Chapter 9
The Role of Tetraspanin Complexes
in Egg-Sperm Fusion

Virginie Barraud-Lange and Claude Boucheix

Abstract Cell fusion occurs when cells unit their membranes and share their
cytoplasm. Cell fusion may occur between genetically identical or different cells.
Gamete fusion is a short event of the organism life cycle but it is essential for all
organisms that depend on sexual reproduction for the maintenance of the species.
The fusion of gametes having inherited one half of the genetic material of their
respective parents ensures the diversity of individuals within a population. This
diversity is increased by the exchange of genetic material between homologous
chromosomes during meiosis. Therefore gamete fusion is a critical biological step
in the life cycle that has recently raised more interest due to the possibility of treat-
ing patients with a fertility defect by in vitro methods. Molecular mechanisms
underlying the fusion process are far from evident since (1) gene-knock out tech-
nologies developed to test in vivo the data from in vitro fertilization (IVF) studies
failed to confirm the essential role of most of previously candidate molecules and
(2) the surface proteins involved are deprived of fusogen properties. Indeed, among
the large number of in vivo tested proteins, only CD9 and CD81 tetraspanins on egg
and Izumo on sperm have been shown to be essential in mammalian sperm-egg
membrane fusion and none of these molecules contain a fusion peptide.
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9.1 Fertilization and Gamete Membrane Interaction

Fertilization is defined as the process by which the sperm and the egg fuse to form a
new individual, the zygote. Both gametes must undergo cellular and nuclear matura-
tion before making contact and fusing. During meiotic maturation, the genome of
diploid germ cells undergoes two rounds of division (first and second meiosis) result-
ing in haploid gametes which carry half of the genetic content of the original cell.
The meiosis is a continuous process during spermiogenesis which begins at the time
of puberty, whereas nuclear maturation of the oocyte starts during fetal life and
undergoes two arrest points. At birth, the female germ cells are called primary oocytes
and get arrested at diplotene stage of meiotic prophase I. This meiotic arrest lasts till
puberty that marks the beginning of the menstrual cycles during which and following
a Luteinizing Hormone (LH) peak, one primary oocyte (or several, depending on the
species) grows and completes the first meiosis with extrusion of the first polar body.
This is immediately followed by the initiation of the second meiosis arrested at the
metaphase II stage. The mature secondary oocyte is ovulated. The second meiosis
division will end at the time of fertilization triggered by the sperm penetration.

In mammals, male and female gametes are two physically separated cells. Their
meeting takes place in the female oviduct. Depending on the species, semen is
deposited in the vagina or directly in the uterus during coitus and only a tiny fraction
of spermatozoa migrates successfully to the fertilization site. Ejaculated spermato-
zoa are capable of moving actively, yet they do not have the ability for fertilization.
They acquire the competence to fuse with eggs through a maturation process, called
capacitation, during the ascent of the female genital tract (Austin 1951; Ikawa et al.
2010). The capacitation is a biochemical event resulting in the destabilization of the
sperm head plasma and acrosomal membranes rendering them more fusogenic.
Mouse spermatozoa collected from epididymis for experimental purpose are capaci-
tated by in vitro incubation in culture medium previous to their use for fertilization.
Capacitating sperm that reach the oviductal ampulla readily penetrate the cumulus
layer surrounding the ovulated mature oocyte (Fig. 9.1a.1). They bind, then, in a
species-specific manner to the zona pellucida (ZP), the last barrier the spermatozoa
must pass before fertilizing the egg (Fig. 9.1a.2). The ZP is an extracellular coat
protecting the egg and the future embryo from physical damages. In mice, the most
widely studied mammalian model, the ZP comprises three sulphate glycoproteins:
ZP1 (181-200 kDa), ZP2 (120-140 kDa) and ZP3 (83 kDa) (Wassarman 1988)
synthesized and secreted by the oocyte. In the human, a fourth glycoprotein has been
identified, ZP4 (or ZPB), which is thought to be dysfunctional in the mouse (Lefievre
et al. 2004). Ultrastructural evidence suggests that the mouse zona pellucida is com-
posed of filaments constructed by head-to-tail association of globular proteins. ZP2—
ZP3 heterodimers are the basic repeating units of the filament, with cross-linking of
filaments mediated by dimeric ZP1 (Wassarman and Mortillo 1991). ZP3 is the pri-
mary ligand that binds to the plasma membrane over the acrosomal cap of acrosome
intact sperm. ZP3 functions also as an acrosome-reaction inducer. The acrosome
reaction consists in the fusion between sperm plasma membrane and outer acrosomal
membrane leading to acrosomal content exocytosis (Fig. 9.1a.2). ZP2, in turn, has
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Fig. 9.1 (a) Schematic representation of the gamete fertilization. (/) Sperm penetration of the
cumulus layer and binding to the zona pellucida (ZP). (2) Sperm acrosomal reaction during which
the acrosome content is released. (3) Sperm passing through the ZP and entering the perivitelline
space where it adheres to the oocyte and starts the fusion process. (4) Oocyte activation induced by
sperm fusion and penetration leading to resumption of the second meiosis, expulsion of the second
polar body and sperm head decondensation. (b) Schematic representation of the acrosome reac-
tion. (/) Acrosome intact sperm. (2) Sperm head after complete acrosome reaction. Ac acrosome,
PM plasma membrane, OAM outer acrosomal membrane, JAM inner acrosomal membrane,
N nucleus, ER equatorial region

been postulated to serve as a secondary ligand of the inner acrosomal membrane of
sperm, ensuring close contact between the ZP and the penetrating spermatozoon
(Wassarman 2002). The fertilizing acrosome-reacted sperm reaches quickly the
perivitelline space. The sperm head then binds and fuses with the egg plasma mem-
brane (oolemma) (Fig. 9.1a.3). Early insights into gamete plasma membrane inter-
action came from scanning and transmission electron microscopy performed by
R. Yanagimachi (for review (Yanagimachi 1994)). It appears that sperm interactions
with the oolemma occur in a spatially restricted manner. Indeed, the egg membrane
is covered with microvilli except in the region overlying the meiotic spindle and
sperm egg fusion rarely occurs in this microvilli-free (amicrovillar) region (Runge
et al. 2007). Furthermore, the fertilizing sperm makes the first contact with the
oolemma via its inner acrosomal membrane, but binds and fuses with the egg micro-
villi via the plasma membrane of its equatorial region (Fig. 9.1b) (Yanagimachi
1994). If some acrosome-intact sperm are able to bind experimentally to oolemma
of ZP-free eggs, they never fuse. The acrosome reaction is required to complete the
fusion process. Following gamete fusion, the sperm tail movements decrease and
stop within a few seconds. Electron microscopy analysis shows that the inner acro-
somal membrane doesn’t fuse with the oolemma but is later engulfed by the oocyte
(Fig. 9.1a.4). The sperm tail is also eventually incorporated in the egg cytoplasm.
Gamete membrane fusion marks the end of the fertilization step and the beginning
of the egg activation. The events associated with the egg activation include the
initiation of oscillations in intracellular calcium concentration, the completion of the
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second meiosis with extrusion of a second polar body and the formation of a block
to polyspermy via the release of ZP proteolysis enzyme from the egg’s cortical gran-
ules preventing further ZP crossing by other sperm.

9.2 Sperm-Egg Fusion Candidate Molecules

9.2.1 Mouse Model

9.2.1.1 Essential Molecules
Tetraspanins

The first data suggesting the involvement of CD9 tetraspanin in fusogenic proper-
ties of the oolemma were provided by experiments performed in vitro using an anti-
CD9 monoclonal antibody, JF9 (Chen et al. 1999). This work revealed (1) the
presence of CD9 homogeneously distributed at the egg surface, with exception of
the microvillar-free region and (2) the inhibition by JF9 mAb of sperm-egg binding
and fusion, in a dose dependent manner. The essential role of CD9 was then firmly
confirmed by three different teams who generated mutant mice in which the CD9
gene was disrupted (Le Naour et al. 2000; Miyado et al. 2000; Kaji et al. 2000).
Homozygous adults CD97~ were healthy, however, whereas CD9~~ male mice were
normally fertile, CD9~~ female mice presented a severely reduced fertility. Only
50-60% of CD9~~ female mice produced litters after mating with fertile male mice
with an extension of the delay to begin a successful pregnancy and a reduction of
the litter size leading to 95% global reduction of fertility. CD9-deleted mice pro-
duced mature oocytes quantitatively and morphologically comparable to the wild
type female, spontaneously as well as after hormones-induced superovulation
(Fig. 9.2a—d). In vivo analysis revealed a normal mating behaviour of the CD9-
deleted mice and the presence of numerous sperm in their oviducts. However, the
mature eggs recovered in CD9~~ genital female tract 0.5 days after mating were not
fertilized presenting several sperm into the perivitelline space and showing that the
fusion didn’t occur resulting in persistence of ZP permeability to sperm (Fig. 9.2e, f).
The fertilization tests performed in vitro confirmed the inability of the egg mem-
brane to fuse with sperm (Miyado et al. 2000). For each team, the fertilization rate
of zona free oocyte collected from CD9”~ female mice were equivalent, ranging
from 0% to 4% versus 96% to 98% for wild type oocyte (Le Naour et al. 2000;

»
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Fig. 9.2 (continued) by the presence of a metaphase spindle (*) and a first polar body containing
residual DNA-tubulin material (solid arrowheads). (e and f) An oocyte from a CD9~~ naturally
ovulated mated female blocked in metaphase of meiosis II with sperm in the perivitelline space
(open arrowheads). (g and h) An oocyte from a CD91/1 naturally ovulated mated female that
has progressed to telophase and has extruded the second polar body (arrow). Inset shows
partially decondensed sperm DNA in a different focal plane. Scale bar, 10 pm (Reproduced from
Le Naour et al. 2000)
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Fig. 9.2 Oocyte DNA-tubulin labeling (Propidium iodide and mAb YL1/2 followed by FITC
Goat antibody to mouse Ig on fixed oocytes). Oocytes from nonmated superovulated CD9~'~
(a and b) or CD9** (¢ and d) females are identically blocked in metaphase of meiosis II as confirmed
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Fig. 9.3 CD9 and CD81 expression on oocytes from wild-type mice. Double labeling was per-
formed with a rat mAb to mouse CD9 4.1 F12 and hamster mAb to CD81 Eat1 followed by Texas
Red- and FITC-coupled goat antibodies to rat and hamster respectively. Scale bar, 10 pm

Miyado et al. 2000; Kaji et al. 2000) despite a normal sperm binding to CD9-
defective membrane. The development of rare but healthy pups suggested that CD9
would be strictly involved in fusion process. This was confirmed by intra-cytoplas-
mic injection of wild type sperm in CD9-deleted eggs which showed normal embryo
development and uterus implantation with birth of healthy offspring (Miyado et al.
2000). Moreover, the fertilization defect of CD9-deficient eggs was reversed by
exogenous mouse CD9 expressed by mRNA intra-cytoplasmic injection (Kaji et al.
2002). Interestingly, overexpression of human CD9 restored the fertilization rate of
CD9~ mouse oocytes to 90% indicating the absence of species specificity of the
CD9 molecule, at least between mouse and human. Another tetraspanin, CD81 that
shares more than 40% amino acid identities with CD9, is also expressed at the
mouse egg surface. The pattern of labelling is different from CD?9 since it partially
colocalizes at cell surface where its level of expression is much lower and mAbs to
CDS8]1 also display a punctuated labelling of zona pellucida that is not observed in
oocytes form CD817~ mice (Fig. 9.3). CD81-deficient female mice were generated
(Maecker et al. 1998) and have been shown to present an overall reduction of fertil-
ity of 40% (Rubinstein et al. 2006a). Indeed, 60% of CD81-mutant female produced
litters after mating with a normal delay and a normal litter size, but an increased rate
of postnatal mortality. This high level of dead animals in the first hours (Kelic et al.
2001; Rubinstein et al. 2006a) is still unexplained but could be due to a defect of
maternal care. Surprisingly, only 10% of mature eggs recovered 0.5 day after
CD817~ female mouse mating presented a meiosis resumption. and non-fertilized
oocytes had several sperm motile into the perivitelline space, indicating a defect of
membrane fusion. There is no obvious explanation for the discrepancy between the
residual fertility of CD81-deficient mouse (60%) and the low percentage of success-
ful egg fertilization (10%) observed in vivo. One hypothesis could be an increase of
the delay necessary for fusion after the crossing of ZP in the absence of CD81 so
that the fusion had not occurred at 0.5 day but occurred later. The important role of
CD8I in fertilization process appeared when both CD9 and CD81 gene were dis-
rupted (Rubinstein et al. 2006a). Indeed, CD9~~ CD81~~ female mice were totally
sterile (0% pregnancy after 2 months of mating). None of the CD9/CD81-deleted
mature oocytes observed in vivo or in vitro after sperm contact was fertilized. This
shows that CD9 and CD81 may play a complementary role in the fusion process.
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Interestingly, the increased defect of gamete fusion in double knockout mice and the
ability of CD8]1 to partially compensate the CD9 function in CD9~~ mouse oocytes
(50% fertilization upon overexpression of CD81) (Kaji et al. 2002) suggest a par-
tially redundant role for these two tetraspanins. It has to be noticed that although
CD151 may play a role in human gamete fusion (Ziyyat et al. 2006), CD1517~
mutant mice are normally fertile (Wright et al. 2004).

CD9 was not detected on sperm in early studies (Chen et al. 1999), however a
recent work reported its presence at the sperm surface following acrosomal reaction
(Ito et al. 2010). Nothing is known about its role in gamete membrane interaction;
however, sperm CD9 is definitely not essential as CD9 null male mice are fully
fertile (Le Naour et al. 2000).

GPI-Anchored Proteins

GPI-anchored proteins possess a covalently linked glycosylated phosphatidylinosi-
tol moiety which serves to attach the protein portion of the molecule to the cell
surface lipid bilayer (Low and Saltiel 1988). They are thought to be preferentially
located in the lipid rafts and known to be involved in a wide variety of cellular func-
tions including T cell activation, hydrolysis of extracellular matrix proteins, trans-
duction of extracellular stimuli, and cell—cell adhesion. GPI-anchored proteins can
be released from the outer cell membrane by treatment with the highly specific
enzyme phosphatidyinositol specific phospholipase C (PI-PLC) (Low and Finean
1978). Therefore, treatment of intact cells with PI-PLC has become a useful tool to
characterize the released proteins and to investigate the role of GPI-anchored pro-
teins in cell function. This strategy has been used to investigate the involvement of
GPI-anchored proteins in fertilization process (Coonrod et al. 1999). Co-culture of
mouse gametes in presence of PI-PLC led to a dramatic reduction of the fertilization
rate (from 59.6% to 2.8%) despite a normal sperm zona binding. Interestingly,
unfertilized mature eggs presented numerous motile sperm accumulated in the peri-
vitelline space, suggesting a specific egg membrane fertilization defect. Zona free
in vitro fertilization tests associated with alternative gamete pre incubation showed
that PI-PLC pretreated sperm kept intact binding and fusion properties whereas
pretreated eggs completely lost the ability to bind and fuse with sperm in a dose
dependent manner (Coonrod et al. 1999). Electrophoresis analysis revealed that
PI-PLC egg treatment induced the release of proteins with 70 kDA and 35-45 kDA
apparent MW. Altogether, these observations support the hypothesis that one or
more GPI-anchored egg surface proteins would be essential for sperm-egg binding
and fusion. This was confirmed by the defect of gamete fusion in Pig-a deleted
oocytes (Alfieri et al. 2003). The phosphatidylinositol glycan class-A (Pig-a) gene
encodes a subunit of N-acetylglucosaminyltransferase that controls early steps of
GPI anchor biosynthesis (Tiede et al. 2000). Since the deletion is embryonic lethal
(Kawagoe et al. 1996), a conditional knockout with Cre/loxP recombinaison driven
by the oocyte specific ZP3 promoter was used to obtain viable female mice that are
infertile. None of the mature eggs recovered in vivo was fertilized despite the
presence of perivitelline sperm. Zona-free in vitro fertilization tests confirmed
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the oolemma defect of fusion with a fertilization rate (percentage of fertilized eggs)
eightfold lower and a fertilization index (number of fused sperm per fertilized egg)
ninefold lower in GPI-AP~~ oocytes compared to the wild type. The 70 kDa
component released from the egg surface after PI-PLC treatment could be the decay
accelerating factor (DAF), also called CDS55, since polyclonal goat anti-CD55
antibodies bind to wild type zona free egg surface. However, knockout of CD55
gene has no effect on female mice fertility (Sun et al. 1999), as well as the targeted
deletion of CD59 gene (Holt et al. 2001), another GPI-anchored protein identified
at the egg surface (Taylor and Johnson 1996).

Izumo

The protein Izumo 1 is the most recently sperm surface protein identified as an
essential actor in sperm-egg binding and fusion. Izumo 1, named after a fertility
shrine dedicated to marriage in the Shimane prefecture of Japan, is an Ig superfam-
ily type 1 membrane protein expressed at the equatorial segment of acrosome
reacted sperm (Fig. 9.4). Female mice with deleted Izumo 1 gene have normal fertil-
ity whereas male are completely sterile despite a normal mating behaviour and a
normal sperm production (Inoue et al. 2005). Unfertilized eggs recovered in vivo
after mating between wild type female and Izumo 17~ male showed sperm that had
crossed the ZP but were accumulated in the perivitelline space unable to fuse with
the oolemma. These results have confirmed initial data that have shown the inhibi-
tory effect of OBF13, a monoclonal antibody raised against Izumo 1, on sperm-egg
fusion (Okabe et al. 1988). Izumo 1 is exclusively involved in fusion since intracy-
toplasmic injection of Izumo 17~ sperm in wild type oocytes leads to normal egg
activation and full development after the transfer in uterus of pseudo-pregnant
female mice. Izumo 1 belongs to a protein family all having a so-called Izumo
domain which form large complexes on sperm surface (Ellerman et al. 2009). The
role of Izumo 1 in the fertilization process is still unknown even if these latter results
raise the possibility that Izumo 1 could organize at the sperm surface protein com-
plexes involved in membrane fusion machinery. Up to now, there are no reports
describing a biochemical link between Izumo and egg tetraspanins.

9.2.1.2 Non Essential Molecules
The Controversial ADAM2/a6p1 Couple

Before the discovery of Izumo protein, the best candidate egg ligand on sperm was
an ADAM (A Disintegrin and Metalloprotease) family protein. ADAM?2 was the first
specific sperm ADAM identified in guinea pig, expressed at the equatorial region of
the sperm head (Primakoff et al. 1987). ADAM?2 is also present in other mammalian
species such as mouse, macaque and human. In the mouse, antibodies and peptide of
the disintegrin domain of ADAM?2 (fertilin f) and ADAM3 (cyritestin), another testis
specific ADAM, have been reported to inhibit sperm oocyte binding and fusion
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Fig. 9.4 Izumol distribution
at sperm head surface. After

1 h of in vitro capacitation,
live sperm have been exposed
to a rabbit polyclonal
antibody anti-mouse [zumo
revealed by a FITC anti-
rabbit antibody and analysed
by epifluorescence. Izumo 1
is an acrosomal membrane
protein which is exposed
during the acrosome reaction
and relocates from the
acrosomal cap (b) to the
equatorial region (d). (a and
¢): Dapi sperm DNA staining.
The different regions of the
sperm head are represented in
d’ acrosomal cap (1);
equatorial region (2);
post-acrosomal cap (3). Scale
bar, 2 pm
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(Primakoff et al. 1987; Evans et al. 1998; Zhu et al. 2000; Yuan et al. 1997). Male
mice with deletion of ADAM?2 and ADAM3 genes are infertile (Cho et al. 1998;
Shamsadin et al. 1999). Even though these experimental data explained the sterility
by an impaired migration of sperm into female oviduct and a defect in zona pellucida
binding of mutant sperm, they didn’t prove that ADAM?2 and ADAM3 were also
involved in membrane interaction. Since ADAM2 and ADAM3 proteins contain a
tripetide sequence that mimics the Arg-Gly-Asp (RGD) and that controls sperm-
oocyte membrane interactions (Blobel et al. 1992; Myles et al. 1994; Evans et al.
1995), this suggests that oolemma integrins are involved. Indeed, several integrins
have been identified on the oolemma of mammalian eggs and in particular in mouse
(Sengoku et al. 2004). The integrin a6p1 has been the primary candidate proposed to
bind to sperm ADAM?2 since (1) mouse sperm adhere to somatic cells when they
express a6f1 and this binding is blocked by anti-mouse ADAM?2 antibody (Almeida
et al. 1995; Bigler et al. 2000), (2) soluble form of ADAM2 disintegrin domain binds
to the egg microvillar surface in a distribution comparable to a6p1 (Evans et al. 1997,
Bigler et al. 2000) and this adhesion is inhibited by the function blocking mAb for a6
subunit, GoH3 (Bigler et al. 2000). However, gene deletion experiments failed to
confirm that a6p1 play a key role in sperm-egg membrane interaction. Indeed, a6
integrin null oocytes were normally fertilized in vitro by wild type sperm (Miller
et al. 2000). Moreover, oocytes lacking all $1 integrins were competent to fuse with
sperm in vivo as well as in vitro (He et al. 2003). The discrepancies between gene
deletion and peptide/antibodies experiments found a possible explanation in a work
which suggests that sperm integrins may also be involved (Barraud-Lange et al.
2007b). Acrosome reacted mouse sperm express a6fl integrin in equatorial and
post-acrosomal regions and treatment of sperm with a6 or B1 function blocking anti-
bodies prior to egg insemination decreased cumulus intact fertilization rate by 50%.
When antibodies were present in the insemination medium, thus blocking both sperm
and egg integrins, the fertilization rate felt to 10%. Therefore, optimal conditions for
fusion may require the presence of a6p1 on the two gamete membranes but the
presence of a6PB1 on only one of the gametes may be sufficient for fusion to occur.
An example of such compensation is provided by 1 defective myoblasts where
fusion is rescued by coculture with wild type myoblasts (Schwander et al. 2003). The
analysis of fertilization performance of sperm and egg that are both inactivated for a6
or B1 is still lacking to validate this hypothesis.

The association of integrins and tetraspanins within the tetraspanin web (see
below) suggesting that it could act as a mediator of the tetraspanins CD9 and CD81
effects (Berditchevski 2001; Boucheix and Rubinstein 2001; Charrin et al. 2009;
Hemler 2005) reinforces the possibility of the involvement of a6p1 in sperm-egg
membrane interaction.

Other Molecules

The Epididymal Cysteine-RIch secretory Proteins (CRISP) from seminal plasma adhere
to sperm surface and one of them CRISP1 has been implicated in sperm-oolemma
interaction (Cohen et al. 2007). Cripsl null mice have reduced sperm-oolemma
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fusion in vitro (Da Ros et al. 2008). CRISP2 is a sperm protein that seems to compete
with CRISP1 for oolemma binding (Busso et al. 2007). Their ligands on oolemma
are unknown.

Most of the other gamete surface proteins involved in gamete interaction act at
the level of sperm-ZP interaction and don’t seem to participate in the fusion process
(for review (Ikawa et al. 2010)).

9.2.2 Available Data in Human

Since human oocyte is an extremely rare material and the laws that authorize the
human research programmes are very restrictive, there are very few experimental
data available on fertilization process in human. However, based on what has been
shown in other species, some molecules have been identified at the surface of human
gametes and involved in in vitro sperm-egg membrane interaction.

9.2.2.1 Integrins and Their Ligands

Several integrin subunits have been identified in the human oolemma by immunos-
taining, particularly, a5p1, avB3 and a6f1 (Fusi et al. 1993; Campbell et al. 1995;
Ji et al. 1998; Sengoku et al. 2004; Ziyyat et al. 2006). The involvement of the
RGD-binding subfamily of integrins has been suggested by the inhibition of inter-
action of human sperm with zona-free hamster or human oocyte induced by RGD
peptide (Bronson and Fusi 1990; Ji et al. 1998; Ziyyat et al. 2005). Furthermore,
fibronectin and vitronectin, ligands of a5p1 and avp3 integrins respectively, via the
RGD sequence, have been shown to be expressed by human sperm. If fibronectin is
present at the head surface of capacitated human sperm, vitronectin is contained in
the acrosomal vacuole, released in the extracellular medium following acrosome
reaction and relocated to the equatorial segment (Fusi and Bronson 1992; Fusi et al.
1994). These data strengthened the hypothesis of a potential involvement of RGD-
binding integrins in the recognition of human sperm and egg membranes.
Interestingly, a5p1 and avp3 are also expressed at the human sperm surface, most
of the time depending on sperm status (Fusi et al. 1996b). The presence of vitronec-
tin receptor on both gametes leads to the hypothesis that vitronectin, released by
human sperm during acrosome reaction, could participate in sperm/egg adhesion
(Fusi et al. 1996a). The pair ADAM/a6f1 integrin was also proposed as a potential
actor in human sperm/egg binding and fusion. On the one hand, a FEE containing
peptide, mimicking the adhesion site of the disintegrin domain of human ADAM?2,
has been shown to inhibit or increase (depending on whether a linear or cyclic form
was used) the fusion with human sperm to human zona-free eggs (Bronson et al.
1999; Ziyyat et al. 2005). On the other hand, the mAb for a6 subunit, GoH3, was
shown to strongly inhibit human sperm-egg fusion in a dose dependent manner up
to 96%, suggesting the involvement of a6p1 in the control of human gamete fusion
(Ziyyat et al. 2006). Finally, a6p1 has been also described at the human sperm



214 V. Barraud-Lange and C. Boucheix

surface and proposed to be a potential clinical marker to evaluate sperm fertilizing
ability in men (Reddy et al. 2003). Regardless of these experimental data, limited
information is available concerning the involvement of integrins in human physio-
logical fertilization conditions. Indeed, owing to bioethical laws, removal of the ZP
is necessary to perform in vitro fertilization assays in human. This leads to the
modification of integrin membrane distribution and to the binding and fusion of the
oolemma with numerous sperm. This model of in vitro human gamete interaction
could mask or bypass molecules necessary for membrane interaction (Ji et al. 1998;
Sengoku et al. 2004).

9.2.2.2 Tetraspanins and Izumo

CD9, CD81 and CDI151 tetraspanins have been identified on human egg surface
(Ziyyat et al. 2006). These molecules are evenly distributed on zona intact oocyte.
Surprisingly, on zona-free eggs, CD81 and CDI151 form patches and co-localize
while CD9 remains unchanged. CD151 and CD9 have been involved in human
gamete membrane fusion since sperm and egg co-culture in presence of anti-CD151
and anti-CD9 monoclonal antibodies leads to a reduction of 50% and 78% of fusion,
respectively (Ziyyat et al. 2006). No effect on sperm egg fusion was observed with
the anti-human CD81 monoclonal antibodies (Ziyyat et al. 2006).

On the human sperm side, Izumo protein has been detected on sperm head sur-
face after acrosome reaction as well as mouse sperm (Inoue et al. 2005). Using the
hamster test, an heterologous system of human sperm insemination with zona free
hamster egg, no fusion was observed in presence of the anti-human Izumo antibody,
suggesting the involvement of Izumo in human sperm fertilization ability (Inoue
et al. 2005).

Both molecules, egg CD9 tetraspanin and sperm Izumo protein, are expressed by
human gametes and their function is supported by in vitro fertilization assays, sug-
gesting that they take part in human fertilization mechanism. However, despite these
experimental observations, no case of women and men infertility could be attributed
to a genetic defect of CD9 and Izumo. The complete sequencing of the coding region
of the CD9 gene in 87 women with unexplained infertility (Nishiyama et al. 2010) as
well as the analysis of 9 exons encoding for the Izumo protein in 36 infertile men
(Granados-Gonzalez et al. 2008) did not show any mutation. Nevertheless, the
absence of mutations in the coding sequence does not exclude a defect in the regulation
of the gene expression and when possible the levels of protein expression on sperm
(Hayasaka et al. 2007) and oocytes should be monitored.

9.2.3 Other Species

The expression of CD9 on gametes of other mammalian species is compatible with
its involvement in fertilization as confirmed by antibody (Li et al. 2004; Zhou
et al. 2009) or soluble CD9 large extracellular loop inhibition of fertilization
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(Tang et al. 2008). Despite the fact that the C. elegans genome encodes at least 20
tetraspanins, none of them appear to be involved in gamete fusion (for review
(Marcello and Singson 2010)). The explanation may rely on the observation that a
phylogenetic comparison of mammalian tetraspanins with the multiple superfam-
ily members found in C. elegans and drosophila showed that they are highly diver-
gent and that no reliable orthologs of mammalian tetraspanins can be found in
nematodes or insects with the exception of Tspan5/NET4 (Todres et al. 2000). Other
proteins were shown to be involved in gamete fusion of non mammalian species.
As shown in Table 9.1, they have variable structures, membrane topology and
contain different protein motifs. In C. elegans, four sperm proteins and two oocyte
proteins appear to be required for cell fusion. The two egg proteins are related and
belong to the LDLR family of proteins (for reviews (Marcello and Singson 2010;
Oren-Suissa and Podbilewicz 2010)). Also, an important ancestral gamete fusion
apparatus is represented by the GCS1/HAP2 gene that has disappeared from the
genome of recently diverged animals. The gene product of GCS1/HAP2, a type 1
membrane protein expressed on male gametocyte, is necessary for gamete fusion of
plants like Arabidopsis thaliana (von Besser et al. 2006) and of two types of protists
(Liu et al. 2008; Hirai et al. 2008; Liu et al. 2008).

The diversity of molecules at stake indicates that gamete fusion has evolved
entirely different mechanisms during evolution to fulfill the aim of mixing haploid
genomes in the process of reproduction.

9.3 Tetraspanins Function in Fertilization:
Current Hypotheses

From a mechanistic point of view, cell fusion processes fall in two categories: the
one for which an identified fusogenic protein is involved and the others for which
proteins required for fusion, may (or may not) have been identified but underly-
ing fusion mechanisms are completely unknown. Gamete fusion falls in the sec-
ond category. In spite of the discovery of numerous molecules involved in gamete
fusion and their structural diversity, the absence of fusogenic peptide renders
elusive the way they permit fusion to occur. Despite the involvement of other
tetraspanins in fertilization, CD9 prominent effects have attracted most of the
studies and various mechanisms have been described and explored as contribut-
ing to the fusion process.

9.3.1 CD9 as a Sperm Receptor

In mouse macrophages, CD9 has been shown to be a receptor of PSG17 (Waterhouse
et al. 2002). Pregnancy specific glycoproteins (PSGs) form a family of 14 proteins
specifically secreted in the serum of pregnant female by the placenta. These secreted
proteins belong to the Ig superfamily and to the carcinoembryonic antigen (CEA)
subfamily. The high level of PSGs measured in the serum until term is necessary
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for successful pregnancy probably in modulating the maternal immune system
(Ha et al. 2005). Considering the key role CD9 has in fertilization, the presence of
a PSG17-related ligand on sperm has been investigated (Ellerman et al. 2003).
Interestingly, convincing in vitro assays revealed that PSG17 bound specifically to
the large extracellular loop (EC2) of CD9 and that the sequence SFQ, required for
the functionality of CD9 in fertilization process (see below), was necessary for the
recognition between PSG17 and CD9. Furthermore, the recombinant form of
PSG17 adhered to the microvillar region of wild type eggs while the soluble protein
did not bind to CD9 deleted eggs. Finally, PSG17 fixed at the egg surface inhibited
sperm-egg fusion affecting fertilization rate and fertilization index. In light of these
experimental data, the most attractive hypothesis is that CD9 may bind in trans to
a PSG17-related protein on the sperm surface which still remains to be identified.
A CEA protein called sperad/AH-20 has been identified on hamster sperm and has
been implicated in sperm-egg fusion (Primakoff and Myles 1983; Allen and Green
1995; Ilayperuma 2002) but it remains to be shown if this protein is related to
PSG17 (Ellerman et al. 2003).

In spite of the in vitro binding data, the preincubation of sperm with a recombi-
nant protein corresponding to the EC2 domain of CD9 did not inhibit gamete fusion
(Zhu et al. 2002). This experiment argues against a receptor function of CD9 but it
is possible that a motif that would be critical for interaction of the EC2 domain with
sperm is not presented in an adequate conformation.

Interestingly, CD81 EC2 has a phenylalanine residue F186 in a solvent-exposed,
low polarity patch that is required for CD81 binding to the hepatitis C virus
(Higginbottom et al. 2000). CD9 F174 is present in a corresponding head domain
region and its mutation resulted in a fourfold reduction of the fusion rescue ability
of CD9 mRNA injected into Cd9 null oocytes. The mutation of the tripeptide SFQ
to AAA (encompassing the two F174 adjacent a.a.) resulted in an even greater inef-
ficiency of the transcript to rescue the fusion despite a similar level of expression of
CD9 at the surface of the oocyte and its recognition by all tested monoclonal anti-
bodies (Zhu et al. 2002). The observation that the mutation of a sequence known to
act in trans in a closely related tetraspanin supports a receptor function of CD9 in
gamete fusion.

9.3.2 CD9 Positions a Partner Molecule Required
Jor Fusion Within the Tetraspanin Web

9.3.2.1 Tetraspanins Organize a Network of Molecular Interactions
at the Cell Surface

The key function attributed to tetraspanins is to organize extensive network of cis-
partner proteins in the so-called Tetraspanin Web or Tetraspanin Enriched
Microdomains (TEMs) within the plasma membrane (Berditchevski 2001; Boucheix
and Rubinstein 2001; Charrin et al. 2009; Hemler 2005; Levy and Shoham 2005;
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Yanez-Mo et al. 2009). It has been proposed that within these microdomains each
tetraspanin interact with their primary partners (like EWI2 for CD9) but heterotypic
tetraspanin-tetraspanin interactions allow the assembly of higher molecular com-
plexes that link molecules with diverse functions. For instance a6p1 integrin associ-
ates directly to the tetraspanin CD151 but indirectly to CD9 through a CD9-CD151
interaction. The loss of one of the structural components, in the present case CD9,
may disorganize these membrane microdomains and deregulate the functions of
associated proteins. Based on this view, the defect of fusion ability of Cd9-deleted
oocyte may be due to the deregulation of one or more of the proteins which belong
to the TEMs.

9.3.2.2 First Level Interactions: Primary Partners

Two primary partners of CD9, CD9P-1/EWI-F/CD315 and EWI2/CD316, were
described in various cellular types (Charrin et al. 2001, 2003; Clark et al. 2001;
Stipp et al. 2001, 2003). They are structurally related and, with EWI-3 and EWI-
101, form a novel Ig domain subfamily that includes four members. EWI-2 and
CDYP-1 are expressed on oocytes and as in other cellular types both molecules are
primary CD9 partners (Rubinstein et al. 2006b; Runge et al. 2007; He et al. 2009;
Glazar and Evans 2009). Luminescence assays revealed that the oocyte expression
level of EWI2 was decreased by more than 90% in the absence of CD9 (He et al.
2009). The mechanism of this deregulation is unknown. It does not require palmi-
toylation of CD9 since Cd9 null mice positive for the depalmitoylated CD9 trans-
gene (CD9P™ Tg* Cd9~-) had oocytes which expressed normal level of CD9”'™ and
EWI2 and were fully functional in sperm-egg fusion. Three studies have addressed
the potential role of EWI-2. In one study, an anti-EWI-2 antibody showed a discrete
inhibitory effect on sperm-egg binding but not on fusion (Glazar and Evans 2009).
In another study, recombinant EWI-2 ectodomain did not result in an inhibition of
sperm-egg binding and fusion despite the fact that it bound to the surface of 82% of
acrosome-reacted sperm and to 22% of acrosome intact sperm (He et al. 2009).
Finally, a recent work reporting the generation of EWI-2 deleted mice demonstrates
surprisingly that EWI-2 is dispensable for sperm-egg fusion (Inoue et al. 2012).
A compensatory mechanism during development can’t be excluded from these
results but appears unlikely.

9.3.2.3 Second Level Interactions

The importance of these interactions in oocytes relied on the belief that sperm/egg
adhesion was mediated by the binding of the disintegrin domain of ADAM?2 to egg
a6P1, a component of TEM (Chen et al. 1999; Zhu and Evans 2002). Moreover,
CD?9 was shown to control the lateral diffusion of a6p1 within the oolemma (Ziyyat
et al. 2006) since (1) anti-CD9 monoclonal antibodies prevent the reorganization in
patches of a6f1 induced by zona removal procedure on human oocytes (2) the
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patches induced by the antibody-mediated aggregation of a6 subunit were larger
and more dispersed in absence of CD9 at the mouse egg surface. These observations
led to the proposal that CD9 is necessary for the maintenance of a tetraspanin web
to which the integrin a6f1 is linked through the tetraspanin CD151 (Serru et al.
1999), thus controlling its lateral mobility (Ziyyat et al. 2006). The cooperation of
CD9 with egg membrane components was supported by another team which has
generated a soluble form of the large extracellular loop of CD9 (EC2). The preincu-
bation of eggs with the EC2 constructs, before insemination, significantly reduced
the fertilization and index rates while sperm pre incubation had no effect (Zhu et al.
2000). This report strengthens the idea that CD9 function in gamete fusion is the
consequence of its interaction with partners in cis on the egg surface.

9.3.3 CD9 Is Transferred from Egg to Sperm

Recent findings offer a new view on the potential role that CD9 would play in gam-
ete membrane interaction. It originated from an unexpected observation describing
a transfer of CD9 from oolemma to the head of sperm present in the perivitelline
space of Cd81 null oocytes (Rubinstein et al. 2006a). This transfer of CD9 has been
next confirmed between wild type gametes and proposed to be driven by an egg
membrane fragment released during gamete contact prior to fusion (Barraud-Lange
et al. 2007a). The authors proposed that this protein transfer might be trogocytosis-
related. Trogocytosis is a phenomenon involved in lymphocyte activation, in which
lymphocytes actively capture plasma membrane fragments of antigen-presenting
cells containing MHC-peptide complexes (Joly and Hudrisier 2003). Another group
showed transfer of oocyte material to the sperm using CD9-EGFP Tg+ CD9~~
oocytes (Miyado et al. 2008). The authors monitored IVF assays and showed that
the fertilizing sperm which has reached the perivitelline space acquired CD9-EGFP
by direct interaction with CD9-EGFP containing-material present in this space.
Confocal and electron microscopy analyses allowed observation of the release from
the oolemma of vesicles which contained CD9 and presented the morphological
characteristics of exosomes. The functional significance of such a phenomenon is
still an open question. Does this egg-derived material acquired by the fertilizing
sperm contain information necessary for activation to sperm fusion ability? The
required acquisition of CD9 by sperm before fusion in order to organize a multimo-
lecular complex of fusion has been proposed (Barraud-Lange et al. 2007a) but is
questioned by recent findings which proved that mature sperm express endogenous
CD9 (Ito et al. 2010). Miyado’s group was able to restore Cd9 null oocytes fusion
ability by CD9-containing vesicles recovered from wild type eggs. They proposed
that sperm that had previously interacted with CD9-containing material released by
wild type eggs became competent for Cd9 null egg fertilization. Based on these
data, they concluded that egg CD9 bestows upon sperm its fusion ability. This
model is questioned by others who failed to reproduce the CD9 null oocytes rescue
experiments (Gupta et al. 2009; Lefevre et al. 2010). If the interaction of sperm
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with egg membrane material was confirmed by several groups, its requirement for
fertilization needs to be proven.

9.3.4 CD9 Structures the Oocyte Membrane

CD9 has been proposed to be involved in the architecture of the oocyte plasma
membrane, explaining the fertilization defect of Cd9 null eggs by the dimorphism
of the oolemma since CD9 expression is restricted to the microvillar area where
fusion occurs. By scanning electron microscopy (e.m.), it was shown that the micro-
villi of mutant Cd9 null oocytes appeared shorter, thicker, denser and more uniform
than in wild type oocytes (Runge et al. 2007). The authors also showed by immuno-
gold labeling that CD9 was congregated on the microvilli and not on the planar
membrane regions. Interestingly, the loss of EWI2 consequent to the loss of CD9
renders this observation particularly relevant. Indeed, in somatic cells, EWI-2 has
been shown to bind directly, through its N-terminal domain, to actin-linking ezrin-
radixin-moesin (ERM) proteins (Sala-Valdes et al. 2006). ERM proteins bind in
turn to the actin filaments in the microvillar core. Thus, a network composed by
CD9-EWI-2-ERM-actin has been proposed to regulate the microvillar morphology.
Based on these data, one can speculate that in the absence of CD9 and EWI-2, the
link between the plasma membrane and the cytoskeleton is lost leading to the dis-
ruption of the microvillar structure and, consequently, rendering oolemma fusion
incompetent.

There are some examples in which organ specific tetraspanins structure par-
ticular areas of the membrane like RDS/ROM for the rim of photoreceptors outer
segment disk or uroplakins la and 1b for the urothelial plaques of the bladder.
Also the tetraspanin CD151 is in epithelial cells a constituent of hemidesmo-
somes where it is targeted via its interaction with the integrin a6p4. These cellular
structures may be considered as independent or as an extension of the tetraspanin
web. No specific structure is seen with CD9 on oocytes apart from a pronounced
membrane curvature at the tip of the microvilli. Although morphologically this
part of the microvilli resembles the rim of photoreceptors outer segment disk,
these two types of structures are not directly comparable since RDS/ROM have
a particular mode of organization forming tetramers and intermolecular disulfide
bonds and a restricted expression (Goldberg 2006), properties that are not shared
by CDO9.

9.3.5 Relationship Between Rafts and TEM in Gamete Fusion

Given the various observations showing that tetraspanins CD9 and CD81 are criti-
cal players in the gamete fusion, their function should also be considered in view of
their involvement in the assembly of TEM. On the other hand the dramatic effect of
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GPI anchored protein depletion (see above) on gamete fusion suggests a role for
lipid rafts. Until now these two types of membrane domains have been viewed as
different based on biochemical (Le Naour et al. 2006) and dynamic membrane stud-
ies (single particle tracking or fluorescence recovery after photobleaching) (Barreiro
et al. 2008; Espenel et al. 2008). Combining these observations leads to the hypoth-
esis that cooperation between rafts and TEM is required for gamete fusion to occur.
The requirement is to bring the gamete membranes in tight apposition (less than
10 nm) to overcome the energetic barrier that prevents spontaneous fusion to occur
and allow lipid mixing between sperm and oocyte membranes. This could be
achieved by creating patches on the membrane where repulsive forces are lowered
and exposing these patches to the partner’s membrane, thus building a kind of
fusion synapse.

Consequently, depending on associated membrane lipids and/or proteins, tet-
raspanins may either promote or inhibit cell fusion, explaining the contradictory
effects of the CD9/CD81 double deletion on oocytes and monocytes/macrophages
(see below).

Virus budding offers another example where lipid rafts and TEM may be coop-
erating. There is a colocalization of rafts with Gag and Env associated proteins
during virus assembly (Holm et al. 2003; Ono and Freed 2005). Gag and TEM were
also shown to colocalize (Jolly and Sattentau 2007; Mazurov et al. 2006; Nydegger
et al. 2006). Furthermore rafts and TEM components are incorporated into viruses
(Ott 2008). A GPI-anchored raft protein (BST2) inhibits virus assembly whereas
the precise role of TEM associated proteins in virus assembly remains controversial
(Chen et al. 2008; Grigorov et al. 2009; Krementsov et al. 2009; Ruiz-Mateos et al.
2008). A recent analysis of the dynamic relationship between viral components and
these microdomains suggests that it is Gag assembly that creates a local microenvi-
ronment enriched in raft lipids and proteins and in which CD9 and presumably
other tetraspanins are trapped. In these different types of microdomains, tetraspan-
ins have reduced motility whereas raft markers diffuse freely (Krementsov et al.
2010). The ability of Gag to regroup membrane molecules localized in different
microdomains raises the question of yet an unknown molecule at the surface of the
oocyte that could play a similar role in building appropriate sites of fusion at the tip
of microvilli.

9.3.6 Implication of Tetraspanins in Other Cell
Fusion Processes

Instead of illuminating the mechanism of sperm-egg fusion, the involvement of
tetraspanins in other cell fusion types has added another level of complexity. Indeed,
it was reported that anti-CD9 or anti-CD81 antibodies delay the fusion of murine
myoblastic cells to form multinucleated myotubes during muscle differentiation and
that ectopic expression of CD9 increases the fusion of rhabdomyosarcoma cells
(Tachibana and Hemler 1999). This observation is compatible with the properties of
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CD9 and CD81 in gamete fusion. The situation differs for osteoclasts and giant cells
that are two types of multinucleated cells issued from the fusion of monocytes/
macrophages and are involved in bone resumption and in the immune response
respectively (Vignery 2005). Silencing of Tspan-5 and CD9 reduces the formation
of giant multinuclear osteoclast-like cells by RANKL treated RAW264.7 cells,
whereas silencing of Tspan-13/NET-6 has the opposite effect (Ishii et al. 2006; Iwai
et al. 2007). However the CD9~-/CD81~~ mice have greater numbers of osteoclasts
associated with reduced bone-mineral density. In addition multinucleated giant cells
are found spontaneously in the lung of these mice (Takeda et al. 2003). This in vivo
observation was confirmed in vitro since the fusion of macrophages lacking these
two tetraspanins is enhanced. Thus as in gamete fusion, the tetraspanins CD9 and
CDS8]1 play both a role in the fusion of macrophages, but in that case they regulate
negatively the fusion process. Interestingly, tetraspanins CD9, CD63, CD81, CD82
and CD231 inhibit HIV-1 induced cell to cell fusion (Gordon-Alonso et al. 2000;
Sato et al. 2008). It was further demonstrated that tetraspanins CD9 and CD63
inhibited cell fusion mediated by HIV1 Env protein, whereas CD82 effect was
dependent on the coexpression of Gag (Weng et al. 2009). CD82 has also been
shown to inhibit cell-cell fusion mediated by the envelope glycoprotein of human
T-cell leukemia virus type 1, another retrovirus (Pique et al. 2000).

These findings indicate a complex role for tetraspanins in the fusion process
where the same tetraspanin, depending on the cellular type and the molecular con-
text may either promote or inhibit cell fusion, and where different tetraspanins in the
same cellular type may have opposite effects on cell fusion. This suggests that the
role of tetraspanins in cell fusion is dependent of their molecular environment
within the Tetraspanin Web in which they exert a structuring and regulatory role.

9.4 Perspectives

Current knowledge on the mechanisms of cell fusion or more generally of mem-
brane fusion have been of little help to understand the way two gametes unite to
form a single cell. None of the gamete fusion proteins reported in the litterature are
fusogenic. They don’t contain a fusion peptide and when expressed ectopically they
don’t induce cell fusion as it is observed with FAST fusogens or C. elegans eff-1 and
aff-1 (Oren-Suissa and Podbilewicz 2010). In addition, the formal proofs that they
may interact with membrane proteins of the other gamete are still lacking. Most of
the critical factors were discovered by genetic approach, either by systematic gene
screening or by sheer luck with gene-manipulated animals that provided non antici-
pated phenotypes. Therefore, other surprises may be expected from additional
genetic approaches, especially with the global effort of knocking out systematically
all mouse genes. If the mouse gene deletion models have also eliminated some
genes like a6P1 from the first line candidates, that doesn’t definitely rule out their
implication in the process that may be more subtle. For instance, by increasing
gametes binding rates, they may give a selection advantage that would appear after
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several generations of free competition mating (Sutovsky 2009). In addition, human
biological mechanisms are not necessarily a copy of what happens in mice.
Ongoing and future studies will continue to focus on:

1. Research of molecular candidates that fit with present models of membrane fusion

2. Understanding of how membrane microdomains are critically involved

3. Elaboration of new models of cell fusion that would modify or go beyond current
paradigms and take into account the specific microdomain organization of the
gamete membranes

4. Development of new tools for studying gamete interaction with improvement of
imaging and of biophysical techniques that would allow an easier appreciation of
what occurs directly at the interaction/fusion site.

One of these new tools, called Biomembrane Force Probe (BFP), which allows
the measurement of binding nano-forces involved in gamete membrane adhesion,
was developed recently by a biophysics team (Jegou et al. 2008). They have also
provided relevant information on the mechanical properties of the oolemma.
Experiments using wild type cells revealed that some domains of the egg membrane
presented an elastic deformation under sperm traction corresponding to strong inter-
action between gamete membranes (S-adhesion site). While others domains gave
rise to a tether via a viscoelastic deformation corresponding to weak interaction
(W-adhesion site). Applied to gametes from mutant mice, the BFP is of particular
interest to decipher the role played by molecular candidates in gamete membrane
fusion. Indeed, a very recent work revealed that the adhesion properties of CD9-
deleted egg membrane are deeply modified (Jegou et al. 2011). Force measurement
assays recorded sperm-egg adhesion events but showed a loss of membrane
S-adhesion site in absence of CD9. Considering the organizer function often attrib-
uted to tetraspanins in many membrane cell types, the authors proposed that CD9
induced assembling of part of sperm receptors into multiprotein patches at the egg
surface. A receptor involved in a patch is strongly anchored to the cytoskeleton and
forms a S-adhesion site at the egg surface. Conversely, in absence of CD?9, isolated
receptor which is individually connected to the cytoskeleton, provide weak interac-
tion. The authors proposed then that S-adhesion allows the tight sperm-egg contact
necessary to induce fusion and finally that CD9 generates fusion competent adhe-
sion sites on eggs. This model describes the fertilization as a direct consequence of
CD9 controlled sperm-egg adhesion leading to fusion. To go further, it might be
possible to investigate the nature of receptors anchoring to the egg membrane
cytoskeleton as well as its involvement in fusion process.
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