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Summary

When a sperm and oocyte unite into one cell upon fertilization,
membranous fusion between the sperm and oocyte occurs. In
mice, Izumol and a tetraspanin molecule CD9 are required for
sperm-oocyte fusion as one of the oocyte factors, and another
tetraspanin molecule CD81 is also thought to involve in this
process. Since these two tetraspanins often form a complex upon
cell-cell interaction, it is probable that such a complex is also
formed in sperm-oocyte interaction; however, this possibility is
still under debate among researchers. Here we assessed this
problem using mouse oocytes. Immunocytochemical analysis
demonstrated that both CD9 and CD81 were widely distributed
outside the oocyte cell membrane, but these molecules were
separate, forming bilayers, confirmed by immunobiochemical
analysis. Electron-microscopic analysis revealed the presence of

CD9- or CD81-incorporated extracellular structures in those
bilayers. Finally, microinjection of in vitro-synthesized RNA
showed that CD9 reversed a fusion defect in CD81-deficient
oocytes in addition to CD9-deficient oocytes, but CD8]1 failed in
both oocytes. These results suggest that both CD9 and CD81
independently work upon sperm-oocyte fusion as extracellular
components.

© 2012. Published by The Company of Biologists Ltd. This is
an Open Access article distributed under the terms of the
Creative Commons Attribution Non-Commercial Share Alike
License (http://creativecommons.org/licenses/by-nc-sa/3.0).
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Introduction

In fertilization, a sperm first interacts with cumulus cells, somatic
cells surrounding an oocyte (Ikawa et al., 2010). It causes
detachment of cumulus cells from an oocyte by its enzymatic
activities, and then adheres to the zona pellucida (ZP), the
extracellular matrix fully covering the oocyte. After completion
of the acrosome reaction, a specific modification of the outer
membrane of a sperm, the sperm penetrates the ZP and adheres to
the oocyte cell membrane (Jin et al, 2011). At this time,
membrane fusion occurs between the sperm and oocyte.

CD9 and Izumol belong to the tetraspan membrane protein
family (tetraspanin) and immunoglobulin  superfamily,
respectively, and play a crucial role in sperm-oocyte fusion in
mice (Inoue et al., 2005; Kaji et al., 2000; Le Naour et al., 2000;
Miyado et al., 2000). In other words, both CD9-deficient oocytes
and Izumo1-deficient sperm are unable to fuse to their wild-type
partner’s cells (Inoue et al., 2005; Kaji et al., 2000; Le Naour et
al., 2000; Miyado et al., 2000). Moreover, CD9-containing
exosome-like vesicles are released from oocytes, transferred to
the sperm head, and facilitate sperm-oocyte fusion (Ikawa et al.,
2010; Miyado et al., 2008; Toshimori, 2011).

Exosomes, nano-sized microvesicles of 50-250 nm in diameter,
are known to be released from various types of cells, and play a
role in transferring cellular materials from cell to cell (Bobrie et al.,

2011). Notably, they contain heat shock proteins (Hsp70 and
Hsp90) (Lancaster and Febbraio, 2005), express tetraspanins
(CD9, CD81, and CD63) (Zoller, 2009) and gangliosides (GM1
and GM3) (de Gassart et al., 2003) on their outer membrane, and
often carry mRNA and microRNA (Valadi et al., 2007).
Interestingly, the possible clinical application of exosomes as
siRNA carriers is now being explored (Lakhal and Wood, 2011).
In dendritic cells, exosomes are generated from intraluminal
endosomal vesicles, and released from their cell surface in a form
of multivesicular bodies (Pelchen-Matthews et al., 2004).

CD8]1 is expressed on the surface of oocytes, and deletion of
CD81 gene in mice results in a 40% reduction of female fertility,
indicating that this infertility is due to the inability of oocytes to
fuse with sperm (Rubinstein et al., 2006). Furthermore, when
CD81-deficient oocytes are incubated with sperm, some of the
sperm penetrating into the perivitelline space of CD81-deficient
oocytes fail to undergo acrosome reaction, indicating that the
impaired fusibility of CD81-deficient oocytes may be in part
caused by impaired acrosome reaction of sperm (Tanigawa et al.,
2008). In addition, CD81 is abundantly expressed in granulosa
cells, somatic cells that surround oocytes (Tanigawa et al., 2008).

Since CD9 shares homologous sequences with CDS81
throughout the four transmembrane regions, and both often form
a complex upon cell-cell interaction (Horvath et al., 1998), these
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two proteins are thought to play similar roles in regulating cellular
function (Hemler, 2003). It is therefore likely that such a complex
is also formed in sperm-oocyte interaction; however, this
possibility is still under debate among researchers (Glazar and
Evans, 2009). Here we focused on the subcellular localization of
CD9 and CD81 on mouse oocytes to infer the possible roles of
these two proteins in the fusion between a sperm and oocyte.

Results

Synergistic effects of anti-CD9 and anti-CD81 on sperm-
oocyte fusion

Two mAbs, anti-CD9 and anti-CD81, were raised against
extracellular loops of mouse CD9 (Oritani et al., 1996) and
mouse CD81 (Maecker et al., 2000), respectively. The former is
known to inhibit sperm-oocyte fusion (Chen et al., 1999; Miller
et al., 2000; Miyado et al., 2000), to reduce the fertilization rate
as well as the two-cell formation rate (Miyado et al., 2000), and
to cause excess sperm penetration (>10 sperm/oocyte) (Miyado
et al., 2000). The latter is known to induce homotypic adhesion of
B cells (Maecker et al., 2000), and also inhibits IL-4 production
in the process of antigen-specific T-B cell interaction (Deng et
al., 2002). However, anti-CD81 appears to behave like anti-CD9
upon sperm-oocyte fusion (Rubinstein et al., 2006). Thus, we
here focused our attention on whether sperm-oocyte fusion or the
IVF rate is affected by the addition of anti-CD81 alone or by both
anti-CD81 and anti-CD?9.
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Oocytes surrounded by cumulus cells (herein referred to as
‘cumulus-intact’ oocytes) were isolated from oviducts and
directly subjected to IVF in TYH medium containing anti-
CDS81 and/or anti-CD9, as depicted in Fig. 1A. Concomitantly,
‘cumulus-intact’ oocytes were inseminated in the medium
containing pre-immune IgG, and are herein referred to as
‘control oocytes’. In addition, we used rabbit pre-immune IgG
whose total concentration had been adjusted to 100 pg/ml in each
condition. On observation 24 hours after insemination, oocytes
fertilized in the presence of anti-CD81 had developed normally to
two-cell embryos, similar to the control oocytes (Fig. 1B).
Quantitative analysis showed no significant difference in the rate
of two-cell embryos between these two groups (86.5£7.1% for
oocytes incubated with anti-CD81 vs. 89.9+10.1% for control
oocytes) (Fig. 1D). Furthermore, excess sperm penetration did
not occur in either group (0.9£0.9% and 0.0=0.0%) (Fig. 1C). In
contrast, in the oocytes inseminated in the presence of both mAbs
or anti-CD9 alone, excess sperm penetration was observed in the
perivitelline space (PVS) (Fig. 1B). This was confirmed by
quantitative analysis (70.2=8.0% for oocytes incubated with both
mAbs vs. 86.1£13.9% for oocytes incubated with anti-CD9
alone) (Fig. 1C). Interestingly, the rate of two-cell embryos was
significantly reduced in oocytes incubated with both mAbs,
comparing to that in oocytes incubated with anti-CD9 alone
(7.3%0.8 vs. 27.0=7.5; P=0.031) (Fig. 1D). This is probably due
to the weak, but apparent inhibitory effect of anti-CD81 on IVF.
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Fig. 1. Inhibitory effects of anti-CD9 and anti-CD81 on fertilization. (A) Experimental flow for testing the rate of excessive sperm penetration in perivitelline
space (PVS) of an oocyte and the rate of two-cell embryos. Oocytes collected from oviducts of superovulated female mice were subjected to IVF in the presence of
anti-CD9 (50 pg/ml) and/or anti-CD81 (50 pg/ml) or a preimmune Ab (50 pg/ml) for 24 hours. They were then stained with DAPI. BF, bright field. (B) Embryos
24 hours after IVF in the presence of Abs. Arrowheads marked sperm accumulated at the PVS. Scale bars: 20 um. (C) The rate of embryos exhibiting excess sperm
penetration. Parentheses = number of oocytes examined. NS, not significant. Values are the mean*s.e.m. (D) The rate of two-cell embryos 24 hours after IVF in the
presence of Abs. Parentheses = number of oocytes examined. NS, not significant. Values are the mean=*s.e.m.
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These results suggested that CD9 and CD81 work cooperatively
in sperm-oocyte fusion.

Extracellular localization of CD81 and CD9 in oocytes

To assess the roles of CD81 and CD9 in sperm-oocyte fusion in
more detail, their subcellular localization on the oocyte cell
membrane was examined using ‘zona-intact’ oocytes (Fig. 2).
Since fixatives are known to affect the subcellular protein
localization pattern in oocytes (Sato et al., 2011), we performed
double immunocytochemical staining for CD81 and CD9 using
living oocytes, according to the procedure (Miyado et al., 2000),
as depicted in Fig. 2A. The confocal microscopic observation
demonstrated that the CD81-rich area was confined to the ZP
near PVS, while the CD9-rich area was observed in the PVS
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(Fig. 2B, lower set of images). This indicates the presence of two
different types of layers outside the ‘zona-intact’ oocytes, as
suggested previously (Miyado et al., 2008).

To confirm this further, we employed a biochemical approach
to know the presence of these two proteins in the extracellular
region of ‘zona-intact’ oocytes, as depicted in Fig. 3A. The
‘zona-intact’ oocytes isolated from ovulated oocytes were
subjected to treatment with collagenase (Yamatoya et al., 2011)
to remove extracellular components such as ZP and PVS
(hereafter referred to as ‘ZP + PVS’). The resulting two
fractions, namely ‘ZP + PVS’ and ‘denuded oocytes’, were
next subjected to immunoblotting (Fig. 3B). As expected, the ‘ZP
+ PVS’ fraction was successfully immunoreacted with anti-CD9
and anti-CDS81. The ‘denuded oocytes’ fraction was only reactive
with anti-CD9. In addition, the capacitated sperm lysate
immunoreacted with both antibodies. These data indicated that
both CD81 and CD9 are present as extracellular components in
‘zona-intact’ oocytes.

Immunoprecipitation of CD81- or CD9-containing complex
from oocytes

Since CD9 shares homologous sequences with CD81, especially
with respect to each of their four transmembrane domains, both
proteins are considered to exhibit similar biological functions, and
in some cases would form a complex, as pointed out by Horvath et
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Fig. 2. Subcellular localization of CD9 and CDS81 in oocytes.

(A) Experimental flow. Oocytes were isolated from oviducts, and cumulus cells
were removed from oocytes by treatment with hyaluronidase. Oocytes were
then reacted with anti-CD9 and anti-CD81 without fixation and observed under
a confocal microscope. (B) Oocytes immunostained with anti-CD9 and anti-
CD81. In each panel, boxes in the middle set of panels were enlarged and
shown on the lower. BF, bright field; PVS, perivitelline space; ZP, zona
pellucida. In each panel, scale bars: 20 pm.

Fig. 3. Biochemical analysis for identification of CD9 and CD81 in the
extracellular region of an oocyte. (A) Experimental flow. A total of 40
oocytes were collected from oviducts of superovulated female mice, and
cumulus cells were removed from oocytes by treatment with hyaluronidase.
The ZP was removed from oocytes by treatment with collagenase. Extracellular
components containing PVS and ZP and denuded oocytes were then subjected
to immunoblotting together with epididymal sperm (1.5x10).

(B) Immunoblotting using anti-CD9 and anti-CD8]1.

al. (Horvath et al., 1998); however, it remains unknown whether
complex formation occurs in mouse oocytes. To assess such a
possibility, we performed an immunoprecipitation assay using
lysates of ‘zona-intact’ oocytes. First, the ‘zona-intact’ oocytes
were biotinylated to compare the patterns of components
immunoprecipitated with anti-CD9 or anti-CD81, and then
subjected to immunoprecipitation (Fig. 4A). When the lysates,
corresponding to 10 oocytes per lane, were electrophoresed in
SDS-PAGE, the patterns of biotinylated components were
completely different between the precipitates reacting with anti-
CDS81 and with anti-CD9. The precipitate reacting with anti-CD9
was classified into three components, including CD9 molecule,
whereas the precipitate reacting with anti-CD81 was classified into
seven or more components, the molecular sizes of which were
inconsistent with those in components precipitated with anti-CD9
(Fig. 4A). Second, when 500 oocytes were reacted with anti-CDS§1
without biotinylation and subjected to immunoblotting, the
precipitate was reacted with anti-CD9 (Fig. 4B).

CD81-rich and CD9-rich layers are present in extracellular
structures outside an oocyte- evidence from immunoelectron-
microscopic analysis

We previously showed the presence of CD9-containing exosome-
like wvesicles in PVS of ‘zona-intact’” oocytes using
immunoelectron microscopy (Miyado et al., 2008). In this
study, we demonstrated that CDS81 is localized in the inner area
of the ZP of ‘zona-intact’ oocytes (Figs 2, 3). Moreover, CD81
was successfully immunoprecipitated with anti-CD81, but not
with anti-CD9 (Fig. 4). Based on these results, we predicted that
CD81-containing structures should exist in ZP. To prove this
hypothesis, we next performed immunoelectron-microscopic
analysis of extracellular components in ‘zona-intact’ oocytes
(Fig. 5). As depicted in Fig. 5A, 200 ‘zona-intact’ oocytes were
collected, and extracellular components including ZP and PVS
were separated from ‘zona-intact’ oocytes by treatment with
collagenase, as mentioned previously. After being separated from
denuded oocytes, the extracellular components were subjected to
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Fig. 4. Immunoprecipitation patterns of oocytes. (A) Immunoprecipitation
(IP) of oocyte lysates using anti-CD9 and anti-CDS81. A total of 200 oocytes
were collected from oviducts of superovulated female mice, and cumulus cells
were removed from oocytes. Oocytes were biotinylated for 1 hour at 4°C and
then lysed in 1% Brij 97-containing buffer for 3 hours at 4°C. This input lysate
was next reacted with each anti-CD9 or anti-CD81 for 2 hours at 4°C, and
precipitated with Sepharose beads conjugated with secondary Abs. After
immunoprecipitation, the lysates corresponding to 10 oocytes were
electrophoresed per lane. The preimmune rat IgG and hamster IgG (ham IgG)
were concomitantly reacted with the oocyte lysates as negative controls.

(B) Immunoblotting of the precipitate after reaction with anti-CD81. 500
oocytes/lane were collected from oviducts and lysed in Brij 97-containing
buffer for 3 hours at 4°C. The lysates were reacted with anti-CD81 for 2 hours
at 4°C and precipitated with Sepharose beads conjugated with secondary Ab. As
a negative control, the oocyte lysates were precipitated with the preimmune
hamster IgG (ham IgG). The precipitates corresponding to 500 oocytes were
then electrophoresed per lane and immunoblotted with anti-CD9.

immunoelectron-microscopic analysis. Gold particles bound
to anti-CD81 were found in the extracellular structures
corresponding to ZP, while those bound to anti-CD9 were
confined to the region corresponding to the PVS (Fig. 5B). This
observation confirmed the previous results that extracellular
structures outside an oocyte consist of two types of layers, the so-
called CD81-enriched layer and CD9-enriched layer.

Functional sharing between CD81 and CD9 in sperm-oocyte
fusion - evidence from exogenous RNA expression assay

To explore possible functional sharing between CD81 and CD9
in sperm-oocyte fusion, we microinjected mRNA for CD9 into
CD81-deficient oocytes or mRNA for CD81 into CD9-deficient
oocytes (see Materials and Methods). For this purpose, mRNA
for CD9 or CD81 was synthesized in vitro, as depicted in
Fig. 6A. After microinjection of capped mRNA into immature
GV-stage oocytes isolated from ovaries, RNA-injected oocytes
were cultured for 24 hours for in vitro maturation and then
reacted with each mAb (Fig. 6B). As expected, the CD9-deficient
oocyte injected with CD9 mRNA was clearly stained with anti-
CD9, and the CD81-deficient oocyte injected with CD81 mRNA
was stained with anti-CDS81.

To count the number of sperm fused per oocyte, ‘zona-free’
oocytes prepared by immersion in acidic Tyrode’s solution were
preincubated with DAPI and then subjected to IVF, as shown in
Fig. 7A. This procedure enabled the staining of only fused sperm
nuclei by dye transfer into sperm after membrane fusion.
Concomitantly, non-injected oocytes were inseminated along
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Fig. 5. Electron-microscopic analysis of extracellular components
containing CD9 and CD81. (A) Experimental flow for observing CD9-
containing or CD81-containing extracellular structures. Oocytes were collected
from oviducts of superovulated female mice, and cumulus cells were removed
from oocytes by treatment with hyaluronidase. After ZP removal by
collagenase, extracellular components containing ZP and PVS were collected,
reacted with anti-CD9 or anti-CD81, and then incubated with 10 nm colloidal
gold particles coupled to the secondary Abs for 1 hour at room temperature.
The materials conjugated with the gold particles were spun down at 3,000 rpm
for 10 min at room temperature, and the precipitates were washed with TYH
medium three times. The final precipitates were fixed and subjected to electron-
microscopic analysis. (B) Electron-microscopic analysis of materials bound to
the gold particles. In each panel, boxes in the middle set of panels were
enlarged and shown below. In each panel, scale bars: 100 nm.
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Fig. 6. In vitro synthesis of RNAs encoding CD81 and CD9 and subsequent
forced expression of mRNA in oocytes. (A) Experimental flow for in vitro
synthesis of RNAs encoding mouse CD81 and CD9. (1) Subcloning of CD9 and
CD81 c¢DNAs into plasmid vectors. The ORF corresponding to each cDNA was
PCR-amplified, and the amplified DNA fragments were subcloned into the Hin
dIII and Not I sites in pBluescript SKII-A8S5, a vector containing poly(A)
repeats (comprising 85 adenines) instead of polyadenylation signal. (2) RNA
synthesis. The cDNA-inserted vectors were linearized by digestion with Xho I
and used as templates for RNA synthesis using the mCAP RNA Capping Kit.
(B) Forced expression of mRNA encoding CD9 or CD81 in oocytes. GV-stage
oocytes were collected from ovaries of CD9—/— and CD81—/— female mice
and subjected to RNA injection. CD9 RNA was microinjected into CD9—/—
oocytes, while CD81 RNA was injected into CD81—/— oocytes. After
maturing in vitro for 24 hours, these oocytes were subjected to IVF, after which
they were stained with DAPI, immunostained with anti-CD9 or anti-CD81, and
observed with a confocal microscope. In each panel, scale bars: 20 um.

with RNA-injected oocytes. When the transcript encoding CD9
was injected, the fusion rate was completely reversed in both
CDO9-deficient oocytes (1.0£0.1 vs. 0.0+0.0 for non-injected
oocytes; P<<0.0001) (Fig. 7B) and CD81-deficient oocytes
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Fig. 7. Increased rate of sperm-oocyte fusion after forced expression of CD9 and CD81 mRNAs in CD9-deficient and CD81-deficient oocytes.

(A) Experimental flow for evaluating the rate of sperm-oocyte fusion. ZP-free oocytes were preincubated with DAPI for 1 hour prior to IVF. The number of fused
sperm per oocyte was then counted as shown in the right panel, in which a wild-type ZP-free oocyte fused with several sperm. Arrowheads, sperm fused to an oocyte;
arrow, oocyte chromosomes; BF, bright field. Scale bars: 20 um. (B) Number of sperm fused per RNA-injected CD9-deficient oocyte. Poly(A)" RNA was in vitro
synthesized as depicted in Fig. 6A, and microinjected into GV-stage oocytes. After maturing in vitro for 24 h, these oocytes were subjected to IVF. Parentheses
indicate the number of oocytes examined. Values are the mean=*s.e.m. (C) Number of sperm fused per RNA-injected CD81-deficient oocyte. Preparation of
poly(A)"RNAs, microinjection and subsequent IVF are as described in (B). Parentheses indicate the number of oocytes examined. Values are the mean=*s.e.m.

(2.3%0.7 vs. 0.6£0.1 for non-injected oocytes; P=0.0002)
(Fig. 7C). On the other hand, when the transcript encoding
CD81 was injected, the fusion rate was unaltered in CD9-
deficient oocytes (0.0£0.0 vs. 0.0£0.0 for non-injected oocytes)
(Fig. 7B) as well as in CD81-deficient oocytes (0.2%+0.1 vs.
0.6=0.1 for non-injected oocytes) (Fig. 7C). These results
indicate that the function of CD81 is replaceable by that of
CD9, whereas CD81 cannot support the task of CD9, which plays
a critical role in sperm-oocyte fusion.

Discussion

Membrane fusion occurs between two cell membranes of the
sperm and oocyte. Such a process takes place widely not only in
sperm-oocyte interaction in animals, but also in plants. Our present
results using immunocytochemical and immunobiochemical
analyses indicate that two tetraspanins, CD9 and CD8l1, play a
role as ‘extracellular components’ in sperm-oocyte membrane
fusion.

CD8I is expressed in various types of cells, whereas expression
of CD9 is more restricted (Caplan et al., 2007). In contrast, CD9
and CDS81 interact via at least two tetraspanin partners, CD9P-1
and EWI-2 (Stipp et al., 2003). Consistent with this, the pattern of
proteins coprecipitated with CD81 or CD9 in the presence of 3-[(3-
cholamidopropyl)-dimethylammonio]propanesulfonate (CHAPS)
or Brij 97 is complex, but is quite similar in the CD9-transfected

lymphoblast-like Raji cell line (Horvath et al., 1998). When CD9
and CDS81 are co-expressed in one type of somatic cell, the
majority of CD9 forms a complex with CD81 (Stipp et al., 2001).
However, in mouse oocytes, the spatial distribution of these two
proteins was different, and the possibility of complex formation
between CD9 and CDS81 appeared to be very low, as demonstrated
in Fig. 2B and Fig. 4. The unique localization pattern of CD9 and
CDS81 in oocytes in turn suggested that CD9 is predominantly
produced in oocytes, while CD81 is predominantly produced in
cumulus cells, from which CD81 may become localized to the ZP.
Indeed, it has been reported that the expression of CD81 is higher
in cumulus cells than in oocytes (Tanigawa et al., 2008). In
addition, we here demonstrated that forced expression of CD81
does not affect the fusion rate of both CD9-deficient and CD81-
deficient oocytes (Fig. 7B,C), implying that CDS81-containing
components would not have been released from an oocyte. Taking
these collective data into consideration, we here propose a model
regarding the roles of CD81 and CD9 in mammalian fertilization
(Fig. 8). Before membrane adhesion and subsequent fusion
between sperm and oocyte, the differential distribution pattern of
CDS81 and CD9 may be prerequisite for subsequent fusion events.

A sperm fails to fuse with the partner oocyte when a
genetically defective oocyte (CD9-deficient oocyte) (Miyado et
al., 2000; Le Naour et al., 2000; Kaji et al., 2000) or sperm
(Izumol-deficient sperm) (Inoue et al., 2005) is employed for
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Fig. 8. Schematic representation of the distribution of CD81 and CD?9 in
oocytes upon fertilization. In fertilization, a sperm first interacts with cumulus
cells. After the sperm has separated the cumulus cells from an oocyte by its own
enzymatic activities, it commences an acrosomal reaction and then adheres to
ZP (‘sperm-ZP binding’) (Jin et al., 2011). After sperm-ZP binding, the sperm
penetrates the ZP and adheres to the oocyte cell membrane. At this time,
membrane fusion occurs between the sperm and oocyte. Once a sperm has
fused to the oocyte cell membrane, cortical granule exudates cause ZP
modification (‘zona hardening’) to block polyspermic penetration. Upon
fertilization, CD81 localizes in the inner region of the ZP, whereas CD9
localizes at the PVS. When the sperm penetrates the PVS, CD81 and CD9
molecules appear to adhere to the sperm surface via exosomes (Miyado et al.,
2008; Ito et al., 2010; Kawano et al., 2011). Orange area, CD81-localized area;
light blue area, CD9-localized area. ZP, zona pellucida; PVS,

perivitelline space.

IVF. Similarly, the fusion rate is reduced when CD81-deficient
oocytes are subjected to IVF with normal sperm (Tanigawa et al.,
2008; Rubinstein et al., 2006). Moreover, we have demonstrated
that 1) CD9 is released from oocytes and becomes localized at the
PVS, and 2) CD9 present in the extracellular space plays an
important role in sperm-oocyte fusion (Ito et al., 2010). We have
also shown that these CD9 molecules in the extracellular space
are included in vesicles, termed ‘oocyte exosome-like vesicles’,
which are released from an oocyte before fertilization (Miyado et
al., 2008). Notably, unlike CD9-deficient oocytes, CD9-deficient
sperm are able to fertilize a normal oocyte, although CD9 is
strictly required at the site where sperm-oocyte fusion occurs.
Furthermore, we here demonstrated that CD81 proteins are
expressed in sperm (Fig. 3B), and CD81-deficient sperm are
fertile, as described previously (Tanigawa et al., 2008; Rubinstein
et al., 2006). Based on these accumulated data, it seems likely
that extracellular components (containing these two tetraspanins)
outside an oocyte are essential for sperm-oocyte fusion.

CD9 and CDS81 are now recognized as components included in
the exosomes (Stoorvogel, 2012). These structures often contain
small RNAs that are transferred via cell to cell connection
(Valadi et al.,, 2007); therefore, exosomes were recently
considered as siRNA carriers for the clinical application of
siRNA (Lakhal and Wood, 2011). It was recently reported that
human sperm have small RNA (Krawetz et al., 2011), but their
nuclei have neither transcriptional nor translational activities
(Krawetz et al., 2011). Furthermore, sperm nuclei are not

required for sperm-oocyte fusion (Barroso et al., 2009). These
data suggest that small RNAs may not mediate sperm-oocyte
fusion in mammals if they are included in oocyte exosome-like
vesicles.

As previously reported, the expression level of CD9 and its
distribution remained unaltered in CD81-deficient oocytes, and
either CD81 or CD9 deficiency is expected to have no effect on
membrane organization (Tanigawa et al., 2008). Our present
results indicated that oocyte CD81 was mainly localized in the
ZP, and was involved in sperm-oocyte fusion. Moreover,
microinjection experiments demonstrated that additional
expression of CD9 could improve the reduced fusion rate
caused by CDS81 deficiency in oocytes, while additional
expression of CD81 failed to reverse a fusion defect caused by
CD9 deficiency. On the other hand, since sperm-oocyte fusion
occurs between their two cell membranes, CDS81 localized at the
inner portion of ZP may be involved in any step of fusion-related
events prior to membrane fusion, supporting the function of
oocyte CD9 in the fusion. Moreover, just before the sperm-oocyte
fusion, CD9 inside the PVS is transferred to sperm membrane
(Miyado et al., 2008). Thus, we suppose that CD81 may help to
transfer of oocyte CD9 into the sperm membrane. Since CD81
can form a complex with CD9 (Horvath et al., 1998), CDS81
transferred to the sperm membrane may support the subsequent
transfer of CD9 on the sperm membrane through complex
formation between them.

In conclusion, we have shown that 1) CD81 and CD9 are
present in the extracellular regions of oocytes before sperm-
oocyte fusion; 2) CD81 and CD9 partly share activities required
for sperm-oocyte fusion.

Materials and Methods

Antibodies

Two monoclonal antibodies (mAbs) against mouse CD9 (clone No. KMCS;
hereafter referred to as anti-CD9) and CD81 (clone No. Eatl; hereafter referred to
as anti-CD81) for immunostaining, immunoblotting and immunoprecipitation were
purchased from BD Biosciences (San Jose, CA) and used as the first Abs. The
second antibodies used were Alexa488- or Alexa546-conjugated IgG (Molecular
Probes, Eugene, OR). Anti-rat IgG and anti-hamster IgG Abs were obtained from
Sigma-Aldrich Co. (St. Louis, MO).

Immunostaining
Female C57BL/6N mice (8 to 12 weeks old; purchased from Japan SLC Inc.,
Shizuoka, Japan) received intraperitoneal injections of 5 IU of pregnant mare’s
serum gonadotropin (PMSG; Merck4Biosciences, Darmstadt, Germany) followed
by 5 IU of human chorionic gonadotropin (hCG; Merck4Biosciences) 48 hours
apart. Oocytes at metaphase II stage were collected from oviducts of females 14—
16 hours after administration of hCG. Cumulus cells were dispersed from oocytes
by incubating them for 10 min at 37°C in TYH medium (Naito et al., 1988)
containing hyaluronidase (300 pg/ml; Merck4Biosciences). The living oocytes
were then incubated with TYH medium containing the first mAbs (0.5 pg/ml) for
1 hour at 4°C. After washing with TYH medium, these oocytes were next treated
with the second Abs (0.25 pug/ml; Alexad88- or Alexa546-conjugated IgG) for 1
hour at 4°C and then washed 3 times in TYH medium, prior to the acquisition of
serially sectioned fluorescent images captured by a laser scanning confocal
microscope (LSM 510 model; Carl Zeiss Microimaging Inc., Thornwood, NY).
All animal experiments were performed according to protocols approved by the
Institutional Animal Care and Use Committee at the National Center for Child
Health and Development.

Immunoblotting, biotinylation and immunoprecipitation

A total of 200 metaphase II oocytes were collected, lysed in Laemmli’s SDS
sample buffer containing 2% SDS, 62.5 mM Tris-HCl (pH 6.8), 0.005%
bromophenol blue and 7% glycerol, boiled for 10 min at 95°C, and resolved in
SDS-PAGE on an 8% acrylamide gel, prior to immunoblotting. Detection of the
immune complex between proteins and the first antibodies (0.1 pg/ml) of interest
was made by enzyme-linked color development with horseradish peroxidase
(HRP)-conjugated secondary antibodies (0.01 pg/ml) (Sigma-Aldrich Co.).
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Immunoprecipitation was performed according to the procedure described by
Sakakibara et al. (Sakakibara et al., 2005). The ‘zona-intact’ oocytes were
collected and washed three times in 500 ul HEPES-buffered solution (HBS).

For biotinylation, the oocytes were incubated in 500 ul HBS containing 0.4 mg/ml
Sulfo-NHS-LC-Biotin (Pierce Biotechnology, Inc., Rockford, IL) for 1 hour on ice,
and washed three times in 500 ul HBS. After biotinylation, the oocytes were
incubated with anti-CD9 (1 pg/ml) or anti-CD81 (1 pg/ml) for 2 hours at 4°C, and
lysed with 500 ul HBS containing 1% Brij 97 (Sigma-Aldrich Co.) for 4 hours at
4°C. After the lysates were centrifuged at 13,500 rpm for 30 min at 4°C, the
supernatants were mixed with 5 pul bed volume of Sepharose beads
(Merck4Biosciences) coated with anti-rat IgG or anti-hamster IgG, and rotated for
2 hours at 4°C. After washing three times with 1% Brij 97 in HBS, the Sepharose
beads were lysed with Laemmli’s SDS sample buffer and heated for 10 min at 95°C.
The supernatants were separated by SDS-PAGE and immunoblotted, as described
above and mentioned in the figure legends.

On the other hand, non-biotinylated oocytes were lysed in 1 ml of 1% Brij 97 in
HBS as described above, immunoprecipitated with anti-CD81 (1 pg/ml) or pre-
immune hamster IgG (Sigma-Aldrich Co.) for 2 hours at 4°C, and immunoblotted
with anti-CD9 (0.1 pg/ml).

CD9- and CD81-deficient mice
We had produced CD9-deficient mice previously (Miyado et al., 2000), and CD81-
deficient mice were kindly provided by Dr. Miyazaki (The University of Tokyo,
Tokyo, Japan) (Miyazaki et al., 1997).

In vitro fertilization (IVF)

For IVF, oocytes were collected from the oviductal ampulla region of
superovulated C57BL/6N females (8 to 12 weeks old) 14 to 16 hours after
hCG injection, and placed in a 30 pl drop of TYH medium covered with paraftin
oil (Nacalai Tesque, Inc., Kyoto, Japan) equilibrated with 5% CO, in air at 37°C.
Sperm collected from the epididymides of 8- to 12-week-old B6C3F1 males
were induced to capacitate by incubating in TYH medium for 90 min in an
atmosphere of 5% CO, in air at 37°C before insemination. The oocytes were then
inseminated with sperm in the presence of anti-CD9 (50 ug/ml) and/or anti-
CD81 (50 pg/ml) or a preimmune rat IgG (50 pg/ml) as a control. In addition,
we used rabbit pre-immune IgG whose total IgG concentration had been adjusted
to 100 pg/ml in each condition. The final concentration of sperm added to the
oocytes was 1.5x10° sperm/ml. To measure the rate of excessive sperm
penetration (>10 sperm/oocyte) and two-cell embryos, the oocytes were
observed under an LSM 510 confocal microscope 24 hours after incubation
with Abs.

To count the number of sperm fused per oocyte, zona-free oocytes were
prepared according to the procedure described by Yamatoya et al. (Yamatoya et
al., 2011). They were then preincubated with 4’,6-diamidino-2-phenylindole
(DAPI, Wako Pure Chemical Industries, Ltd., Osaka, Japan) at the final
concentration of 10 pug/ml in TYH medium for 20 min at 37°C, and washed 3
times in separate drops of TYH medium before insemination. DAPI is a
fluorescent dye that can slowly permeate the living cell membrane (semi-
permeable) and will not leak out of cells after washing, relative to Hoechst33342
(permeable), according to the instructions from Invitrogen Co. (Carlsbad, CA). It
enables the staining of only fused sperm nuclei as a result of the transfer of DAPI
into sperm after membrane fusion. One hour after incubation in a 30 ul drop of
TYH medium, the oocytes were fixed with HBS containing 2% paraformaldehyde,
0.1% glutaraldehyde and 0.1% polyvinylpyrolidone (PVP) for 30 min at room
temperature. Then, the number of sperm fused per oocyte was determined by
counting DAPI-transferred sperm.

Electron-microscopic analysis

The oocytes were isolated from oviducts of superovulated mice, and cumulus
cells were removed from the oocytes by treatment with hyaluronidase (300 pg/ml)
in TYH medium, as described previously (Takezawa et al., 2011). After zona-
intact oocytes were treated with collagenase (Wako Pure Chemical Industries,
Ltd.) at the final concentration of 1 mg/ml in a 30 ul drop of medium
(Yamatoya et al., 2011) for 20 min at 37°C, denuded oocytes were removed
from the drop with a microcapillary attached to a mouth piece and the remaining
solution (<30 ul) was collected as extracellular components of oocytes. The
collected components were incubated with anti-CD9 (0.5 pg/ml) or anti-CD81
(0.5 ug/ml) for 2 hours at room temperature. The collected components were
then exposed to 1 pul bed volume of 10 nm colloidal gold coupled to the
secondary Abs (Sigma-Aldrich Co.) for 1 hour at room temperature. The
materials conjugated with the gold particles were spun down at 12,000 rpm for
30 min at room temperature, and then the precipitates were washed with TYH
medium. This step was repeated 3 times, and then the precipitates were fixed
with HBS solution containing 2% glutaraldehyde for 24 hours at 4°C and 2%
osmic acid for 1 hour at 4°C. Ultra-thin sections were prepared as described
(Toshimori et al., 1998).

In vitro synthesis of poly (A)*RNAs

The open reading frames (ORFs) encoding mouse CD9 and CD81 ¢cDNAs were
amplified by polymerase chain reaction (PCR) using two primer sets as described
below: 5'-GGAAGCTTGTACCATGCCGGTC-3" (mCD9-START-HIII) and 5'-
GGGCGCCGCTCTAGACCATTTC-3' (mCD9-STOP-Notl); 5'-GGAAGCTTG-
TACCATGGGGGTG-3" (mCD81-STRAT-HIII) and 5'-GGGCGGCCGCTTCA-
GTACACGG-3" (mCD81-STOP-Notl), and subcloned into the Hin dIIT and Not I
sites in pRc/CMV vector (Invitrogen Co.). These ORFs were cut out with two
restriction enzymes, Hin dIII and Xho I, and then inserted into the Hin dIII and
Xho T sites in pBluescript SKII-A85 vector [kindly provided by Dr. Sakurai
(Shinshu University, Matsumoto, Japan)], which contained poly(A) repeats
comprising 85 adenines to extend poly(A) tail with a definite length, as depicted
in Fig. 6A. The cDNA-containing vectors were linearized with Xho I and used as
templates for RNA synthesis using the mCAP RNA Capping Kit (Stratagene
Cloning Systems, La Jolla, CA). After the synthesized RNAs had been qualified by
agarose gel electrophoresis and quantified by UV absorbance using a
spectrophotometer, they were purified by treatment with chloroform and finally
precipitated with ethanol. Just before being injected into oocytes, the RNA
precipitates were dried and resuspended in a solution containing 1 mM Tris-HC1
(pH 8.0) and 0.1 mM EDTA by vortexing. For injection, the final concentration of
RNAs was adjusted to 100 ng/ul.

Microinjection of in vitro synthesized RNAs into oocytes

For RNA injection, immature oocytes were isolated from the ovaries of C57BL/6N
female mice (8 to 12 weeks old) 36 hours after injection of PMSG (5 units), as
described by Vanderhyden and Armstrong (Vanderhyden and Armstrong, 1989).
After the ovaries had been chopped with forceps in TYH medium, tissue fragments
were dissociated using a 21-gauge needle attached to a disposable 2.5 ml syringe.
The released germinal vesicle (GV) stage oocytes were collected with glass
capillaries attached to a short piece of rubber tubing, and placed in a 5 pl drop of
TYH medium covered with paraffin oil (Nacalai Tesque, Inc.) equilibrated with
5% CO, in air at 37°C. Then, the synthesized RNAs were injected into the nucleus
of the oocytes with glass capillaries attached to a micromanipulator (Narishige
Scientific Instruments Lab., Tokyo, Japan). The injection volume was around 50 nl
per oocyte, which corresponded to 5 ng RNA. After RNA injection, the oocytes
were co-incubated with granulosa cells without addition of any additional reagents
in TYH medium for 24 hours at 37°C up to maturation at metaphase II. The
oocytes were then subjected to ZP removal by brief incubation in acid Tyrode’s
solution (Sigma-Aldrich Co.). The zona-free oocytes were preincubated with DAPI
at a final concentration of 10 ug/ml in TYH medium for 20 min at 37°C, and
washed 3 times by transferring to separate drops of TYH medium. C57BL/6N
sperm (ca. 1.5x10° sperm/ml) were added to a 30 ul drop of TYH medium
containing DAPI-treated zona-free oocytes and then the dish was incubated for 1
hour at 37°C. After insemination, the number of fused sperm per oocyte was
counted according to the method described in the section ‘In vitro fertilization
(IVF)’.
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