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Fertilization and Fertility
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Instituto de Biologia y Medicina Experimental (IByME-CONICET), Ciudad Auténoma de Buenos Aires, Buenos Aires, Argentina

Mammalian fertilization is a complex process involving a series of successive sperm-egg
interaction steps mediated by different molecules and mechanisms. Studies carried out
during the past 30years, using a group of proteins named CRISP (Cysteine-Rich
Secretory Proteins), have significantly contributed to elucidating the molecular
mechanisms underlying mammalian gamete interaction. The CRISP family is
composed of four members (i.e., CRISP1-4) in mammals, mainly expressed in the
male tract, present in spermatozoa and exhibiting Ca®* channel regulatory abilities.
Biochemical, molecular and genetic approaches show that each CRISP protein
participates in more than one stage of gamete interaction (i.e., cumulus penetration,
sperm-ZP binding, ZP penetration, gamete fusion) by either ligand-receptor interactions or
the regulation of several capacitation-associated events (i.e., protein tyrosine
phosphorylation, acrosome reaction, hyperactivation, etc.) likely through their ability to
regulate different sperm ion channels. Moreover, deletion of different numbers and
combination of Crisp genes leading to the generation of single, double, triple and
quadruple knockout mice showed that CRISP proteins are essential for male fertility
and are involved not only in gamete interaction but also in previous and subsequent steps
such as sperm transport within the female tract and early embryo development.
Collectively, these observations reveal that CRISP have evolved to perform redundant
as well as specialized functions and are organized in functional modules within the family
that work through independent pathways and contribute distinctly to fertility success.
Redundancy and compensation mechanisms within protein families are particularly
important for spermatozoa which are transcriptionally and translationally inactive cells
carrying numerous protein families, emphasizing the importance of generating multiple
knockout models to unmask the true functional relevance of family proteins. Considering
the high sequence and functional homology between rodent and human CRISP proteins,
these observations will contribute to a better understanding and diagnosis of human
infertility as well as the development of new contraceptive options.

Keywords: sperm, egg, gamete, fertilization, fertility, CRISP

Abbreviations: CatSper, cation channel of sperm; COC, cumulus-oocyte complexes; CRISP, Cysteine Rich Secretory Proteins;
QKO, quadruple knockout; TKO, triple knockout; TRPMS, transient receptor potential membrane 8; RyR, ryanodine receptor;
ZP, zona pellucida.
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INTRODUCTION

In mammals, sperm that leave the testes are not capable of
recognizing and fertilizing the egg. In order to acquire
fertilizing competence, sperm must undergo several
physiological changes during their transit through the male
and female reproductive tracts, known as sperm maturation
(Robaire and Hinton, 2015) and sperm capacitation (Chang,
1951; Austin, 1952), respectively. Whereas sperm maturation
occurs during epididymal transit and confers sperm the ability
to move progressively and to fertilize the egg, sperm
capacitation takes place while sperm are ascending through
the female tract towards the oviduct and allows sperm to
undergo both the acrosome reaction, an exocytotic event that
occurs in the head, and to develop a vigorous flagellar
movement termed hyperactivation. Both the acrosome
reaction and hyperactivation are essential for the gamete
interaction process that occurs in the oviductal ampulla
and which involves several coordinated and successive
stages (i.e., cumulus penetration, zona pellucida (ZP)
sperm-ZP binding, ZP penetration, gamete fusion)
(Florman and Fissore, 2015).

For more than 30 years, our laboratory has been dedicated
to elucidate the molecular mechanisms involved in the
mammalian fertilization process using as a model the
evolutionarily conserved Cysteine-RIch Secretory Protein
(CRISP) family, a group of highly homologous proteins
enriched mainly in the mammalian reproductive tract and
the venom of reptiles (Mochca-Morales et al, 1990;
Yamazaki and Morita, 2004; Gibbs and O’Bryan, 2007).
The CRISP family, together with the Antigen-5 and the
Pathogenesis Related-1 proteins, forms the CAP
superfamily of proteins found in a wide range of
organisms including humans. The tertiary structure of
CAP proteins shows a remarkable conservation despite
significant phylogenetic distance between
suggesting that these proteins may be involved in common
and essential biological processes (Gibbs et al., 2008). CRISP
proteins (Mw 20-30 kDa) are characterized by the presence
of sixteen conserved cysteines, ten of which are located in the
C-terminal region or cysteine-rich domain (CRD), which is
connected by a hinge region to the plant pathogenesis-
related 1 (PR-1) domain located in the N-terminus (Guo
et al., 2005; Gibbs et al., 2008). Whereas the N-terminal
domain was proposed to be involved in cell-cell adhesion and
fusion (Maeda et al., 1998; Ellerman et al., 2006) as well as in
amyloid-type aggregation and/or oligomerization (Sheng
et al, 2019; Sheng et al., 2021), the C-terminal domain
showed the ability to regulate various ion channels
(i-e., Cyclic Nucleotide Gated (CNGs), Ryanodine (RyR),
Transient Receptor Potential ion channel Member 8
(TRPMS), Cation channel of Sperm (CatSper), etc.)
(Yamazaki et al., 2002; Gibbs et al., 2006, 2011; Ernesto
et al.,, 2015). In mammals, four CRISP proteins have been
identified, mainly expressed in the male reproductive tract.
The following sections describe their functional roles during

organisms,
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the fertilization process as well as their relevance for animal
fertility.

EVIDENCE ON THE RELEVANCE OF CRISP
PROTEINS FOR FERTILIZATION AND
FERTILITY THROUGH THE USE OF
NON-GENETIC APPROACHES

CRISP1
CRISP1, the first member of the family, was identified in the rat
epididymis and originally named DE (Cameo and Blaquier,
1976). It is an androgen-dependent glycoprotein that
associates with the sperm plasma membrane during
epididymal transit (Kohane et al., 1980a, 1980b; Garberi et al.,
1982; Eberspaecher et al., 1995) with two different affinities
(Cohen et al, 2000a). Whereas a major loosely bound
population is released during capacitation, acting as a
decapacitating factor and preventing a premature capacitation
in the male tract (Cohen et al.,, 2000a; Roberts et al., 2003), a
minor, strongly bound population, remains in sperm after
capacitation, migrates from the dorsal region of the acrosome
to the equatorial segment concomitant with the acrosome
reaction and participates in gamete interaction (Rochwerger
et al., 1992; Cohen et al., 2000b). Biochemical and molecular
approaches revealed that CRISP1 plays a role in both sperm
binding to the ZP and gamete fusion through its binding to
complementary sites located in the ZP and the egg plasma
membrane (oolemma), respectively (Rochwerger et al., 1992;
Cohen et al., 2000b; Busso et al, 2007a). Considering that
gamete fusion involves a first stage of sperm binding to the
oolemma followed by a subsequent step of fusion between the
sperm and egg plasma membranes, it is interesting to note that
CRISP1 was found to participate in a step subsequent to sperm
binding to the oolemma and leading to gamete fusion through a
small region of only 12 amino acid residues that resides in an
evolutionary conserved region of the whole CRISP family called
Signature 2 (Ellerman et al., 2006). It is important to mention that
the human homologue (hCRISP1) (Haendler et al., 1993; Hayashi
et al., 1996; Kritzschmar et al., 1996), like its rodent counterpart,
is also expressed in the epididymis, binds to human sperm with
two different affinities and participates in both sperm binding to
the ZP and gamete fusion through complementary sites localized
in the human egg (Cohen et al., 2001; Maldera et al., 2014). In this
regard, whereas evidence showed that ZP3 acts as a ZP binding
site for CRISP1 (Maldera et al., 2014), the identity of binding sites
for CRISP proteins involved in gamete fusion remains unknown.
Although originally described in males, CRISP1 is also expressed
along the female reproductive tract (Reddy et al., 2008) including
the cumulus cells that surround the egg where it also plays a role
in gamete interaction and, more specifically, in cumulus
penetration, through its ability to modulate sperm motility
and orientation (Ernesto et al., 2015).

Interestingly, electrophysiological studies revealed that
CRISP1 also exhibits the ability to regulate TRPMS, a thermo
sensitive Ca®* channel located in both the sperm head and tail
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plasma membranes, and proposed to regulate the progesterone-
and ZP-induced acrosome reaction (Martinez-Lopez et al., 2010;
Ernesto et al,, 2015) as well as CatSper, the main sperm Ca®* channel
located in the principal piece of the tail and essential for sperm
hyperactivation and male fertility (Ren et al., 2001; Sun et al., 2017).
In this regard, although several inhibitors of CatSper have been
described (Rennhack et al., 2018), to our knowledge, CRISP1 is the
only physiological blocker of CatSper described so far.

The first evidence of the potential relevance of CRISP1 not
only for fertilization but also for fertility was observed when male
and female rats were immunized with either native or
recombinant CRISP1. This strategy produced high levels of
antibodies and a significant decrease in fertility in both sexes
without eliciting pathological effects (Cuasnicu et al., 1990; Perez
Martinez et al., 1995; Ellerman et al., 1998, 2008; Muioz et al.,
2012). These results, later supported by plasmid based
contraceptive vaccines encoding mouse CRISP1 (Luo et al,
2012, 2016), constitute a strong proof of concept that blocking
epididymal protein CRISP1 by immunological or pharmacological
means, may lead to an effective male contraceptive. Moreover,
immunization of non-human primates with hCRISP1 also
produced specific antibodies that enter the male reproductive
tract, recognize the native protein on sperm and remain
associated with the ejaculated cells without eliciting effects on
sperm number, morphology and muotility, excluding deleterious
effects of the immune response on the testes and/or the epididymis
(Ellerman et al., 2010). This, together with the inhibitory effect of
anti-hCRISP1 antibodies on both human sperm-ZP interaction
and gamete fusion (Cohen et al, 2001; Maldera et al., 2014),
supports CRISP1 as a promising contraceptive target in men.
Thus, CRISP1 seems to fulfill many of the criteria to be
considered an attractive target for contraception as it is an
epididymal protein localized in the surface of mammalian
sperm being accessible to immunological or drug attack, it has
key functional roles in fertilization (i.e gamete interaction and
CatSper regulation), it is relevant for fertility, and it has a functional
homologue in humans.

CRISP2

CRISP2, initially identified as testicular protein-1 (TPX-1)
(Kasahara et al., 1989), is a non-glycosylated protein expressed
almost exclusively in the testis in an androgen independent
manner (Haendler et al,, 1997) and present in germ cells of
numerous species (i.e., guinea pig (Hardy et al., 1988), rat (Maeda
et al,, 1998; O’Bryan et al., 1998), mouse (Kasahara et al., 1989;
Mizuki et al., 1992), human (Kasahara et al., 1989), horse (Giese
et al., 2002) and boar (Vadnais et al., 2008)). CRISP2 localizes in
the surface of spermatogenic cells (Maeda et al., 1998) and within
the sperm acrosome (O'Bryan et al, 2001; Nimlamool et al.,
2013), neck and outer dense fibers of the tail (O’Bryan et al., 1998,
2001). Like CRISP1, CRISP2 also relocalizes to the equatorial
segment after acrosome reaction (Cuasnicu et al, 2016).
However, while CRISP1 migrates to the equatorial segment,
CRISP2 is released from the acrosome and then associates to
the surface of the equatorial segment (Busso et al., 2005; Busso
et al,, 2007a; Mufioz et al, 2012; Nimlamool et al., 2013).
Interestingly, recent results showed that under native, non-
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reducing conditions, CRISP2 formed oligomers both in the tail
and the head but with different molecular weights and different
biochemical properties (Zhang et al., 2021). Although a slight
expression of CRISP2 has been observed in the ovary (Reddy
et al.,, 2008) the relevance of this observation is still unknown.

Structure and function studies revealed that while the
N-terminal domain of CRISP2 exhibits cell to cell adhesion
properties (Maeda et al., 1999), the C-terminal domain is able
to regulate Ca>* RyR channels (Gibbs et al., 2006). Considering
that both RyR (Harper et al., 2004) and CRISP2 are located in the
neck and that the Ca®" released from intracellular stores at the
neck is involved in sperm hyperactivation (Chang and Suarez,
2011), it is likely that CRISP2 modules sperm hyperactivation by
regulating RyR controlling intracellular Ca** stores. As previously
described for CRISP1, CRISP2 located in the equatorial segment
of acrosome reacted sperm (Busso et al., 2005, 2007b; Mufioz
et al,, 2012; Nimlamool et al., 2013) also participates in gamete
fusion through its interaction with egg plasma membrane
complementary sites (Busso et al., 2005; Busso et al., 2007b).
Interestingly, competition studies indicate that CRISP2 binds to
the same egg complementary sites that CRISP1 (Busso et al,
2007b), suggesting that CRISP2 may cooperate with CRISP1
during gamete fusion. Whereas this cooperation might be due
to a synergistic action of each individual protein, the possibility
cannot be excluded that these two proteins could eventually form
a complex (i.e., dimers and/or oligomers) to achieve that role,
consistent with the reported oligomeric properties of CRISP
family members (Zhang et al, 2021). Human CRISP2
(Kasahara et al., 1989) was also found to be present within the
sperm acrosome and tail and to participate in gamete fusion
through complementary sites in the human egg plasma
membrane (Busso et al., 2005).

In contrast to the significant inhibition of fertility observed in
animals injected with CRISP1 (Ellerman et al, 1998, 2010),
immunization of male and female rats with recombinant
CRISP2 raised specific antibodies in both sexes without
affecting animal fertility (Mufoz et al, 2012), consistent with
the internal localization of CRISP2. Interestingly however,
evidence indicates that aberrant CRISP2 expression is
associated with human fertility problems. Patients with
azoospermia or oligoasthenoteratospermia (Du et al., 2006) or
with asthenospermia (Jing et al., 2011; Heidary et al, 2019)
syndromes exhibit lower expression of CRISP2 than fertile
man (Gholami et al., 2020). Moreover, a correlation was found
between CRISP2 expression and low sperm progressive motility,
abnormal sperm morphology and infertility, suggesting that the
lower expression of CRISP2 in these patients could be due to a
post-transcriptional regulation process mediated by miR27 b
(Zhou et al, 2015). In agreement with the observations in
humans, recent studies revealed a positive correlation between
CRISP2 expression levels and boar fertility and that sperm
CRISP2 has the potential to serve as a fertility biomarker (Gao
et al., 2021).

CRISP3

CRISP3, originally described in mice salivary glands (Haendler
et al,, 1993) and in human neutrophil granules (Kjeldsen et al.,
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1996), is expressed in an androgen-dependent manner
(Schwidetzky et al., 1995; Haendler et al, 1997) and, unlike
the other members of the CRISP family, shows a wider
expression distribution including exocrine glands such as
pancreas and prostate (Kratzschmar et al.,, 1996), organs with
immunological roles such as the thymus and spleen and, at lower
levels, the epididymis, seminal vesicle, ovary and uterus
(Kratzschmar et al., 1996; Schambony et al., 1998; Evans et al.,
2015). In humans, CRISP3 was described in several tissues and
differences in its expression are associated with different
pathologies such as prostate cancer (Kosari et al., 2002; Bjartell
et al., 2007; Noh et al., 2016), breast cancer (Tang et al., 2020),
Sjogren’s syndrome (Laine et al., 2007), varicocele (Belardin et al.,
2019), prostatitis and endometriosis (Grande et al., 2017), among
others. Two forms of human CRISP3 (i.e. glycosylated and non-
glycosylated) were described along the male reproductive tract
(Ubdy et al., 2005) and found to bind to human sperm with
different affinities (Da Ros et al., 2015). While the glycosylated
form is weakly bound and released during capacitation, the non-
glycosylated form is tightly bound and remains on the
spermatozoa even after the acrosome reaction (Da Ros et al.,
2015), similarly to the two populations described for CRISP1.
CRISP3 was also found to be present in horse seminal plasma and
to prevent the interaction between polymorphonuclear cells and
spermatozoa in the uterus (Doty et al., 2011), supporting a
possible role in sperm protection during their transit through
the female reproductive tract. However, little information exists
about the relevance of CRISP3 for fertilization (Da Ros et al.,
2015) and fertility (Hamann et al., 2007). Although no specific
role of CRISP3 in ion channel regulation has been reported, the
low levels of this protein in lacrimal and salivary gland secretion
of patients with Sjogren’s syndrome (Tapinos et al., 2002; Laine
et al., 2007) together with the altered ion concentrations reported
in these glands (Enger et al., 2014) known to be relevant for their
functionality (Konttinen et al., 2006), support the idea that
CRISP3 may influence the ion concentration of these glands,
likely through an ion channel regulatory ability.

CRISP4

CRISP4 is an androgen-dependent protein almost exclusively
synthesized in the epididymis and not expressed in the female
reproductive tract (Jalkanen et al, 2005; Reddy et al, 2008;
Turunen et al, 2012). Like CRISP1, epididymal CRISP4
associates with sperm during maturation (Jalkanen et al., 2005;
Nolan et al., 2006). However, differently from CRISP1, CRISP4 is
strongly bound to sperm and remains on the cells even after the
acrosome reaction, lacking a loosely bound population (Weigel
Muioz et al., 2019). Patch-clamp of murine testicular sperm
revealed that the CRD domain of CRISP4 has the ability to inhibit
TRPMS8 without affecting capacitation-associated parameters
(i.e., sperm tyrosine phosphorylation or progesterone-induced
acrosome reaction) (Gibbs et al., 2011). These observations
together with the lack of a loosely bound population support a
role for CRISP4 in gamete interaction rather than as a
decapacitating factor as previously proposed for CRISP1. The
first evidence on the involvement of CRISP4 in sperm-egg
interaction emerged when two different groups developed the
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CRISP4 null mice and will be described in the following section
(Gibbs et al., 2011; Turunen et al., 2012). Interestingly, mice fed a
high-fat diet present a decline in sperm motility and fertilization
in part from the disruption of epididymal CRISP4 expression and
secretion (Borges et al., 2017). Rodent CRISP4 was found to
exhibit high homology with epididymal hCRISP1, even higher
than that between the rodent and human CRISP1 protein,
suggesting that CRISP4 represents the rodent counterpart of
hCRISP1 (Jalkanen et al., 2005; Nolan et al., 2006; Arevalo
et al., 2020). However, subsequent observations showing the
involvement of CRISP4 in gamete interaction led to propose
that hCRISP1 is the equivalent to the combination of rodent
CRISP1 and CRISP4 (Gibbs et al., 2011; Maldera et al., 2014).
In summary, the reported observations indicate that CRISP
proteins exhibit a high sequence, structural and functional
homology being involved in different stages of the fertilization
process. To better analyze their functional roles as well as their
relevance for fertility, our laboratory and others have generated
several knockout models for CRISP family members (i.e., single,
double and multiple knockouts) which exhibit different
phenotypes described in detail in the following section.

EVIDENCE ON THE RELEVANCE OF CRISP
PROTEINS FOR FERTILIZATION AND
FERTILITY THROUGH THE USE OF
KNOCKOUT MODELS

Single Knockout Models

Crisp17/~

In addition to the immunization studies showing the need of
CRISP1 for fertility and, as another approach to study the
relevance of this protein for fertility, our laboratory developed
the CRISP1 knockout mice which represented the first knockout
animal for a CRISP family member (Da Ros et al, 2008).
Surprisingly, animal fertility was not affected in either male or
female mice (Da Ros et al., 2008; Ernesto et al., 2015), and the
same results were later obtained in knockout male mice for
CRISP1 generated in different genetic backgrounds (Hu et al.,
2018; Weigel Muiloz et al., 2018), revealing that blocking the
protein in an adult animal by immunization differs from deleting
the gene, an approach that allows functional compensation of the
lacking molecule during animal development. Nevertheless, in
spite of their normal fertility, knockout males showed sperm with
clear defects to interact with the ZP and to fuse with the egg (Da
Ros et al., 2008), consistent with the previously proposed roles of
CRISP1 in fertilization (Rochwerger et al., 1992; Busso et al.,
2007a). Comparison of phenotypes in CRISP1 knockout mice of
different genetic background revealed new roles for CRISP1 in
hyperactivation development, sperm motility, progesterone-
induced acrosome reaction and cAMP/PKA signaling pathway
(Weigel Munoz et al., 2018). Interestingly, whereas defects in
gamete interaction, hyperactivation and cAMP/PKA signaling
seem to withstand the genetic contexts, progesterone-induced
acrosome reaction, motility and tyrosine phosphorylation defects
were clearly dependent on the genetic background of the mutant
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animals (Weigel Mufioz et al, 2018), indicating that the
phenotype observed in CRISP1 null males is not entirely
controlled by the mutation at Crispl locus but it is modulated
by the genetic context. Of note, in spite of the Ca** channel
regulatory activity described for CRISP1 (Ernesto et al., 2015),
intracellular Ca®* levels seem to be normal in Crispl™~ sperm
(Weigel Muioz et al., 2018). Given the reported ability of CRISP1
to affect both CatSper currents and intracellular Ca®* levels
(Ernesto et al., 2015), it is possible that the lack of CRISP1
produces a Ca®" deregulation which is compensated by other
CRISP family members and, thus, not reflected in the total
concentration of the cation within the cell (Weigel Mufoz
et al, 2018). In addition to our observations in males, the
availability of CRISP1 knockout females confirmed that
CRISP1 is also expressed along the female reproductive tract
(i.e., uterus, oviduct and ovary), including the cumulus cells that
surround the egg (Ernesto et al, 2015) where CRISP1 was
proposed to orient sperm by regulating hyperactivation
through its ability to inhibit CatSper (Ernesto et al., 2015).

Crisp2~'~

The proposed role of CRISP2 in gamete interaction (Busso et al.,
2005; 2007b) together with the reported association between
fertility defects and aberrant expression of CRISP2 in humans
(Du et al., 2006; Jing et al, 2011; Zhou et al.,, 2015) led our
laboratory to generate CRISP2 knockout mice. However, as
observed for CRISP1, males lacking CRISP2 were fertile under
controlled laboratory conditions (Brukman et al, 2016)
supporting the existence of a functional compensation of the
lacking molecule by other members of the family. Nevertheless,
fertility evaluation under more demanding conditions such as the
use of Crisp2~"~ males subjected to unilateral vasectomy to reduce
sperm number in the ejaculate (Judd et al, 1997), showed a
significant decrease in fertility rates compared to controls
(Brukman et al, 2016). Consistent with this, a slight
subfertility was observed in CRISP2 knockout males generated
in a different genetic background (Lim et al., 2019), indicating
that CRISP2 is indeed necessary for optimal fertility.

Apart from the relevance of CRISP2 for fertility, the analysis of
CRISP2 knockout animals allowed a better understanding of the
role of this protein in sperm physiology. In vivo studies revealed
that unilaterally vasectomized Crisp2~~ mice also showed lower
levels of fertilized eggs in the ampulla, confirming that
fertilization defects were responsible for the lower fertility
rates observed in these mice (Brukman et al, 2016). In
addition, whereas no differences in in vivo fertilization were
observed when mutant males were mated with natural estrus
females, significantly lower in vivo fertilization rates were
observed for Crisp2”~ males mated with hormone-stimulated
females that ovulate a higher number of eggs compared to estrus
females, representing a more demanding condition for mutant
sperm (Brukman et al.,, 2016). According to these results, it is
clear that whereas control males could deal with different in vivo
modifications, Crisp2~~ males could not. These observations may
be extrapolated to humans where the subfertility of an individual
can or cannot be detected depending on the fertility status of the
partner.

CRISP as Key Fertilization Players

In addition to the in vivo fertilization defects, CRISP2
knockout sperm exhibited defects to fertilize ZP-free eggs
in vitro (Brukman et al., 2016), consistent with the reported
role of CRISP2 in gamete fusion through egg plasma membrane
complementary sites in both rodents and humans (Busso et al.,
2005; 2007b). However, a more pronounced decrease in
fertilization rates was observed when in vitro experiments were
performed using eggs surrounded by the cumulus and/or the ZP,
supporting a role for CRISP2 in penetration of the egg coats. In
agreement with this, a lower number of Crisp2”~ sperm was
observed within the cumulus mass during cumulus penetration
assays, and hyperactivated motility was significantly lower in
mutant sperm (Brukman et al, 2016). Subsequent studies
supported that these motility defects could be due to a
stiffness of the midpiece in CRISP2 mutant sperm that
impairs hyperactivation development and thus, egg coat
penetration (Lim et al, 2019; Curci et al, 2020). Different
from Crispl™~ animals, sperm lacking CRISP2 exhibit a clear
dysregulation of Ca®" homeostasis (Brukman et al,, 2016) that
could explain the molecular mechanisms underlying the
capacitation-associated defects in the mutant cells. In this
regard, recent results in CRISP2 knockout mice support the
idea that ion channel regulation by CRISP proteins controls
energy flows powering the axonema (Nandagiri et al., 2021).
Moreover, CRISP1, CRISP2, and CRISP4 have been proposed to
be required to optimize sperm flagellum waveform (Gaikwad
et al., 2021).

Together, our in vivo and in vitro results reveal that CRISP2
knockout mice exhibit clear fertilization deficiencies likely linked
to defects in hyperactivation development and intracellular Ca**
regulation, supporting that fertilization defects may be
underlying the fertility disorders observed in men with
aberrant expression of CRISP2. Of note, the finding that
reproductive defects in CRISP2 knockout mice are masked by
conventional mating, becoming evident under more demanding
conditions, highlights the relevance of using different
experimental approaches to analyze male fertility.

Crisp37'~

In contrast to the rest of the CRISP family members, there is little
information on the relevance of CRISP3 for fertilization and
fertility. Although a recent work reports that Crisp3 ™/~ males were
fertile, no further details on the reproductive phenotype of these
animals were provided (Volpert et al., 2020). In this regard, the
phenotype exhibited by mice lacking both Crispl and Crisp3 (see
below) does not support a critical role for CRISP3 in fertilization.

Crisp4~'~

Crisp4 single knockout males were also found to be fertile even
when generated wusing different strategies and genetic
backgrounds (Gibbs et al., 2011; Turunen et al., 2012; Carvajal
etal, 2018; Hu et al., 2018). As mentioned above, the availability
of CRISP4 knockout mice allowed the study of the participation
of CRISP4 in the fertilization process which had not been studied
before. Crisp4~’~ males exhibited normal fertilization rates in eggs
recovered from the ampulla of superovulated females (Carvajal
et al,, 2018), indicating that Crisp4™”~ sperm, differently from
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FIGURE 1 | Participation of CRISP proteins in different steps of the fertilization process. Epididymal CRISP1 was reported to participate in both sperm-ZP binding
and gamete fusion through ligand-receptor interactions whereas cumulus CRISP1 was proposed to play a role in cumulus penetration by orienting sperm through its
ability to modulate sperm hyperactivation. Testicular CRISP2 was reported to be involved in both cumulus and ZP penetration through its ability to regulate sperm
hyperactivation as well as in gamete fusion through ligand-receptor interactions. Finally, CRISP4 was reported to play a role in sperm-ZP interaction as well as in
gamete fusion consistent with its ability to regulate the acrosome reaction. No information is still available on the functional roles of CRISP3 in gamete interaction. A
schematic sperm representation is included.

Crisp2™"~ cells, are able to fertilize control eggs even in demanding
conditions such as those produced by the presence of a high
number of eggs in the ampulla. However, sperm lacking CRISP4
exhibited a severely affected ability to fertilize cumulus oocyte
complexes as well as ZP-intact and ZP-free eggs under in vitro
conditions (Carvajal et al., 2018). In this regard, whereas there are
reports on the involvement of CRISP4 in sperm-ZP binding
(Turunen et al., 2012), subsequent assays showing that CRISP4
mutant sperm were able to penetrate the cumulus cells and bind
to the ZP together with the lack of accumulation of sperm in the
perivitelline space support that fertilization defects in this colony
may also reside at ZP penetration (Carvajal et al., 2018). Although
sperm lacking CRISP4 did not exhibit defects in hyperactivation,
the lower levels of progesterone induced-acrosome reaction
observed in these cells compared to controls (Carvajal et al,
2018) could well explain their impaired ability to penetrate ZP-
intact eggs as the acrosome reaction is essential for egg coat
penetration (Yanagimachi, 1994). Interestingly, whereas a
significant (Gibbs et al., 2011) or complete (Turunen et al,
2012; Carvajal et al., 2018) inhibition of progesterone-induced
acrosome reaction was observed in all CRISP4 knockout models
(Gibbs et al.,, 2011; Turunen et al., 2012; Carvajal et al., 2018),
normal percentages of acrosome reacted sperm were observed in
response to calcium ionophore, a non-physiological inductor of
the acrosome reaction (Turunen et al, 2012), suggesting that
CRISP4 might regulate the acrosome reaction by affecting
calcium transport while not affecting the successive stages

after calcium influx has occurred. Considering that the
recombinant CRISP4 CRD domain has shown to be able to
inhibit TRPM8 Ca®" channel (Gibbs et al., 2011), it is possible
that a modification in intracellular Ca** concentration would be
responsible for the altered capacitated-sperm parameters
observed in Crisp4”~ sperm. Acrosome reaction defects
observed in all knockout models might also contribute to the
impaired gamete fusion ability of CRISP4 knockout sperm as only
acrosome-reacted sperm are able to fuse with the oolemma.
Nevertheless, the possibility that CRISP4 mediates gamete
fusion through a ligand-receptor interaction as previously
observed for epididymal CRISP1 cannot be excluded.

Taken together, the results obtained using single knockout
models support the participation of each CRISP protein in more
than one stage of fertilization and the involvement of more than
one CRISP in each stage of the fertilization process either by
ligand-receptor interactions or by regulating different functional
events (i.e., acrosome reaction, hyperactivation, etc.) (Figure 1),
likely through their ability to regulate different sperm Ca**
channels (Figure 2).

However, in spite of the critical roles of CRISP proteins in
different stages of fertilization, all single knockout animals were
fertile, supporting the existence of functional overlapping or
redundancy among CRISP family members. In this regard, the
development of mutant mice has revolutionized the reproductive
field showing that only a small number of the proteins previously
known to play an essential role in the fertilization process were
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stores. A schematic sperm representation is included.
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FIGURE 2 | lon channel regulatory abilities of CRISP proteins. Epididymal proteins CRISP1 and CRISP4 (located in the head and tail plasma membrane) were found
to regulate TRPM8 channel present in both sperm head and tail plasma membranes and proposed to be involved in acrosome reaction regulation. In addition, epididymal
CRISP1 was found to exhibit the ability to regulate CatSper, located in the principal piece of the tail and involved in hyperactivation development. Testicular CRISP2
(located within the sperm head, neck and tail) was found to regulate Ryanodine Receptors (RyR) known to be present in the neck and to control intracellular Ca®*

Terminal piece

indeed essential for fertility in mice (Miyata et al, 2016). A
possible explanation for these observations may be the existence
of functional redundancy among protein members of the same
family which could partially or totally compensate for each
other’s loss, contributing to strengthening reproductive
success. Such a mechanism becomes especially important in
sperm which are transcriptionally and translationally silent
cells. Based on this, animals simultaneously lacking more than
one CRISP were generated and characterized. The following
sections describe the different phenotypes observed for
doubles, triples and quadruples knockout mice for Crisp
family genes.

Double Knockout Models

Crisp2~'~/Crisp4~'~

The fact that Crisp2 and Crisp4 are located in different
chromosomes together with the availability of CRISP2 and
CRISP4 single knockout colonies, led our laboratory to
generate double Crisp2~~/Crisp4”~ mice by natural mating
(Curci et al, 2020). Analysis of animal fertility revealed that,
in spite of the participation of both proteins in key stages of the
fertilization process, males lacking both proteins were fertile
under normal laboratory conditions (Curci et al, 2020).
Nevertheless, when Crisp2” /Crisp4”~ males were mated
under more demanding conditions such as using
superovulated females, a clear decrease in in vivo fertilization

rates was observed compared to controls and to either Crisp2 or
Crisp4 single mutant males (Curci et al., 2020). Consistent with
this and with the reported roles of CRISP2 and CRISP4 in
different stages of the fertilization process, Crisp2~'~/Crisp4™'~
sperm showed severe in vitro fertilization defects likely due to the
combination of the capacitation-associated defects observed in
sperm from each single knockout model (i.e. impaired tyrosine
phosphorylation, progesterone-induced acrosome reaction and
hyperactivation development). Although the reasons for the
normal fertility of these mutant animals is still unknown, it is
possible that the lack of epididymal CRISP4 is partially
compensated by the presence of CRISP1, the other epididymal
CRISP family member.

Crisp1~/~/Crisp4™'~

Both CRISP1 and CRISP4 are expressed in the epididymis in high
concentrations (Eberspaecher et al., 1995; Kritzschmar et al,
1996), bind to sperm during epididymal transit and participate in
sperm-ZP interaction and gamete fusion (Da Ros et al., 2008;
Carvajal et al, 2018), supporting the idea that they could
compensate for each other to ensure fertility success. This led
to the generation of two different models of males lacking both
CRISP1 and CRISP4 (Carvajal et al., 2018; Hu et al., 2018). While
Hu et al. (2018) found no differences in fertility between mutant
and control mice, concluding that epididymal CRISP are not
absolutely required for male fertility, observations from our

Frontiers in Cell and Developmental Biology | www.frontiersin.org

December 2021 | Volume 9 | Article 800351


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Gonzalez et al.

laboratory showed that Crispl~/Crisp4”~ colony exhibited a
clear disruption of fertility (Carvajal et al., 2018). Differences in
the genetic background and/or environmental conditions might
explain the different phenotypes observed in the two studies. The
impaired fertility of Crispl™~/Crisp4™~ revealed, for the first
time, the relevance of CRISP proteins for fertility and confirmed
the existence of compensatory mechanisms among CRISP family
members. In this way, whereas in Crisp2~"/Crisp4”~ mice,
CRISP4 could be partially compensated by the presence of
epididymal CRISPI, it is likely that the simultaneous lack of
the two epididymal proteins in Crispl™~/Crisp4”’~, cannot be
compensated by the remaining family members (i.e., CRISP2 and
CRISP3).

Analysis of subfertile Crispl™~/Crisp4~~ males showed they
exhibited an immature epididymal epithelium and abnormal
luminal acidification, contributing to a better understanding of
the fine-tuning mechanisms underlying epididymal sperm
maturation (Carvajal et al, 2018). Interestingly, fertility rates
correlated with the percentages of fertilized oocytes recovered
from the oviduct, supporting the idea that fertility impairment in
these mutant mice are mainly due to in vivo fertilization defects.
This idea was supported by the in vitro fertilization studies
showing that Crispl™”"/Crisp4”~ mutant sperm exhibited a
lower ability to fertilize oocytes either with or without their
coats, consistent with the reported roles for CRISP1 and
CRISP4 in sperm-ZP interaction and gamete fusion (Cohen
et al, 2000b; Busso et al., 2007a; Carvajal et al, 2018).
Subsequent studies showed that sperm fertilizing defects might
be due to a failure of mutant sperm to undergo a normal
capacitation process as judged by the clear alterations in
capacitation-associated sperm parameters such as protein
tyrosine phosphorylation, progesterone-induced acrosome
reaction and hyperactivation (Carvajal et al., 2018; Hu et al,
2018). Considering the abnormal epididymal epithelium and
luminal acidification, it is likely that sperm functional defects
occur as a consequence of a defective sperm maturation process.

Crisp1~~/Crisp3™"~

The Crispl™~/Crisp3™~ colony was generated by CRISPR-Cas 9
technology (Wang et al,, 2013; Curci et al,, 2020). Analysis of
animal fertility showed that these mutant males were subfertile,
indicating that the absence of CRISP1 in combination with either
CRISP4 or CRISP3 unveils the important role of CRISP proteins
for optimal fertility. However, differently to what it was observed
in the Crispl™/Crisp4™~ double knockout animals, normal
levels of fertilization rates were observed when the eggs were
recovered from the ampulla of control females mated with
Crispl™~/Crisp3™~ males (Curci et al., 2020), supporting that
fertility inhibition in this colony occurred as a consequence of
post-fertilization defects. Subsequent studies showed that male
subfertility was associated, at least in part, with a failure of
fertilized eggs to reach the blastocyst stage, revealing the
of CRISP1 and CRISP3 for early embryo
development and supporting the impact of paternal factors in
this process. It remains to be clarified whether impaired embryo
development occurs as a consequence of a delayed in vivo
fertilization. Interestingly in this regard, examination of

relevance
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ejaculated sperm within the uterus of control mated females
showed that whereas control sperm were moving freely in the
uterine fluid, Crisp1™~/Crisp3™~ sperm were mostly inmotile and
forming aggregates within a viscous uterine fluid (Curci et al,
2020). This phenotype might be associated with an alteration of
the reported ability of CRISP proteins to form amyloid-like
structures (Sheng et al., 2019) known to trap damaged sperm
within the uterus (Roan et al., 2017) and/or with coagulation/
liquefaction defects within the uterus (Magdaleno et al., 1997;
Udby et al., 2002) due to the lack of CRISP3 in the seminal
plasma. These sperm motility defects within the uterus could be
responsible for sperm transport deficiencies that, finally, lead to a
delayed fertilization and embryo development defects in this
colony. Nevertheless, we cannot exclude the possibility that
embryo development deficiencies are due to sperm epididymal
maturation and/or capacitation defects reported to affect
embryonic development (Orgebin-Crist et al, 1967; Conine
et al., 2018; Navarrete et al., 2019).

Multiple (Triple and Quadruple) Knockout

Models

The normal fertility and the subfertility of the different single and
double knockout models support a functional compensation of the
lacking proteins by the remaining members of the family that led to
the generation of multiple knockout models lacking more than two
Crisp genes simultaneously (Curci et al., 2020). Triple knockout
(TKO) male mice lacking Crispl, Crisp2, and Crisp3 genes as well
quadruple knockout (QKO) males deficient in the four CRISP
members showed a dramatic inhibition in their fertility with an
average of less than one born pup and a high proportion of sterile
males (Curci et al., 2020) revealing, for the first time, the essential
role of CRISP proteins for animal fertility. In this case, the severe
fertility phenotype in TKO and QKO males was accompanied by
significantly lower in vivo fertilization rates in the ampulla
compared to controls which could be due to sperm transport
and/or gamete interaction defects. Consistent with the fact that
multiple knockout mice lack Crispl and Crisp3 genes, TKO and
QKO ejaculated sperm were also mostly inmotile within the uterine
fluid and trapped into aggregates in a very viscous fluid as
previously described for the Crispl™~/Crisp3™~ colony.

Besides motility defects at uterine level, sperm migration
studies revealed that TKO and QKO sperm were capable of
reaching the lower oviduct but exhibited clear defects in
migrating within the organ (Curci et al, 2020). Although
oviductal migration defects for Crispl™~/Crisp3™ cannot be
excluded, the normal in vivo fertilization rates observed for
this colony does not favor this possibility. These observations
support that oviductal migration defects in multiple knockout
mice are likely due to the midpiece rigidity phenotype observed in
ejaculated TKO and QKO (Lim et al., 2019; Curci et al., 2020) but
not in Crispl™~/Crisp3™~ sperm, associated with the lack of
Crisp2 and leading to defects in hyperactivation known to be
required for detaching sperm from the isthmus epithelium.

In addition to these in vivo observations, in vitro fertilization
studies revealed that TKO and QKO sperm had serious
deficiencies in their ability to fertilize COC and ZP-intact eggs
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be involved in sperm maturation as well as in gamete interaction. Testicular CRISP2 (testicular module) was reported to be required for the development of sperm
midpiece flexibility critical for hyperactivation and, thus, for oviductal sperm migration and gamete interaction. Finally, CRISP1 and CRISP3 (seminal module) were found
to be essential for maintaining sperm motility within the uterus and for early embryo development. A schematic sperm representation is included.
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with no accumulation of sperm in the perivitelline space,
indicating that fertilization failure could be attributed mostly
to sperm defects to interact with the egg coats. This was further
supported by the significantly lower levels of both hyperactivation
and acrosome reaction observed in multiple mutant sperm.
Hyperactivation failure could explain the impairment of both
oviductal migration and egg coat penetration observed in
multiple KO sperm (Curci et al., 2020). The finding that QKO
but not TKO were unable to fertilize ZP-free eggs together with
gamete fusion rates in TKO sperm that did not differ from those
observed for Crispl™~ or Crisp2™~ single knockout sperm argues
against the involvement of CRISP3 in gamete fusion and reveals a
key role of CRISP4 in this event supported by the low gamete
fusion rates observed in those knockout models lacking Crisp4
(e, Crispd”,  Crispl”~/Crisp4™~,  Crisp2™"~/Crisp4™")
(Carvajal et al, 2018). Although the mechanisms underlying
CRISP4 involvement in gamete fusion are still under
investigation, they could be linked to CRISP4 interaction with
egg complementary sites as observed for both CRISP1
(Rochwerger et al, 1992; Da Ros et al., 2008) and CRISP2
(Busso et al, 2007b) and/or the reported involvement of
CRISP4 in the acrosome reaction (Gibbs et al., 2011; Turunen
etal, 2012; Carvajal et al., 2018) known to be essential for gamete
fusion (Yanagimachi, 1994). Interestingly, the finding that QKO
males did not exhibit a stronger fertility phenotype compared to
that observed for TKO males, supports the notion that in vivo
fertilization failure is mainly due to sperm defects in those events
that precede gamete fusion such as sperm migration within the
oviduct and penetration of the egg coats.

Consistent with the ability of CRISP proteins to regulate Ca**
channels and the relevance of this cation for most sperm
functional events, QKO sperm did not show the characteristic
intracellular Ca®" increase that occurs during sperm capacitation,

indicating that multiple mutant sperm exhibit a dysregulation of
Ca®" homeostasis that probably reflects the final balance of the
individual contribution of each CRISP to Ca**regulation. Finally,
multiple mutant males exhibited clear embryo development
defects as those previously described for the Crispl™~/
CrispS_/ “colony (Curci el al,, 2020).

Collectively, analysis of the different phenotypes observed in
single, double and multiple knockout models showed that the
subfertility of Crispl and Crisp3 males is associated with both the
presence of inmotile sperm within the uterus and embryo
development failure. As expected, these defects were also
observed in infertile TKO and QKO males lacking Crispl and
Crisp3. However, besides these deficiencies, TKO and QKO mice
exhibit sperm with midpiece rigidity due to the additional lack of
testicular CRISP2 which affects hyperactivation and, thus, both
oviductal migration and gamete interaction due to the critical role
of this vigorous motility for detachment of sperm from the
isthmus and egg coat penetration (Yanagimachi, 1994;
Florman and Fissore, 2015). Finally, the few TKO and QKO
sperm that might reach the ampulla exhibit severe gamete
interaction defects due to egg coat penetration deficiencies
generated by the lack of Crisp2 and both sperm-ZP binding
and gamete fusion failure associated with the lack of
epididymal Crispl and Crisp4 genes.

The finding that mice lacking three or four CRISP proteins
exhibit more severe phenotypes than single or double CRISP
knockout mice supports the idea that the combined mutations of
Crisp members lead to disruption of multiple independent
pathways. Similar results were observed for the sperm
B-defensin protein family since animals were fertile when
lacking one individual gene, subfertile when lacking two or
three genes (Zhang et al,, 2018) and completely infertile when
nulling the whole family member expression (Zhou et al., 2013).
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CONCLUSION AND PERSPECTIVES

Biochemical, cellular and genetic approaches revealed that CRISP
proteins play key functional roles in the successive stages of the
fertilization process (i.e., cumulus penetration, sperm-ZP
binding, ZP penetration, gamete fusion) through different
mechanisms that include ligand-receptor interactions as well as
regulation of several capacitation-associated events (i.e., acrosome
reaction, hyperactivation, etc.), likely through their ability to
regulate different Ca®* channels. Moreover, results showed that
CRISP are involved not only in gamete interaction but also in
previous and subsequent steps such as sperm migration within the
female tract and early embryo development. Collectively, it can be
concluded that CRISP proteins are essential for male fertility due to
a combination of different functional roles during the fertilization
process. These findings also support the use of CRISP proteins for
contraception, opening the possibility of targeting CRISP activity at
different levels.

Evidence supports the idea that CRISP proteins have evolved
to perform redundant as well as specialized functions to ensure
fertility success and are organized in functional modules within
the family that work through independent pathways and
contribute distinctly to fertility success (Figure 3). In this way,
whereas epididymal CRISP1 and CRISP4 (epididymal module)
are critical for epididymal sperm maturation, play similar roles in
gamete interaction and can compensate for each other, testicular
CRISP2 and seminal CRISP3 appear to have specific functions
not compensated by the remaining CRISP family members.
Whereas CRISP2 (testicular module) showed to be critical for
the development of sperm midpiece flexibility that occurs during
epididymal maturation and, thus, for oviductal sperm migration
and egg coat penetration, CRISP3, together with CRISP1 (seminal
module), seems to be needed for maintaining sperm motility
within the uterus as well as for early embryo development.

Redundancy and compensatory mechanisms like those
observed within the CRISP protein family are particularly

REFERENCES

Arévalo, L., Brukman, N. G., Cuasnict, P. S., and Roldan, E. R. S. (2020).
Evolutionary Analysis of Genes Coding for Cysteine-RIch Secretory Proteins
(CRISPs) in Mammals. BMC Evol. Biol. 20, 67. doi:10.1186/s12862-020-
01632-5

Austin, C. R. (1952). The ’Capacitation’ of the Mammalian Sperm. Nature 170, 326.
doi:10.1038/170326a0

Belardin, L., Camargo, M., Intasqui, P., Antoniassi, M., Fraietta, R., and Bertolla, R.
(2019). Cysteine-rich Secretory Protein 3: Inflammation Role in Adult
Varicocoele. Andrology 7, 53-61. doi:10.1111/andr.12555

Bjartell, A. S., Al-Ahmadie, H., Serio, A. M., Eastham, ]. A., Eggener, S. E., Fine, S.
W., et al. (2007). Association of Cysteine-Rich Secretory Protein 3 and Beta-
Microseminoprotein with Outcome after Radical Prostatectomy. Clin. Cancer
Res. 13, 4130-4138. doi:10.1158/1078-0432.CCR-06-3031

Borges, B. C., Garcia-Galiano, D., da Silveira Cruz-Machado, S., Han, X, Gavrilina,
G. B, Saunders, T. L., et al. (2017). Obesity-Induced Infertility in Male Mice Is
Associated with Disruption of Crisp4 Expression and Sperm Fertilization
Capacity. Endocrinology 158, 2930-2943. doi:10.1210/en.2017-00295

Brukman, N. G., Miyata, H., Torres, P., Lombardo, D., Caramelo, J. J., Ikawa, M.,
et al. (2016). Fertilization Defects in Sperm from Cysteine-Rich Secretory

CRISP as Key Fertilization Players

important in the case of spermatozoa which are
transcriptionally and translationally inactive cells and carry
several protein families (ie., ADAMs, defensins, CRISP, etc.)
to guarantee their functionality. This emphasizes the importance
of generating multiple knockout of family genes since single
knockout models might be masking the true functional
relevance of family proteins.

Considering the high sequence and functional homology
between rodent and human CRISP proteins, it is likely that the
same redundant and specific mechanisms operate within the
human CRISP family giving rise to the same functional
modules (i.e., epididymal CRISP1, testicular CRISP2 and
seminal CRISP3). Furthermore, as the three hCRISP genes
are located very close to each other within the same
chromosome, it is possible that a single rearrangement in
that region is responsible for some cases of unexplained
infertility due to the simultaneous absence of more than
one human CRISP protein, supporting the relevance of our
observations for the diagnosis and treatment of human
infertility as well as for the development of new non-
hormonal contraceptive options.
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