control (B) for the immunostaining of hCRISP2 on ejaculated
human sperm before and after capacitation as well as after acrosomal reaction (AR) induced either by calcium
ionophore (A23187) or progesterone. Images are maximum-intensity projections (MaxIP) obtained from z stack
images using Nikon NIS Elements software. Magenta: hCRISP2. Blue: DAPI staining of the nucleus. Green: PSA-
FITC staining (used to visualize sperm acrosomes). Scale bar: 10 um. BH, Basal region of the Head; EqS,
Equatorial Segment; F, Flagellum. Representative results from N = 3 replicates.
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Supplementary Figure 14: Mass spectrometry analysis of the discriminant peptide specific to the shorter h\CRISP2
isoform (P16562-1). A) Fragmentation spectrum of YYYVCQYCPAGNNMNR peptide from hCRISP2. B)
Fragment ions table from the fragmentation spectrum. Cells highlighted in green indicate the detected ions.

Spectrum and table were obtained from ProteinPilot Software.
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Supplementary Figure 15: Influence of different treatments on hCRISP2 electrophoretic mobility. Proteins were
extracted from fresh or frozen purified sperm using PBS, in the presence or absence of Triton-X-100, with or
without sonication, and resolved using Native-PAGE, with or without DTT in the loading buffer. They were then
analyzed in western blot using polyclonal anti-hCRISP2. Results from frozen (left) and fresh (right) sperm
originate from two different donors.



Supplementary Figure 16: Influence of different agents on the electrophoretic pattern of hCRISP2. Proteins were
extracted from purified sperm using PBS, and incubated in the presence of either 1 M NaCl to disrupt ionic bounds,
100 mM DTT to disrupt disulfide bounds, 24 mM EDTA to chelate metallic ions, 1 % Triton-X-100 to disrupt
hydrophobic interactions, or 4 M urea to disrupt hydrogen bounds and hydrophobic interactions. Samples were
then resolved by Native-PAGE (10% acrylamide) and analyzed in western blot using polyclonal anti-hCRISP2.
Representative results from N = 3 replicates.



Supplementary Table 1: Literature review of studies addressing the localization of CRISP2 in mammals on testis sections or sperm.

Reference Sgecies Exgeriment Antibodz used Localization

iLFer(;:ll Gty Labeling in the acrosomal region
(Hardy et al. Guinea pi Homemade, obtained by immunization of Is)g 2111:11 grrail;iei in the perinuclear region (probably Golgi)
1988) pig IIF on testicular cells guinea pigs or rabbits with purified AA1 0arser granuies
smear RS Round granules
B Acrosomal labeling
Sz
(Maeda et al. IHC on cultured Homemade, obtained by immunization of
1998) Rat (Donryu) spermatic cells rabbits with recombinant TPX-1 (aa 89-243) Most cells are labelled
PS
Homemade, obtained by immunization of o .
(Male g;ge)t it Rat (Donryu) IHC on testis sections rabbits with synthetic peptide of TPX-1 (aa % WS
23-40
3-40) ES Intense labeling
Before .
(Kim et al. 2001)  Guinea pig IIF on epididymal Homemade rabbit polyclonal (same as (Hardy AR Strong labeling in the acrosomal part
’ pig sperm et al. 1988)) After L
AR No labeling in the acrosomal part
PS .
SS No labeling
RS Labeling in the developing acrosome region
. . Labeling in the perforatorium, the cytoplasmic lobe
THC on testis sections ES (“granulated bodies”), the developing flagellum and, at the
, Homemade, obtained by immunization of end of spermiogenesis, flagellum principal piece.
© B;gg?)et 2 g:}v(lse plgague- rabbits with synthetic peptides of TPX-1 (aa Ne Labeling in the residual bodies (from the phagocytosis of
Y 34-49; 182-191; 222-236) “granulated bodies”)
RS Labeling in the acrosome
. Labeling in the acrosome, the ODF of principal and
?:CI:;EE:_TEM on testis ES intermediate piece, the fibrous column of longitudinal
sheets, and connecting piece
SC No noticeable labeling
Before permeabilization: no or very weak labeling of the
. . .. Before acrosome.
Homemade, obtained by immunization of Capa After permeabilization: strong labeling in the acrosome
(Busso et al. 2005) Human IIF on ejaculated sperm  rabbits with recombinant TPX-1 fused with

MBP

and weak labeling in the neck and flagellum

After Strong labeling in the acrosome and weak labeling in the
Capa neck and flagellum




After Labeling at the EqS or very weak in the acrosomal part

AR

Sg No labeling

PS Strong cytoplasmic and cytoplasmic membrane labeling
IHC on testis sections Homemade, obtained by immunization of ES Weak cytoplasmic and cytoplasmic membrane labeling

(Du et al. 2006) Human mice with recombinant TPX-1 fused with His- _SC No labeling
Tag LC No labeling
IIF on eiaculated sperm Labeling as dense spot at the connecting piece, weak labeling in the
) P flagellum and acrosome
Before Paraformaldehyde fixed sperm: weak labeling in the
Capa acrosomal region
IIF on epididymal Homemade, obtained by immunization of vV Acetc_)ne ﬁ xed or MeOH permeablhzed sperm: strong
(Busso et al. 2007) Mouse (CF1) sperm rabbits with recombinant hCRISP2 After  labeling in the dorsal region of the acrosome and weak
P combinan Capa __labeling in the principal piece of the flagellum
i}f;er Strong labeling at the tip of the acrosome
: Mouse (CBA x IIF on epididymal , Labeling in the acrosome and in the intermediate and principal
(Gibbs et al. 2007) C57BI6) Sperm Homemade (same as (O’Bryan et al. 2001)) pieces of.the flagellum
(Jamsai et al IIF on epididymal Mouse monoclonal anti-CRISP2 (R&D
2008a) ’ Mouse sperm praidy Systems, Minneapolis, MN, USA Cat# Labeling in the acrosome and in the principal piece of the flagellum
P MAB2575)
(Jamsai et al. : ] R RS Labeling in the developing and mature acrosome and
2008b) Human IHC on testis sections Homemade (same as (O’Bryan et al. 2001)) ES Hagellum
. - Mouse monoclonal anti-CRISP2 (R&D . . o . .
(Janzl(s)agge;t al. Mouse ill:; r(;rll epididymal Systems, Minneapolis, MN, USA Cat# L;abehngi E t}g spTlrm head and in the principal and intermediate
p MAB2575) pieces of the flagellum
Before permeabilization: no or very weak labeling of the
Before  2crosome.
Capa After permeabilization: labeling in the dorsal region of the
(Munoz et al. Rat (Wistar) IIF on epididymal Homemade, obtained by immunization of rats 2;1051(:?:1?:21;%:?3;;%2?% region of the sperm head or
2012) sperm with recombinant CRISP2 fused with MBP Afier Y £
Capa Mostly labeling only in the concave region of the sperm
After  head
AR
Before Before permeabilization: no labeling.
(Nimlamool et al Rabbit polyclonal anti-hCRISP2 (Sigma- Capa After permeabilization: strong labeling in the anterior part
2013) " Human IIF on ejaculated sperm  Aldrich, St Louis, MO, USA Cat# non P of the acrosome and in the neck
specified) After  Strong labeling in the anterior part of the acrosome and in

Capa the neck




After
AR

No labeling in the anterior part of the acrosome and
labeling at the EqS

Homemade, obtained by immunization of

(Ankl;za;réa)l AL Human IIF on ejaculated sperm  rabbits with synthetic peptide of CRISP2 (aa Labeling in the connecting and principal pieces of the flagellum
219-231)
Sg
PS
IHC on testis sections SS Labeling in the cytoplasm
. . . RS
. Goat polyclonal anti-CRISP2 (Sigma-Aldrich, —c——
(Gaoetal. 2021)  Verrat (Yorkshire) St Louis, MO, USA Cat# SAB2501635) ES _ :
Before Labeling in the post-acrosomal region of the sperm head,
IIF culated Capa the neck, and the flagellum
on Gaculated sperm After Labeling in the apical segment and the post acrosomal
Capa region of the sperm head and the intermediate piece
Before permeabilization: labeling at the limit between the
Before post-acrosomal region and the EqS
Rabbit polyclonal anti-CRISP2 (Proteintech, Capa After permeabilization: weak labeling in the acrosome, the
7h ¢ al IIF on ejaculated sperm  Manchester, GBR Cat# 19066—1-A) p neck, and the intermediate and mid parts of the principal
( ;g% le ak Verrat piece
) Goat polyclonal anti-CRISP2 (MyBiosource, After Strong labeling in the post acrosomal region and
San Diego, CA, USA Cat# MBS422304) Capa connecting piece
Immuno-TEM on Labeling in the PT, ODF and fibrous column of longitudinal sheets
ejaculated sperm of the principal piece
(Wittayarat et al. . . Rabbit polyclonal anti-CRISP2 (Abcam, Before . Sy .
2021) Malayan tapir IIF on ejaculated sperm Amsterdam, NLD Cat# abl 17442) Capa Labelling in the mid piece and the flagellum
Strong labeling in the post-acrosomal region and
Before connecting piece and a weak labeling in the flagellum
Capa After permeabilization: labeling at the apical part of the
sperm head
(Zhang et al. . Goat polyclonal anti-CRISP2 (MyBiosource,
2022) Verrat IIF on ejaculated sperm o 1y:o0 CA, USA Cat MBS422304)
Strong labeling in the post-acrosomal region and
After  connecting piece and weak labeling in the flagellum or
Capa strong labeling at the EqS and the apical part of the sperm
head
iger Labeling in an adjacent region of the EqS
(Wittayarat et al. e . Rabbit polyclonal anti-CRISP2 (Abcam, Before L
2024) Fishing cat IIF on ejaculated sperm Amsterdam, NLD Caté abl 17442) Capa Labeling in the whole sperm head



AA, Amino Acids; AR, Acrosomal Reaction; Capa, Capacitation; EqS, Equatorial Segment; ES, Elongated Spermatid; IIF, Indirect Immunofluorescence; IHC, Immunohistochemistry; LC, Leydig
Cell; MBP, Maltose Binding Protein; ODF, Outer Dense Fiber; PS, Primary Spermatocyte; PT, Perinuclear Theca; Sg, Spermatogonium; RS, Rond Spermatid; SS, Secondary Spermatocyte; SC,
Sertoli Cell; Sz, Sperm; TEM, Transmission Electron Microscopy. AA1 (Autoantigen 1) and TPX1 (Testis-specific protein) are alias used to name CRISP2.



Supplementary Table 2: Mass spectrometry analysis of CRISP2 complexes immunoprecipitated from non-capacitated human sperm.

Peptide number *
Uniprot
Accession : Gene Name Protein name Experiment A Experiment B Experiment C
Number
hCRISP2 hCRISP2 hHSP70 hCRISP2  Rabbit IgG " Dy(‘)‘sl';e,f‘ds
P16562 CRISP2 :Cysteine-rich secretory protein 2 12 21 / 16 / /
P54652 HSPA2 iHeat shock-related 70 kDa protein 2 ¢ / / 6 / / /
P34931 HSPAIL iHeat shock 70 kDa protein 1-like © / / 24 / / /
PODMVS HSPAIA iHeat shock 70 kDa protein 1A © / / 18 / / /
P10323 ACR Acrosin 8 10 11 15 13 9
Q8NEB7 ACRBP  :iAcrosin-binding protein 8 10 13 10 9 6
P02768 ALB Albumin / / 6 / / /
P08118 MSMB  :iBeta-microseminoprotein / / / 3 / /
P49913 CAMP  :Cathelicidin antimicrobial peptide / / 2 / / /
VIHW68 HEL-214 :Epididymis luminal protein 214 ¢ 3 2 / / / /
Q9BTM1 H2AJ Histone H2A.J / / / 3 3 2
Q99880 H2BCl13 Histone H2B type 1-L / / / 2 / 2
QI96RW9 PLA2 Mutant synovial phospholipase A2 (Fragment) ¢ / / 3 / 2 /
P14555 PLA2G2A iPhospholipase A2, membrane associated © / 4 / / / /
Q02383 SEMG2 iSemenogelin-2 / / 3 / 2 2
P04279 SEMG1 :Semenogelin-1 / / 2 / / /




P20155 SPINK2 iSerine protease inhibitor Kazal-type 2 / / 2 / / /
Q8WVWS5 / Uncharacterized protein (Fragment) f / 6 6 / / /
P81605 DCD Dermcidin / / 2 / / /
P07477 PRSS1  iSerine protease 1 & 3 / / / / /
P04264 KRT1 Keratin, type II cytoskeletal 1 14 12 10 19 18 24
P35908 KRT2 Keratin, type II cytoskeletal 2 epidermal / 11 2 13 10 3
P13647 KRT5 Keratin, type II cytoskeletal 5 / / / 4 4 9
P13647 KRT5 Keratin, type II cytoskeletal 5 / 2 / / / /
P02538 KRT6A iKeratin, type II cytoskeletal 6A / / / / 4 /
P35527 KRT9 Keratin, type I cytoskeletal 9 11 10 9 10 15 21
P13645 KRT10 iKeratin, type I cytoskeletal 10 5 13 7 10 9 8
P02533 KRT14 iKeratin, type I cytoskeletal 14 / / / 5 4 8

@ Number of peptides identified with >99% confidence. ® Control immunoprecipitations performed using rabbit polyclonal anti-HSP70 antibodies, rabbit IgG or Dynabeads without any
immunoglobin attached to them. ¢ HSPA2, HSPA1L and HSPA1A are all isoforms of HSP70. ¢ Identified peptides also correspond to P01857 - IGHGI1 - Immunoglobulin heavy constant gamma
1. ¢ Identified peptides for both proteins correspond to P14555 - PLA2G2A - Phospholipase A2, membrane associated. f Identified peptides also correspond to P63261 - ACTGI - Actin, cytoplasmic
2. ¢ The identified peptides may result from the autolytic activity of trypsin used during trypsinolysis. /: no peptides identified for the protein.



Supplementary table 3: Summary of the search for hCRISP2 in human sperm proteomes targeting specific post-
translational modifications (PTM).

Targeted PTM Peptide number Identified PTM Reference

(Ficarro et al. 2003)

(Parte et al. 2012)
(Wang et al. 2015)

Phosphorylation (Castillo et al. 2019)
15 PSer (S52; S56; S212; S216) (Urizar-Arenaza et al. 2019)
(Martin-Hidalgo et al. 2020)
1 PSer (S83) (Wang et al. 2021)
Nitrosylation (Lefievre et al. 2007)
(Wang et al. 2013)
Glycosylation (Sun et al. 2016)
(Xin et al. 2022)
Sumoylation (Vigodner et al. 2013)
Acetylation (Wang et al. 2016)

The shaded areas indicate the proteomes where hCRISP2 was not identified.
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