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RanGTP and the actin cytoskeleton keep paternal
and maternal chromosomes apart during fertilization

Masashi Mori*?@®, Tatsuma Yao>*@®, Tappei Mishina?, Hiromi Endoh®, Masahito Tanaka®, Nao Yonezawa®, Yuta Shimamoto®@®, Shigenobu Yonemura>’,
Kazuo Yamagata*, Tomoya S. Kitajima?, and Masahito lkawa'@®

Zygotes require two accurate sets of parental chromosomes, one each from the mother and the father, to undergo normal
embryogenesis. However, upon egg-sperm fusion in vertebrates, the zygote has three sets of chromosomes, one from the
sperm and two from the egg. The zygote therefore eliminates one set of maternal chromosomes (but not the paternal
chromosomes) into the polar body through meiosis, but how the paternal chromosomes are protected from maternal meiosis
has been unclear. Here we report that RanGTP and F-actin dynamics prevent egg-sperm fusion in proximity to maternal
chromosomes. RanGTP prevents the localization of Juno and CD9, egg membrane proteins that mediate sperm fusion, at the
cell surface in proximity to maternal chromosomes. Following egg-sperm fusion, F-actin keeps paternal chromosomes away
from maternal chromosomes. Disruption of these mechanisms causes the elimination of paternal chromosomes during maternal

meiosis. This study reveals a novel critical mechanism that prevents aneuploidy in zygotes.

Introduction
A new life begins with fertilization, which fuses an egg with a
sperm to produce a zygote. In all animals examined thus far,
spermatogenesis involves the completion of two meiotic divi-
sions (meiosis I and meiosis IT) that produce mature sperm, each
carrying one set of paternal chromosomes. In contrast, in ver-
tebrates including humans, oogenesis arrests before completion
of the second meiotic division (meiosis II), which results in fully
matured eggs each carrying two sets of maternal chromosomes.
Thus, upon fertilization, the zygote has three sets of chromo-
somes, one from the sperm and two from the egg. Fertilization
resumes maternal meiosis II, which eliminates one set of ma-
ternal chromosomes, but not paternal chromosomes. The zygote
thereby becomes diploid, containing both parental genomes,
which is a prerequisite for undergoing normal embryogenesis. If
paternal chromosomes are eliminated by maternal meiosis, the
zygote becomes parthenogenetic or aneuploid, which leads to
pregnancy loss and congenital diseases. However, mechanisms
that prevent paternal chromosomes from being eliminated into
the polar body by maternal meiosis remain poorly understood.
One mechanism to protect paternal chromosomes is to keep
them away from the maternal spindle during maternal meiosis.
In Caenorhabditis elegans, an F-actin-dependent mechanism
prevents interactions between paternal chromosomes and the

meiotic spindle following fertilization (Panzica et al., 2017
Panzica and McNally, 2018). Before these postfertilization
mechanisms, a spatial bias in sperm entry sites on the egg sur-
face may facilitate the initial positioning of paternal chromo-
somes away from the maternal spindle. In mouse eggs, EM has
thus far identified two distinct regions on the egg surface: (1)
a region covered with microvilli, finger-like membrane pro-
trusions containing dense F-actin bundles (Nicosia et al., 1977;
Dalo et al., 2008; Mackenzie et al., 2016; Uraji et al., 2018), and
(2) a microvillus-free “smooth” region, which largely overlaps
with the actin cap, an F-actin-rich cortical domain surrounding
the maternal spindle (Maro et al., 1984 and 1986; Longo and
Chen, 1985; Deng et al., 2007; Dehapiot et al., 2013). Since egg-
sperm fusion does not occur or seldom occurs in the microvillus-
free region where the maternal spindle is located (Johnson et al.,
1975; Nicosia et al., 1977; Yanagimachi, 1988), paternal chromo-
somes are localized away from maternal chromosomes imme-
diately after fusion in zygotes.

Because sperm is often observed with microvilli on the egg
surface in mammals (Yanagimachi and Noda, 1970; Shalgi and
Phillips, 1980), it has been speculated that sperm fusion is pro-
moted by microvilli and/or is blocked by the actin cap. However,
the disruption of microvilli and the actin cap by treatment with
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F-actin inhibitors does not block sperm fusion (McAvey et al.,
2002; Runge et al., 2007), indicating that these F-actin-based
cell surface domains are dispensable for sperm fusion. Instead,
recent studies using gene knockout mice have identified two egg
membrane proteins that are essential for sperm fusion: Juno and
CD9. Juno directly interacts with the sperm membrane protein
IZUMOI (Inoue et al., 2005; Bianchi et al., 2014; Ohto et al., 2016;
Kato et al., 2016) while CD9 organizes the membrane to enhance
sperm-egg binding (Le Naour et al., 2000, Miyado et al., 2000,
Kaji et al., 2000) and is known to localize at microvilli (Runge
et al., 2007; Miyado et al., 2008). However, functional rela-
tionships of F-actin-based cell surface domains with Juno and
CD9 remain to be investigated.

Understanding of intracellular dynamics during fertilization
and maternal meiosis in zygotes has been limited due to the lack
of robust techniques for high-resolution live imaging in co-
cultures of eggs and sperm (Piotrowska and Zernicka-Goetz,
2001; Motosugi et al., 2006; Jin et al., 2011). In this study, we
established a live-imaging technique that enabled us to track
maternal and paternal chromosomes from shortly after egg-
sperm fusion until the exit of maternal meiosis. The results
demonstrate that sperm fusion sites are spatially biased to cell
surface regions distal to maternal chromosomes, which is de-
termined by maternal chromosome-mediated RanGTP signaling
through F-actin-dependent and -independent pathways. The
RanGTP signaling prevents the localization of Juno and CD9 at
the cell surface region in proximity to maternal chromosomes.
We identify a novel ring-like cell surface domain enriched
with lamellipodia-like protrusions, which move together with
sperm on the egg surface toward regions distal to mater-
nal chromosomes before their fusion. The RanGTP- and
F-actin-dependent spatial bias in egg-sperm fusion sites fa-
cilitates the initial positioning of paternal chromosomes away
from the maternal spindle. Moreover, following egg-sperm
fusion, paternal chromosomes are kept at a distance from the
maternal spindle in an F-actin-dependent manner. Forced
localization of paternal chromosomes into close proximity to
maternal chromosomes through intracytoplasmic sperm in-
jection (ICSI) causes the elimination of paternal chromosomes
during maternal meiosis.

Results

Paternal chromosomes are spatially separated from

maternal chromosomes

Live imaging of chromosome dynamics from the time of egg-
sperm fusion until the exit of maternal meiosis in zygotes has
been hampered by a lack of methods to maintain eggs at stable
positions in cocultures with actively moving sperm and to label
paternal chromosomes devoid of histones immediately after
egg-sperm fusion. To overcome these difficulties, we used BSA-
free medium to attach eggs to a coverglass and then added BSA
to enable one-to-one egg-sperm fusion. Furthermore, we found
that mCherry-tagged methyl CpG binding domain (MBD;
Yamagata et al., 2005; Yamagata, 2010), which directly binds to
DNA, labeled paternal chromosomes immediately after egg-
sperm fusion (Fig. S1 A and Video 1).
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These techniques enabled us to robustly determine egg-
sperm fusion sites by live imaging (Fig. 1 A and Video 2). We
found that egg-sperm fusion occurred at an angle of >40° and
>24 um from maternal chromosomes (Figs. 1 B and S1 B). The
distribution of egg-sperm fusion sites was compared using
simulations where sperm fuse randomly anywhere on the egg
surface (we assumed that the egg is spherical, Fig. 1 B). The
experimental data showed that egg-sperm fusion sites were
significantly biased to regions distal to maternal chromosomes
(Figs. 1B and S1C). These findings suggest that egg-sperm fusion
is unfavored at cell surface regions in proximity to maternal
chromosomes.

Moreover, our newly developed live-imaging techniques al-
lowed us to track chromosomes in 3D following egg-sperm fu-
sion. That analysis revealed that paternal chromosomes moved
dynamically along the periphery of the zygote (Figs. 1 C and S1
C). During this period, the displacement of paternal chromo-
somes reached a maximum distance of <43 pm (Fig. 1 D), which
was greater than that of the meiotic spindle carrying maternal
chromosomes (Fig. S2 B). Interestingly, despite the dynamic
and long-distance nature of paternal chromosome movements,
they never reentered the 30-um region surrounding maternal
chromosomes (Fig. 1 E). In rare cases where egg-sperm fusion
occurred within the 30-pm region surrounding maternal
chromosomes, the paternal chromosomes rapidly moved out of
that region (Fig. 1, C and E, arrowheads). To check if the
movement of paternal chromosomes is directional or random,
we calculated the angular displacement of paternal chromo-
somes toward maternal chromosomes at every time point be-
tween sperm fusion and 100 min after anaphase onset. Since the
directionality was not obvious, we tested four models using two
variables to explain the movement of paternal chromosomes: the
angular displacement has a correlation with the position of pa-
ternal chromosomes (angle only), with the time after sperm
fusion (time only), with both of those variables (angle + time),
and with both of those variables and their interaction (angle x
time; Fig. 1 F, left, and Fig. S2 A). These models were evaluated
based on Akaike’s information criterion (AIC) values, and the
most likely model was angle x time (AIC: angle only, 3,078.1;
time only, 3,047.9; angle + time, 3,040.1; angle x time, 3,014.8).
According to the prediction of the angle x time model, we sep-
arated the data into the spindle half and the opposite half of
zygotes and found that paternal chromosomes moved away from
maternal chromosomes in the spindle half during an early phase
of the fertilization process (Fig. 1 F, right). These findings sug-
gest that zygotes actively keep paternal chromosomes at a dis-
tance from maternal chromosomes after sperm fusion.

In summary, these results suggest that zygotes spatially
separate paternal chromosomes from maternal chromosomes by
(1) biasing egg-sperm fusion sites to cell surface regions distal to
maternal chromosomes, and (2) keeping paternal and maternal
chromosomes apart following egg-sperm fusion.

The localization of the egg-sperm fusion proteins Juno and
CD9 corresponds to three segments of the cell surface

We next explored how egg-sperm fusion sites are biased to
cell surface regions distal to maternal chromosomes. First, we
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Figure 1. Paternal chromosomes are spatially separated from maternal chromosomes during zygote meiosis. (A) Live imaging of chromosomes in an
egg expressing mCherry-MBD-NLS during the fertilization process. Maximum-intensity Z projection of the chromosome signal is shown. Time is relative to
anaphase onset. A time-lapse video is shown in Video 2. The zona pellucida was softened by treatment with glutathione (A-D and F). (B) Left: Angle between
maternal chromosomes and sperm fusion site. Middle: Parameters and assumptions for the simulation in which sperm fuse randomly on the egg surface. Right:
Comparison between experimental data and a simulation where sperm fuse randomly anywhere on the egg surface. Data include zygotes that were poly-
spermy (polyspermy rate was 40% of the fertilized eggs). Fisher’s exact tests were used to obtain P values, and Holm correction was used for the correction of
multiple comparisons (P value of 0-30° is < 8 x 1073, P values of other areas are >0.05 [ns]). The rate of fusion events was corrected by the surface area after
the statistical test. (C) Trajectories of chromosomes during the fertilization process. Paternal chromosomes move along the periphery of the zygote. Right:
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Trajectory of paternal chromosomes, which fuse within 30 um of maternal chromosomes. The values of the position of chromosomes were normalized by the
length between the sperm fusion site and the center of the egg. Data include only zygotes that were monospermic (C-E). Arrowhead shows when paternal
chromosomes rapidly moved out of the 30-um region (C and E). (D) Displacement of paternal chromosomes from the sperm fusion site. (E) Distance between
paternal and maternal chromosomes, which were closer after anaphase onset. (F) Left: Angle x time model in which the angular displacement has a correlation
with the position of paternal chromosomes and the time from sperm fusion, with negative interactions of these variables. The time from sperm fusion is shown
in the color scale. Right: Angular displacement of paternal chromosomes toward maternal chromosomes in the minute during sperm fusion to 20 and
40-80 min after anaphase onset. Welch’s t test was used to obtain the P value (P value of fusion to 20 min is <0.001). **, P < 0.01; ***, P < 0.001.

addressed whether the zona pellucida, a solid layer surrounding
eggs, has physical or structural properties that may contribute to
the spatial bias in sperm fusion sites. We measured the stiffness
and porosity of the zona pellucida and found them to be inde-
pendent of the position of maternal chromosomes (Figs. S3 and
S4). Next, we focused on the localization of Juno and CD9, two
maternal membrane proteins essential for sperm fusion (Bianchi
et al., 2014; Miyado et al., 2000). Immunostaining showed that
Juno and CD9 had polarized localization patterns that defined
three distinct segments of the cell surface (Fig. 2 A, z-projection).
First, on the egg hemisphere opposite to maternal chromosomes,
Juno and CD9 had spot-like signals that densely covered the cell
surface (dense Juno/CD9 area [DA]). Second, next to the DA, we
found a ring-like segment containing fewer numbers of discrete
signals of Juno and CD9 per area, at angles of 43° + 10° to 64° + 10°
with maternal chromosomes (fewer Juno/CD9 area [FA]; Fig. 2
B). Third, at the remaining cap-like segment in proximity to
maternal chromosomes, Juno and CD9 had no detectable dis-
crete signals (no Juno/CD9 area [NA]). Close inspection of the
discrete signals with Airyscan imaging demonstrated that
Juno and CD9 largely, although not completely, colocalized
(Fig. 2 C). These results suggest that the density of Juno/CD9-
containing discrete structures (hereinafter Juno/CD9 struc-
tures) are spatially regulated to mark cell surface regions
competent for sperm fusion.

The densities of Juno/CD9 structures correlate with cell
surface protrusions

Previous reports showed that CD9 is bound to microvilli in oocytes
(Runge et al., 2007; Miyado et al., 2008). We therefore hypothesized
that the Juno/CD9 structures are associated with cell surface pro-
trusions. Consistent with that hypothesis, EM demonstrated that
the cortex can be categorized into three different segments based on
the densities of protrusions (Fig. 3 A). A high density of finger-like
membrane protrusions termed microvilli was observed on the
cortex of the hemisphere of the egg (Fig. 3 B), which likely corre-
sponded to the DA. Next to that region, we found a ring-like seg-
ment containing flatter protrusions at a relatively low density (Fig. 3
B), which likely corresponded to the FA. Almost no protrusions
were found at the remaining cap-like segment (Fig. 3 B), likely
corresponding to the NA. Thus, the densities of Juno/CD9 structures
are consistent with those cell surface protrusions.

The ring-like segment of the cell surface has lamellipodia-like
protrusions and relocates Juno and CD9 to regions distal to
maternal chromosomes

Given the finding of the ring-like segment at the cell surface, we
investigated the shape and dynamics of protrusions in that segment.
In contrast to canonical microvilli in the DA, the shapes of
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protrusions in the ring-like segment were thin and flat, like the
shapes of lamellipodia in tissue culture cells (Fig. 3 B; Stradal et al.,
2001). Lamellipodia are often characterized by dynamic turnover
and mobility. Live imaging demonstrated that Juno/CD9 structures
have dynamic properties. They appeared de novo in the ring-like
segment and moved directionally toward the DA (Fig. 3 C and Video
3). In contrast, the Juno/CD9 structures were relatively stable in the
DA (Fig. 3 C and Video 3). Since the Juno/CD9 structures move away
from maternal chromosomes in the FA region, we hypothesized
that sperm moves together with Juno/CD9 structures on the egg
surface before their fusion. Monitoring of sperm motions with the
sperm tail marker Su9-DsRed2 (Hasuwa et al., 2010) showed that
sperm in the FA region moved away from maternal chromosomes
before fusion, whereas sperm in the DA region exhibited no sig-
nificant motions (Fig. 3, D and E; and Video 4). These results
suggest that in the ring-like segment, Juno/CD9 are localized on
lamellipodia-like protrusions, and that these structures dynam-
ically move together with sperm to regions distal to maternal
chromosomes before their fusion on the egg surface.

F-actin contributes to but is not solely responsible for blocking
the formation of Juno/CD9 structures in proximity to maternal
chromosomes

We addressed the possibility that the spatial control of the locali-
zation of Juno and CD9 is mediated by F-actin, which is responsible
for forming cell surface protrusions (Runge et al, 2007) and a
cortical domain called the actin cap (Longo and Chen, 1985) at re-
gions distal to and proximal to maternal chromosomes, respectively.
We used Latrunculin B (LatB), which blocks the formation of cell
surface protrusions (Runge et al., 2007) and the actin cap (Fig. S5
A). As expected, the actin intensity was significantly reduced at all
regions in LatB-treated eggs (Fig. S5 A). The localizations of Juno
and CD9 remained overall polarized on the cell surface, but the
borders of Juno/CD9 structures at the cell surface were less clear
(Fig. 4 A, whole and FA). Live imaging demonstrated that acute
treatment with LatB rapidly disrupted the localization patterns of
Juno and CD9 in the FA region within 15 min, which was followed
by the translocation or de novo appearance of spot-like Juno/CD9
structures into the former FA region (Fig. 4 B and Video 5). These
Juno/CD9 structures often reached positions where the NA/FA
border is normally found in control eggs (Fig. 4 C, LatB_NA/DA),
and a small population of the Juno/CD9 structures were localized
even nearer to maternal chromosomes (Fig. 4 C, LatB_closest focus).
The cell surface of LatB-treated eggs had long, bleb-like membrane
structures containing strong Juno signals but quite weak CD9 sig-
nals (Fig. 4 A), possibly due to the deformation of sphere-shaped,
Juno-positive, CD9-negative structures found on the cell surface of
untreated control eggs (Fig. 2 C). These results suggest that F-actin
contributes to but is not solely responsible for blocking the
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Figure 2. Localization of Juno and CD9 defines three segments of the cell surface. (A) Immunofluorescence of Juno and CD9. Single confocal section
(single slice) and maximum-intensity Z projection (Z-projection) are shown. These membrane proteins form discrete structures and exhibit polarized local-
ization patterns. The lower panel shows high-magnification images of DA (dense Juno/CD9 area), FA (fewer Juno/CD9 area), and NA (no Juno/CD9 area). The
zona pellucida was removed (A-C). (B) Average angle between the borders and maternal chromosomes. The angles from three different positions on the
border for each egg were averaged. (C) Superresolution image of Juno and CD9 by Airyscan detector. There are at least two populations: one contains Juno only
(circles), and the other contains both Juno and CD9. In structures containing both Juno and CD9, the intensity peaks of Juno and CD9 are not always matched

(arrows).

formation of Juno- and CD9-positive structures in proximity to
maternal chromosomes.

RanGTP activity surrounding maternal chromosomes prevents
the localization of Juno and CD9

We then characterized the F-actin-independent mechanism that
prevents the localization of Juno and CD9 in proximity to ma-
ternal chromosomes. When chromosomes were dispersed in
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eggs by treatment with nocodazole (Noc), we found that cell
surface regions surrounding individual chromosomes excluded
Juno and CD9 localization (Fig. 5 A). These observations suggest
that chromosomes produce a diffusible signal that prevents Juno
and CD9 localization. We therefore inhibited the activity of
RanGTP (Carazo-Salas et al.,, 1999), a chromosome-mediated
diffusible signal, by microinjecting the dominant-negative mu-
tant RanT24N recombinant protein (Gruss et al., 2001; Nachury
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Figure 3. The densities of protrusions on the egg
surface correlate with Juno/CD9 structures. (A)
Protrusions on the egg surface visualized by scanning
electron microscopy (n = 21). The zona pellucida
was removed in A-C by treatment with collagenase.
(B) High-magnification images in dense-, fewer-, and
nonprotrusion areas. In the dense-protrusion area,
there are at least two types of structures: one is a
finger-like shape, and the other is a round shape. In
the fewer-protrusion area, the shape of protrusions is
flat. (C) Live imaging of Juno/CD9 structures with
fluorescent-labeled Juno and CD9 primary antibodies
(n = 15, data of CD9 are not depicted). The Juno/CD9
structures in the FA region moved directionally to-
ward the FA/DA border. The structures in the DA
region are relatively stable. A time-lapse video is
shown in Video 3. (D) Live imaging of chromosomes
and sperm tails. Arrowheads indicate the initial bind-
ing position of sperm tails. Two holes were made in
the zona pellucida near the actin cap on purpose in D
and E. (E) The distance between the sperm tail and
maternal chromosomes. Sperm that bind close to
maternal chromosomes move away from maternal
chromosomes before sperm fusion.
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Figure 4. F-actin contributes to but is not solely responsible for blocking the formation of Juno/CD9 structures around maternal chromosomes.
(A) Immunofluorescence images of Juno and CD9 following treatment with DMSO or LatB at low magnification (whole) and high magnification (FA and DA). In
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LatB-treated eggs, the localization of Juno and CD9 remains overall polarized on the egg surface (whole). The FA/NA and DA/FA borders of Juno/CD9 structures
become less clear in LatB-treated eggs (FA). Bleb-like long membrane protrusions containing strong Juno signals are observed in eggs treated with LatB (DA).
The zona pellucida was removed (A-C). (B) Live imaging of Juno structures with a fluorescent-labeled Juno primary antibody in DMSO- or LatB-treated eggs.
Juno structures in the FA region are disrupted rapidly, and Juno structures in the DA region are transferred into spot-like structures or new spot-like structures
are formed de novo in the former FA region. Time-lapse video is shown in Video 5. (C) Angle between Juno/CD9 structures and maternal chromosomes after
LatB treatment. The FA/DA borders in DMSO-treated eggs, and the NA/DA border in LatB-treated eggs, were determined as follows. We plotted the intensity
of CD9 along a line on the maximum z-projection of image (yellow line), and the resultant plot (shown as Line plot profile) was used to acquire the position of
local intensity increase (plot profile). The position was used to calculate the angle with the center of the egg in 3D. We acquired such angles from three lines per
one oocyte and averaged them. For DMSO_NA/FA and LatB_closest focus, low-intensity foci of Juno/CD9 structure were manually selected (yellow and blue
arrowhead). Welch's t test was used to obtain the P value (P values between DMSO_DA and LatB_DA or LatB closest are both <0.001). ***, P < 0.001.

et al,, 2001). We found that Ran-inhibited eggs had no detectable
polarity of Juno and CD9 localization, while Juno and CD9 signals
were found all over the cell surface, even at regions proximal to
maternal chromosomes (Fig. 5 B). These effects were not fully
attributable to disruption of the actin cap, a RanGTP-dependent
domain of the cell surface surrounding maternal chromosomes,
because disruption of the actin cap by treatment with LatB (Fig.
S5 A) did not recapitulate the effects of RanGTP inhibition (Figs.
4 A and S5 B). These results suggest that chromosome-mediated
RanGTP activity prevents the localization of Juno/CD9 struc-
tures in proximity to maternal chromosomes.

Spatial bias in egg-sperm fusion is determined by RanGTP via
F-actin-dependent and -independent pathways

Based on these findings, we addressed whether RanGTP- and/or
F-actin-mediated pathways contribute to the spatial bias in
egg-sperm fusion sites. In contrast to control eggs, where sperm
fusion sites were significantly biased toward regions distal to
maternal chromosomes, Ran-inhibited eggs had sperm fusion at
positions all over the cell surface, including the region proximal
to maternal chromosomes (Figs. 5 C and S5 C). LatB-treated eggs
had a significantly lower spatial bias in sperm fusion compared
with control eggs, although the vast majority of sperm fusion
sites were still excluded from positions at angles of <30° with
maternal chromosomes (Fig. 5 D). Note that sperm fusion sites in
LatB-treated eggs appeared to be enriched around angles of
30°-60° rather than uniformly distributed across angles of
30°-180°, which may be due to the holes that were made in the
zona pellucida near the perivitelline space to prevent poly-
spermy. Taken together with the fact that F-actin-mediated
control of the cell surface is downstream of RanGTP (Deng
et al., 2007), these results suggest that the spatial bias in egg-
sperm fusion is determined by RanGTP through F-actin-dependent
and -independent pathways.

Spatial separation of maternal and paternal chromosomes
prevents the production of aneuploid zygotes

To test the importance of the spatial control of egg-sperm fusion
sites, we directly placed paternal chromosomes in close prox-
imity to maternal chromosomes through ICSI (Kimura and
Yanagimachi, 1995). We placed paternal chromosomes within
the 20-ym region surrounding maternal chromosomes and
monitored the subsequent behavior of the paternal chromo-
somes (Fig. 6, A and B). In 20% of zygotes, the paternal chro-
mosomes moved away from the maternal chromosomes along the
plasma membrane (move away, 20%; Video 6). This observation
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is consistent with the idea that zygotes actively keep paternal
chromosomes away from maternal chromosomes after fertiliza-
tion. However, in 28% of eggs, the signals of the paternal chro-
mosomes were fused with those of the maternal chromosomes
exhibiting anaphase motion and then eliminated into the polar
body (polar body, 28%). In 34% of eggs, the signals of the paternal
chromosomes were fused with those of the maternal chromo-
somes, which resulted in the formation of one diploid pronucleus
in the zygote (fusion, 34%). When the paternal chromosomes were
placed outside of the 20-pm region surrounding the maternal
chromosomes, we did not observe the fusion of the signal of pa-
ternal chromosomes with those of maternal chromosomes or the
elimination of paternal chromosomes into the polar body. These
results suggest that the spatial control of egg-sperm fusion sites is
critical to prevent the elimination of paternal chromosomes by
maternal meiosis.

F-actin keeps paternal chromosomes away from maternal
chromosomes following egg-sperm fusion

Last, we investigated the mechanism that occurs after egg-
sperm fusion regarding how paternal chromosomes remain at a
distance from maternal chromosomes in the cytoplasm. We
imaged F-actin using 3mEGFP_UtrCH during the fertilization
process (Mori et al., 2011). After egg-sperm fusion, we observed
three F-actin-rich cortical domains, that is, two actin caps sur-
rounding each of the maternal anaphase chromosomes and a
fertilization cone surrounding the paternal chromosomes, which
were never fused to each other (n = 31; Fig. 7 A and Video 7).
F-actin inhibition with LatB induced the fusion of the signal of
paternal chromosomes with those of maternal chromosomes
when egg-sperm fusion occurred in proximity to maternal
chromosomes (Fig. 7, B and C; and Video 8). To analyze the
behavior of paternal chromosomes following egg-sperm fusion
in proximity to maternal chromosomes, we placed sperm heads
underneath the NA region (Fig. 7 D and Video 9). In control eggs,
a substantial population of paternal chromosomes moved away
from maternal chromosomes (11/22), while the signals of others
were fused with those of maternal chromosomes. In contrast, in
LatB-treated eggs, we never observed paternal chromosomes
moving away from maternal chromosomes (0/16). These results
suggest that an F-actin-dependent mechanism acts to separate
paternal chromosomes away from maternal chromosomes fol-
lowing fertilization. This mechanism is required but not suffi-
cient to guarantee the protection of paternal chromosomes in
cases where egg-sperm fusion occurs in proximity to maternal
chromosomes.

Journal of Cell Biology
https://doi.org/10.1083/jcb.202012001

8 0f 17


https://doi.org/10.1083/jcb.202012001

TR
(: k(J
IV

A C A . .
gle between sperm fusion site
DMSO Noc and maternal chromosomes
0 i
o
g 30
n
60
g $ o:o
(o) > 90 1 HH
— a [ ]
6 120 | °
~ °®
o 150 | . o
C [
= 180 . . .
Buffer RanT24N
B D Angle between sperm fusion site
and maternal chromosomes
0 -
L]
Buffer RanT24N 30 . 2
60 |- %
g N 3
:]5): 90 | .o
a o og
9 120 8 b
T s
/ 150 L °
9 » .
© g) 180 L I
c & DMSO  LatB
o
7]
o . . . . .
o Distribution of egg-sperm fusion site
o
% 50 sk
~ 40
2 & 55 ® DMSO
S5 B % LatB
! 20
ko)
[o%
0 10
N I N |
9 -0 o N o S
g © 2 W Q Q
Q oS S§ QQ'\ \(19,'\ ,@Q’\

Degrees

Figure 5. RanGTP activity surrounding maternal chromosomes prevents the localization of Juno and CD9. (A) Immunofluorescence images with
fluorescent-labeled Juno and CD9 primary antibodies following treatment with DMSO or Noc (data of CD9 are not depicted). In Noc-treated eggs, Juno/CD9
structures are excluded around individual chromosomes. The zona pellucida was removed in A. (B) Immunofluorescence images with fluorescent-labeled Juno
and CD9 primary antibodies in buffer and in RanT24N-injected eggs (data of CD9 is not depicted). In RanT24N-injected eggs, Juno/CD9 structures are formed
all over the cell surface, even at regions proximal to maternal chromosomes. (C) Angle between maternal chromosomes and sperm fusion sites in buffer- or
RanT24N-injected eggs. In RanT24N-injected eggs, sperm fuse at positions all over the egg surface. Data include zygotes that were polyspermic (polyspermy is
40% [buffer] and 48% [RanT24N] of the fertilized eggs). The zona pellucida was softened by treatment with glutathione. (D) Angle between maternal
chromosomes and sperm fusion sites following treatment with DMSO or LatB. LatB-treated eggs exhibited significantly less spatial bias in sperm fusion
compared with control eggs. However, sperm still did not fuse around maternal chromosomes. Data include zygotes that were polyspermic (polyspermy is 36%
[DMSO] and 44% [LatB] of the fertilized eggs). A hole was made in the zona pellucida using a piezo-driven pipette without glutathione treatment. Fisher’s
exact tests were used to obtain P values, and Holm correction was used for the correction of multiple comparison (P value of 30-60° is <8.22 x 1071%; P values
of other areas are >0.05 [ns]). ***, P < 0.001.

Discussion
The results of this study demonstrate that RanGTP signaling and

F-actin dynamics play central roles in spatially separating pa-
ternal chromosomes from maternal chromosomes in zygotes
(shown schematically in Fig. 8). Before fertilization, RanGTP
signaling prevents the localization of Juno/CD9 structures on the
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cell surface in proximity to maternal chromosomes. Moreover,
Juno/CD9 structures, together with F-actin-based lamellipodia-
like protrusions, are transported to cell surface regions distal
to maternal chromosomes. Accordingly, RanGTP activity and
F-actin are required for biasing egg-sperm fusion sites toward
regions distal to maternal chromosomes. Following egg-sperm
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Figure 6. Spatial separation of maternal and paternal chromosomes prevents the production of aneuploid zygotes. (A) Live imaging of chromosomes
(mCherry-MBD-NLS) in eggs in which sperm heads were injected within the 20-pm region surrounding maternal chromosomes. Four phenotypes were
observed: move away, polar body, fusion, and center. In the center type, paternal chromosomes are not localized at the periphery of the zygote and move
randomly in the cytoplasm. Time is relative to the appearance of the sperm signal. Time-lapse video of polar body and fusion are shown in Video 6. The zona
pellucida was softened by treatment with glutathione (A and B). (B) Percentage of phenotypes in eggs in which sperm heads were injected outside or inside the
20-pm region surrounding maternal chromosomes. Right panel shows where sperm heads were injected. The values of the positions were normalized by the

length between maternal chromosomes and the center of the egg when the paternal chromosome signal appeared.

fusion, F-actin keeps paternal chromosomes away from mater-
nal chromosomes. These mechanisms enable the spatial sepa-
ration of paternal chromosomes from maternal chromosomes,
which is critical to prevent paternal chromosomes from being
eliminated by maternal meiosis.

RanGTP activity prevents the localization of Juno/CD9
structures on the cell surface in proximity to

maternal chromosomes

The initial position of paternal chromosomes upon fertilization
depends on the sperm fusion site on the egg surface. The spatial

Mori et al.
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bias in egg-sperm fusion is primarily determined by maternal
chromosome-mediated RanGTP activity, which prevents the
localization of Juno/CD9 structures at the cell surface in prox-
imity to maternal chromosomes. The de novo appearance of
Juno/CD9 structures was observed at regions distal to maternal
chromosomes but not in proximity to maternal chromosomes,
which suggests that RanGTP activity inhibits the assembly and/
or recruitment of Juno/CD9 structures on the cell surface. Al-
though the actin cap is a downstream target of RanGTP (Deng
et al., 2007), the disruption of F-actin, including the actin cap,
did not fully recapitulate the effects of RanGTP inhibition, which
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signals are shown. Time is relative to anaphase onset. A time-lapse video is shown in Video 7. A hole was made in the zona pellucida using a piezo-driven
pipette without glutathione treatment (A-C). (B) Live imaging of chromosomes (mCherry-MBD-NLS) following treatment with DMSO or LatB. Time is relative
to anaphase onset. A time-lapse video is shown in Video 8. (C) Distance between paternal chromosomes and maternal chromosomes, which are closer after
anaphase onset following treatment with DMSO or LatB. Paternal chromosomes are frequently captured by maternal chromosomes when a sperm fuses to a
site within the 30-pm region surrounding maternal chromosomes. (D) Distance between paternal chromosomes and maternal chromosomes in eggs in which

sperm heads were injected underneath the NA region following treatment with DMSO or LatB. A time-lapse video is shown in Video 9.

suggests that RanGTP activity can prevent the localization of
Juno/CD9 structures in an F-actin-independent manner.
RanGTP-dependent and F-actin-independent regulation of the
egg surface, such as the dephosphorylation of the membrane
protein Moesin (Dehapiot and Halet, 2013), may be involved in
preventing the localization of Juno/CD9 structures. The dis-
ruption of F-actin significantly increased Juno/CD9 structures at
regions proximal to maternal chromosomes, which suggests that
F-actin is partially involved in the spatial control of Juno/CD9
structures. Furthermore, recently it was reported that CD9
functions to exclude Juno from the actin cap region (Inoue et al.,
2020). RanGTP may regulate the localization of Juno through
CD9 protein.

A ring-like segment of the cell surface enriches lamellipodia-
like protrusions and transports Juno/CD9 structures to

regions distal to maternal chromosomes

This study identified a ring-like segment on the egg surface that
is distinct from previously described segments such as the actin
cap and the microvillus-covered region (Longo and Chen, 1985;
Verlhac et al., 2000). The ring-like segment is enriched with
Juno/CD9 structures in immunofluorescence images and with
lamellipodia-like protrusions in EM images, which suggests that
the Juno/CD9 structures are associated with lamellipodia-like

Plasma membrane

Juno/CD9

RanGTP

structure

Transportation

Fusion .

protrusions. We observed that Juno/CD9 structures in the FA
region move toward the FA/DA border, but these structures in
the DA region are relatively stable. Moreover, sperm bound in
the FA region are transferred toward the DA region before their
fusion on the egg surface. From these observations, the ring-like
segment may act as a conveyor system that transports bound
sperm to regions distal to maternal chromosomes. Since the
ring-like segment is blocked by LatB, F-actin likely contributes
to the transport of bound sperm, possibly by forming lamellipodia-
like protrusions or by creating a cytoplasmic flow along the cell
surface.

F-actin keeps paternal chromosomes away from maternal
chromosomes following egg-sperm fusion

After egg-sperm fusion, F-actin keeps paternal chromosomes
away from maternal chromosomes, which is possibly mediated
by cytoplasmic flow and cell surface regulation. It was already
shown that cytoplasmic flow is generated by the actin cap,
which enriches F-actin nucleators and regulators in mouse eggs
(Yi et al., 2011). Moreover, the fertilization cone, an F-actin-rich
cell surface domain containing thick F-actin bundles, forms
surrounding paternal chromosomes. The fertilization cone may
produce F-actin flow along the cell surface, as well as the actin
cap surrounding maternal chromosomes, which may move

Cytoplasm

F-actin — Proximity of maternal and
mechanism paternal chromosomes

Actin Cap

=2
&
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Figure 8. Schematic of the mechanism by which zygotes regulate the localization of paternal chromosomes. RanGTP signaling and F-actin dynamics
play central roles in spatially separating paternal chromosomes from maternal chromosomes in zygotes. On the plasma membrane before fertilization, RanGTP
regulates Juno/CD9 structures and blocks egg-sperm fusion in proximity to maternal chromosomes. In the cytoplasm, following egg-sperm fusion, F-actin
keeps paternal chromosomes away from maternal chromosomes.
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maternal and paternal chromosomes away from each other.
Alternatively, the actin cap and the fertilization cone may act as
independent semicompartments that separately accommodate
maternal and paternal chromosomes, respectively. Consistent
with this idea, live imaging showed that the actin cap and the
fertilization cone were occasionally positioned next to each
other but were never fused (Fig. 7, A and D; Video 7; and
Video 9).

Implications for human zygotes and assisted

reproductive technologies

The spatial separation of paternal and maternal chromosomes is
likely critical for human zygotes, which arrest at metaphase II
before fertilization, as do mouse zygotes. In humans, 1.6-7.7% of
embryos contain a single pronucleus in assisted reproductive
technology, including ICSI. Embryos with a single pronucleus
can result in viable pregnancies with no apparent anomalies, but
their overall success rate of blastocyst formation is lower than
that of embryos with two pronuclei (Itoi et al., 2015). According
to our study, it is expected that embryos with a single pronu-
cleus are formed because paternal chromosomes are discarded
into the polar body or are captured by maternal chromosomes in
embryos. The guidelines for ICSI, a key procedure for assisted
reproductive technologies, recommend that the sperm injection
site should be away from the polar body of the egg (European
Society of Human Reproduction and Embryology [ESHRE],
guidelines for good practice in IVF laboratories). However, an
important caveat is that the polar body does not always mark the
position of maternal chromosomes (Hewitson et al., 1999,
Hardarson et al., 2000). We observed that, in mouse eggs, not
only paternal but also maternal chromosomes moved along the
cell surface, which frequently resulted in positioning the ma-
ternal spindle away from the polar body. Noninvasive visuali-
zation of the meiotic spindle would help prevent the production
of aneuploid zygotes during ICSI procedures.

Materials and methods

Animal experimentation

All animal experiments were approved by the Animal Care and
Use Committee of the Research Institute for Microbial Diseases,
Osaka University (approval number 13003), and the Riken
Center for Biosystems Dynamics Research (approval number
A2011-05-15).

Culture and microinjection of mouse eggs

Wild-type mice were purchased from CLEA Japan or Japan SLC.
Female B6D2F1 mice (>8 wk old) were hyperovulated by in-
jecting 5 U of human chorionic gonadotropin (hCG) 48 h after
injecting 0.1 ml CARD HyperOva (Kyudo Company). Eggs were
collected from the oviducts and placed in TYH medium
(119.37 mM NaCl, 478 mM KCl, 1.19 mM KH,PO,, 5.56 mM
glucose, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 pg/ml
streptomycin, 1.71 mM CaCl,, 1.19 mM MgSO,, 25.07 mM
NaHCO;, 4 mg/ml BSA [ALBMAX I, Gibco; or A331l,
Sigma-Aldrich]), potassium-supplemented simplex optimized
medium (KSOM), or M2 medium at 37°C and 5% CO,. To
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remove cumulus cells, eggs were treated with 1 mg/ml hyal-
uronidase (Sigma-Aldrich) for 5 min at 37°C. For Juno/CD9
immunofluorescence and EM experiments, the zona pellucida
was removed by treatment with 1 mg/ml collagenase (Sigma-
Aldrich) for 5 min. In vitro mRNA transcription was performed
using a mMessage mMachine T7 Kit (Ambion). After microin-
jection of mCherry-MBD-NLS (1.2 pg) or 3mEGFP_UtrCH (1.2
pg) mRNA using a micromanipulator (Narishige) and a piezo-
driven pipette (Prime Tech) on an inverted microscope
(Olympus), eggs were cultured for 2 h before imaging. His-Ran was
diluted to a final concentration of 1.5 pg/ul (in PBS containing 1 mM
DTT and 0.05% Tween 20), and 50 pl was used for injection.

Time-lapse imaging of in vitro fertilization

To soften the zona pellucida, eggs were treated with 0.5-1.0 mM
glutathione in TYH medium for 30 min. Because the zona pel-
lucida was expanded evenly and detached from the egg com-
pletely by the treatment, the penetration and fusion sites of
sperm are likely random (fertilization rate, 58%; polyspermy
rate, 43%). To reduce polyspermy, one or two holes were made
in the zona pellucida using a piezo-driven pipette (Prime Tech)
without glutathione treatment in the experiments shown in
Fig. 3, D and F; Fig. 5 D; and Fig. 7, A and B. Because we made the
hole beside the perivitelline space, which is often formed at the
outer surface of the maternal spindle, the penetration site of
sperm has a bias (fertilization rate, 46%; polyspermy rate, 24%).
After injection of mCherry-MBD mRNA in M2 medium, these
eggs were washed with BSA-free TYH medium several times
and allowed to settle in a glass-bottom dish in a drop of BSA-free
TYH medium. Before insemination, the same volume of TYH
medium (with BSA) was added to the drop and incubated at
37°C. Epididymal sperm was collected from adult male mice (WT
or transgenic mice, CAG/Su9-DsRed2, Acr3-EGFP) and incu-
bated in TYH medium for 2 h for capacitation. On the microscope
stage, capacitated sperm were added to the drop containing eggs
at a final concentration of 10° sperm/ml, and imaging was started
immediately at 37°C. Images were typically acquired with a
confocal microscope on a 100-120-pm square image plane, ata
spatial resolution of 3 um confocal sections covering 81-96 um,
and a temporal resolution of 2.5 or 3 min. We often recorded
10-30 eggs in parallel.

Tracking of chromosomes and sperm tails

XY coordinates of paternal and maternal chromosomes, egg
centers and sperm tails were obtained using a manual track-
ing plugin in Image]J (National Institutes of Health) or the spot
tracking function in Imaris (Bitplane). The angles and dis-
tances between paternal and maternal chromosomes were
measured using these XY coordinates. For simulations to
measure the angle and distance between the sperm fusion site
and maternal chromosomes, we hypothesized that the egg is
spherical and that sperm can fuse anywhere with equal
probability. 40,000 random points on the sphere were gen-
erated using the runif on_sphere function implemented in R
package uniformly (Laurent, 2018), and the distance and an-
gles were measured with the following parameters: the radius
of the egg is 36.6 um, and maternal chromosomes are localized
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5 um from the plasma membrane. The number was counted in
each bin and corrected by the surface area. The angular dis-
placement of paternal chromosomes toward maternal chro-
mosomes was calculated between two time points (n and n + 2),
and the angle was divided by time to unify all data. To
assess the relationship between the angular displacement
of paternal chromosomes and their position along with time
from the sperm fusion, multiple regression analysis was
conducted. The predictor variable (the angle position of pa-
ternal chromosomes and the time after sperm fusion) from
one to both and the interaction were considered in the linear
regression model. The models were evaluated based on AIC
values.

ICSI

Epididymal sperm was mixed with HEPES-buffered CZB or M2
medium containing 12% (x/v) polyvinylpyrrolidone in a micro-
manipulation chamber. The head of each sperm was separated
from the tail by applying pulses to the head-tail junction using a
piezo-driven pipette (Prime Tech). The sperm head was injected
into the spindle area of each egg, and imaging was started within
40 min after injection.

Immunofluorescence

For Juno and CD9 staining, Alexa Fluor 647-conjugated anti-
mouse Folate Receptor 4 (alternative name for Juno, 1/1,000),
FITC-conjugated anti-mouse CD9 antibody (1/500; both from
BioLegend, #125009 and #124807) and Hoechst 33342 (10 pg/ml,
Invitrogen) were added into M2 medium and eggs with the zona
pellucida (only in Fig. 5 B), or zona pellucida-free eggs were
incubated in these media for 15 min. The viable eggs were
washed with fresh medium and imaged. XY coordinates of Juno/
CD9 structures and chromosomes were obtained manually using
Imaris or Image] (Fig. 2 B). The angle between Juno/CD9
structures and chromosomes was measured using these XY co-
ordinates, and angles of roughly 10 locations per egg were av-
eraged. In Fig. 4 C, XY coordinates of DMSO_FA/DA and
LatB_NA/DA were obtained as follows. We plotted the intensity
of CD9 along a line on the maximum z-projection of the image,
and the resultant plot was used to acquire the XY coordinates of
DA border (local intensity increase). The XY coordinates were
used to calculate the angle with the center of the egg in 3D. We
acquired such angles from three lines per oocyte and averaged
them. XY coordinates of DMSO_NA/FA and LatB_closest focus
were obtained manually as in Fig. 2 B. For time-lapse imaging of
Juno and CD9, images were typically acquired on a 50-100-pm
square image plane, a spatial resolution of 2 um confocal sec-
tions covering 60 um, and a temporal resolution of 1-3 min with
a scanning confocal microscope and a 40x lens. One z series
takes ~15 s. For actin staining, eggs were fixed at room tem-
perature for 30 min using fixation buffer (100 mM Pipes, pH 7.0,
1 mM MgCl,, 0.1% Triton X-100, and 1.6% paraformaldehyde).
After blocking with 3% BSA containing PBS for 30 min, the fixed
eggs were incubated with Alexa Fluor 568 phalloidin (1/40, Life
Technologies, #A12380) and Hoechst 33342 (10 pg/ml, In-
vitrogen) in PBS containing 3% BSA. These stained eggs were
washed and imaged using a confocal microscope.
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EM

Solutions containing eggs were poured into a Mini cell strainer II
(mesh size 40 pm; Hi-Tech) and preserved in the strainer
throughout the procedure until they were mounted on double-
sided carbon tape placed on a metal stub for EM observation.
Otherwise, cells were absorbed on glass coverslips and pro-
cessed for observation similarly as shown below. The samples
were fixed with 2% paraformaldehyde and 2.5% glutaraldehyde
in 0.1 M sodium cacodylate buffer, pH 7.4, for 2 h at room
temperature. After washing with sodium cacodylate buffer three
times, they were postfixed with 1% OsO, in sodium cacodylate
buffer for 1h on ice. The samples were then washed with water
and dehydrated with graded concentrations of ethanol. After
substitution with t-butyl alcohol, they were dried using a freeze-
drying device (JEOL JFD-320). After mounting, samples were
coated with osmium using an Osmium coater (Neoc-Pro/P,
Meiwafosis) and observed using a scanning electron microscope
(JEOL JSM 5600 LV).

Purification of Ran recombinant protein

Ran cDNA was amplified by PCR using primers (5'-AATCATATG
GCCGCCCAGGGAGAGC-3' and 5'-AATGAATTCTCACAGGTC
ATCATCCTCATCTGGGAGAG-3') and cloned into the pET28b
vector using Ndel and EcoRI. The T24N mutant was generated
using a KOD Plus Mutagenesis Kit (Toyobo) with primers (5'-
GCACCGGGAAGAATACCTTCGTGAAGCGCCACTTGACGGGCG
AG-3' and 5-GCTTCACGAAGGTATTCTTCCCGGTGCCGCCGT
CGCCCACCAGG-3'). pET28b-RanWT or pET28b-RanT24N plas-
mids were transformed into BL21(DE3). His-Ran recombinant
proteins were expressed with 1 mM IPTG (Nacalai) at 28°C for
2 h and purified by the Qiagen Ni-NTA protocol for native
conditions (Qiagen; lysis buffer: 50 mM NaH,PO,, 300 mM
NaCl, 10 mM imidazole, pH 8.0; wash buffer: 50 mM NaH,PO,,
300 mM NaCl, 20 mM imidazole, pH 8.0; and elution buffer: 50
mM NaH,PO,, 300 mM NaCl, 250 mM imidazole, pH 8.0). The
buffer of the eluted fraction was changed to PBS using a PD-10
column (GE), and His-Ran proteins were concentrated using a
Vivaspin 500 (GE).

Microscopy

Live imaging was performed using a spinning disk confocal
microscope (Olympus microscope with CSU-X1 [Yokogawa
Electric] and an electron-multiplying charge-coupled device
camera [Andor]) with Volocity software or a scanning confocal
microscope (Zeiss 710, 780, 880) with Zen software. Depending
on the experiment, we chose an appropriate lens from an oil-
immersion 20x lens, a silicone-immersion 30x or 60x lens, a
water-immersion 60x lens (Olympus), a water-immersion 40x
lens, and an oil-immersion 100x lens (Zeiss). All images shown
were processed by a Gaussian filter in Image] to remove
detector noise.

Statistical analysis

All statistical analyses were performed using R, Prism 9
(GraphPad Software), or Excel (Microsoft). Fisher’s exact tests
were used for Figs. 1 B, S1 B, and S5 C using expected assignment
probability to each bin resulting from the simulation as a null
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hypothesis. Holm correction was used for the correction of
multiple comparisons. Fisher’s exact test was used for Fig. 5 D.
Welch’s t test was used for Figs. 1 F, 4 C, and S1 D. All analyses
were two-sided tests. P values <0.05 are considered statistically
significant: *, P < 0.05; **, P < 0.01; and ***, P < 0.001 in the
figures.

Measurement of the mechanical properties of the

zona pellucida

The mechanical properties of the zona pellucida were examined
using a dual microneedle-based setup, which we previously
developed to analyze the mechanical properties of human cell
nuclei (Shimamoto et al., 2017). The setup was built in an in-
verted microscope (Ti-U, Nikon), which was equipped a mo-
torized X-Y stage (MS-2000, Applied Scientific Instruments)
and a pair of three-axis hydraulic micromanipulators (MHW-3,
Narishige), with which microneedles were held and stirred.
A 40x objective lens (Plan Apo, 0.95 NA; Nikon), a scientific
complementary metal-oxide-semiconductor camera (Neo4.l,
Andor), and imaging software (NIS elements v5.0, Nikon) were
used to acquire images. The microneedles were prepared by
microfabricating glass rods (G-1000, Narishige) using a capillary
puller (PD-10; Narishige) and a microforge (MF-900, World
Precision Instruments) so that their tips were a uniform, fiber-
like shape with a diameter of ~1 um (Shimamoto and Kapoor,
2012).

The mechanical measurement was performed using the mi-
croneedles as prepared above whose tips had different values of
stiffness. Specifically, the tip of one microneedle was signifi-
cantly stiff, such that it did not bend during the mechanical
actuation. The tip of the other microneedle was much more
flexible and thus could bend in response to the force that it
pushed. This microneedle could act as a force sensor, as the
displacement of the tip was proportional to the amount of
force applied. The tips of the two microneedles were brought
into contact with the surface of the zona pellucida from op-
posite sides of the egg. Subsequently, the stiff microneedle
was moved closer to the flexible microneedle to apply com-
pression, and fixed at the new position until the force reached
a steady level, and finally returned to the original position so
that the applied force could be removed. This procedure was
repeated with varying compression magnitudes such that the
stiffness of the zona pellucida could be examined over a range
of deformation forces. After completing the measurements at
a point of interest (e.g., the point proximal to the egg’s pro-
truding cortex), the egg was rotated by 90° horizontal to the
imaging plane using the two microneedles, and the next tar-
geting point was attached to the tip of the flexible micronee-
dle. Unfertilized eggs, which were prepared freshly on the
same day of the experiment, were maintained in KSOM me-
dium (ARK Resource) at 37°C and 5% CO, in a cell culture
incubator (Forma, Thermo Fisher Scientific) before being
transferred into film-bottom dishes (FD20301, Matsunami)
with the medium and then covered with paraffin oil
(26137-85, Nacalai Tesque). Measurements were performed at
37°C in a stage-top incubator (INU-TIZ; Tokai Hit) and com-
pleted within 60 min after transferring eggs into the dishes,
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over which time no recognizable differences in the mechanics
or morphology of the eggs were found.

The local stiffness of the zona pellucida was determined
based on the force-deformation relationship obtained from the
measurements. The amount of force (F) could be calculated by
multiplying the displacement of the force-sensing tip of the
microneedle from its equilibrium position (AX) with its pre-
calibrated stiffness (kf: 12.2 nN/pm), according to F = kf AX. The
extent of deformation (AD) was measured by analyzing the po-
sition change of the outer surface of the zona pellucida at the
contact point of the flexible microneedle. Repeating the meas-
urements with different force magnitudes allowed for genera-
tion of the force-deformation relationship, whose slope as
determined by linear regression yielded the local stiffness of the
zona pellucida. The analyses were performed using Image]
(v1.48v) and Excel. Statistical analysis was performed in
Prism v9.1.0.

Measurement of the porosity of the zona pellucida

The porosity of the zona pellucida was analyzed by soaking
unfertilized eggs in KSOM medium containing 0.13 mg/ml
TRITC-dextran (T1162, Sigma-Aldrich). For the measurement,
the eggs were maintained at 37°C and covered with paraffin oil.
Confocal fluorescence images were acquired using the micros-
copy setup as described above with a spinning-disk confocal unit
(CSU-X1, Yokogawa) and a single-mode excitation laser (OBIS561,
Coherent). The fluorescence signal profile was obtained along
the circumference of the zona pellucida by performing a circular
intensity scan at the middle between its outer and inner surfaces
(dotted line, Fig. S4 A). The scan width was set at 1.5 pm. The
analysis was performed using Image].

Online supplemental material

Figs. S1 and S2 provide details of the tracking analysis of chromo-
somes during the fertilization process. Fig. S3 shows measurement
of the mechanical properties of the zona pellucida. Fig. S4 shows
measurement of the porosity of the zona pellucida. Fig. S5 presents
actin structures in LatB-treated eggs and Ran-inhibited eggs. Video
1 shows sperm tail and paternal chromosomes. Video 2 shows
maternal and paternal chromosomes during the fertilization pro-
cess. Video 3 shows high-resolution imaging of Juno structures in
FA and DA. Video 4 shows sperm tail and paternal chromosomes
before sperm fusion. Video 5 shows Juno structures after DMSO or
LatB treatment. Video 6 shows chromosome movements after ICSL
Video 7 shows F-actin and chromosomes during the fertilization.
Video 8 shows chromosomes during the fertilization after DMSO or
LatB treatment, and Video 9 shows chromosome movements after
ICSI following DMSO or LatB treatment.

Acknowledgments

We are thankful to members of the Tkawa group and the Ki-
tajima group for reagents and support. We thank the Division
for Development of Genetic-engineered Mouse Resource at
the National Institute of Genetics for support. We thank Jan
Ellenberg (EMBL) for sharing the pGEMHE_3mEGFP_UtrCH
construct.

Journal of Cell Biology
https://doi.org/10.1083/jcb.202012001

15 of 17


https://doi.org/10.1083/jcb.202012001

This work was supported by Grants-in-Aid for Scientific Re-
search (KAKENHI) awards JP19H05750 (to M. Tkawa), JP17H05005
(to M. Mori), JP18H05528 (to K. Yamagata), JP25712035 (to K.
Yamagata), JP18H02357 (to K. Yamagata), JP18H02617 (S. Yone-
mura), JP18H05549 (to T.S. Kitajima), JP1I9HO05751 (to Y. Shima-
moto), and JP21K14919 (to T. Mishina); Japan Agency for Medical
Research and Development grant JP20gm5010001 (to M. Tkawa);
the Naito Foundation (to M. Mori); Japan Society for the Promotion
of Science grant 18J00928 (to T. Mishina); and the Takeda Science
Foundation (to Y. Shimamoto). This research was funded, in part,
by the Bill and Melinda Gates Foundation, grant INV-001902.

The authors declare no competing financial interests.

Author contributions: M. Ikawa, T. Yao, K. Yamagata, and M.
Mori established the live imaging setting and started this pro-
ject. T. Yao, K. Yamagata, N. Yonezawa, and M. Mori performed
the experiments using microscopy. H. Endoh, M. Mori, and S.
Yonemura performed the experiments using electron micros-
copy. T. Mishina performed the simulation of the sperm binding
site, the evaluation of angular displacement models, and statis-
tical analysis. M. Tanaka and Y. Shimamoto performed the
measurements of mechanical properties and porosity of the zona
pellucida. M. Tkawa, T.S. Kitajima, and M. Mori contributed to
the design and interpretation of the experiments and to writing
the manuscript.

Submitted: 1 December 2020
Revised: 18 June 2021
Accepted: 6 August 2021

References

Armstrong, ].K., R.B. Wenby, H.J. Meiselman, and T.C. Fisher. 2004. The
hydrodynamic radii of macromolecules and their effect on red blood cell
aggregation. Biophys. ]. 87:4259-4270. https://doi.org/10.1529/biophysj
.104.047746

Bianchi, E., B. Doe, D. Goulding, and G.J. Wright. 2014. Juno is the egg Izumo
receptor and is essential for mammalian fertilization. Nature. 508:
483-487. https://doi.org/10.1038/naturel3203

Carazo-Salas, R.E., G. Guarguaglini, O.J. Gruss, A. Segref, E. Karsenti, and LW.
Mattaj. 1999. Generation of GTP-bound Ran by RCCI is required for
chromatin-induced mitotic spindle formation. Nature. 400:178-181.
https://doi.org/10.1038/22133

Dalo, D.T., ].M. McCaffery, and J.P. Evans. 2008. Ultrastructural analysis of
egg membrane abnormalities in post-ovulatory aged eggs. Int. J. Dev.
Biol. 52:535-544. https://doi.org/10.1387/ijdb.072549dd

Dehapiot, B., and G. Halet. 2013. Ran GTPase promotes oocyte polarization by
regulating ERM (Ezrin/Radixin/Moesin) inactivation. Cell Cycle. 12:
1672-1678. https://doi.org/10.4161/cc.24901

Dehapiot, B., V. Carriére, J. Carroll, and G. Halet. 2013. Polarized Cdc42 ac-
tivation promotes polar body protrusion and asymmetric division in
mouse oocytes. Dev. Biol. 377:202-212. https://doi.org/10.1016/j.ydbio
.2013.01.029

Deng, M., P. Suraneni, R.M. Schultz, and R. Li. 2007. The Ran GTPase me-
diates chromatin signaling to control cortical polarity during polar body
extrusion in mouse oocytes. Dev. Cell. 12:301-308. https://doi.org/10
.1016/j.devcel.2006.11.008

Gruss, O.]., R.E. Carazo-Salas, C.A. Schatz, G. Guarguaglini, ]. Kast, M. Wilm,
N. Le Bot, I. Vernos, E. Karsenti, and I.W. Mattaj. 2001. Ran induces
spindle assembly by reversing the inhibitory effect of importin alpha on
TPX2 activity. Cell. 104:83-93. https://doi.org/10.1016/S0092-8674(01)
00193-3

Hardarson, T., K. Lundin, and L. Hamberger. 2000. The position of the
metaphase II spindle cannot be predicted by the location of the first
polar body in the human oocyte. Hum. Reprod. 15:1372-1376. https://doi
.org/10.1093/humrep/15.6.1372

Mori et al.

Localization of the sperm genome in fertilized egg

TR
(: k(J
IV

Hasuwa, H., Y. Muro, M. Ikawa, N. Kato, Y. Tsujimoto, and M. Okabe.
2010. Transgenic mouse sperm that have green acrosome and red
mitochondria allow visualization of sperm and their acrosome re-
action in vivo. Exp. Anim. 59:105-107. https://doi.org/10.1538/
expanim.59.105

Hewitson, L., T. Dominko, D. Takahashi, C. Martinovich, J. Ramalho-Santos,
P. Sutovsky, J. Fanton, D. Jacob, D. Monteith, M. Neuringer, et al. 1999.
Unique checkpoints during the first cell cycle of fertilization after in-
tracytoplasmic sperm injection in rhesus monkeys. Nat. Med. 5:431-433.
https://doi.org/10.1038/7430

Inoue, N., M. Ikawa, A. Isotani, and M. Okabe. 2005. The immunoglobulin
superfamily protein Izumo is required for sperm to fuse with eggs.
Nature. 434:234-238. https://doi.org/10.1038/nature03362

Inoue, N., T. Saito, and I. Wada. 2020. Unveiling a novel function of CD9 in
surface compartmentalization of oocytes. Development. 147:dev189985.
https://doi.org/10.1242/dev.189985

Itoi, F., Y. Asano, M. Shimizu, H. Honnma, and Y. Murata. 2015. Birth of nine
normal healthy babies following transfer of blastocysts derived from
human single-pronucleate zygotes. J. Assist. Reprod. Genet. 32:1401-1407.
https://doi.org/10.1007/s10815-015-0518-y

Jin, M., E. Fujiwara, Y. Kakiuchi, M. Okabe, Y. Satouh, S.A. Baba, K. Chiba,
and N. Hirohashi. 2011. Most fertilizing mouse spermatozoa begin their
acrosome reaction before contact with the zona pellucida during
in vitro fertilization. Proc. Natl. Acad. Sci. USA. 108:4892-4896. https://
doi.org/10.1073/pnas.1018202108

Johnson, M.H., D. Eager, A. Muggleton-Harris, and H.M. Grave. 1975. Mo-
saicism in organisation concanavalin A receptors on surface membrane
of mouse egg. Nature. 257:321-322. https://doi.org/10.1038/257321a0

Kaji, K., S. Oda, T. Shikano, T. Ohnuki, Y. Uematsu, ]. Sakagami, N. Tada, S.
Miyazaki, and A. Kudo. 2000. The gamete fusion process is defective in eggs
of Cd9-deficient mice. Nat. Genet. 24:279-282. https://doi.org/10.1038/73502

Kato, K., Y. Satouh, H. Nishimasu, A. Kurabayashi, ]. Morita, Y. Fujihara, A.
0ji, R. Ishitani, M. Ikawa, and O. Nureki. 2016. Structural and func-
tional insights into IZUMOI recognition by JUNO in mammalian fer-
tilization. Nat. Commun. 7:12198. https://doi.org/10.1038/ncomms12198

Kimura, Y., and R. Yanagimachi. 1995. Development of normal mice from
oocytes injected with secondary spermatocyte nuclei. Biol. Reprod. 53:
855-862. https://doi.org/10.1095/biolreprod53.4.855

Laurent, S. 2018. uniformly: Uniform Sampling. R package version 0.1.0.
https://CRAN.R-project.org/package=uniformly

Le Naour, F., E. Rubinstein, C. Jasmin, M. Prenant, and C. Boucheix. 2000.
Severely reduced female fertility in CD9-deficient mice. Science. 287:
319-321. https://doi.org/10.1126/science.287.5451.319

Longo, F.J., and D.Y. Chen. 1985. Development of cortical polarity in mouse
eggs: involvement of the meiotic apparatus. Dev. Biol. 107:382-394.
https://doi.org/10.1016/0012-1606(85)90320-3

Mackenzie, A.C., D.D. Kyle, L.A. McGinnis, H.J. Lee, N. Aldana, D.N. Robin-
son, and J.P. Evans. 2016. Cortical mechanics and myosin-II abnor-
malities associated with post-ovulatory aging: implications for
functional defects in aged eggs. Mol. Hum. Reprod. 22:397-409. https://
doi.org/10.1093/molehr/gaw019

Maro, B., M.H. Johnson, S.J. Pickering, and G. Flach. 1984. Changes in actin
distribution during fertilization of the mouse egg. J. Embryol. Exp.
Morphol. 81:211-237.

Maro, B., M.H. Johnson, M. Webb, and G. Flach. 1986. Mechanism of polar
body formation in the mouse oocyte: an interaction between the
chromosomes, the cytoskeleton and the plasma membrane. J. Embryol.
Exp. Morphol. 92:11-32.

McAvey, B.A., G.B. Wortzman, C.J. Williams, and J.P. Evans. 2002. Involve-
ment of calcium signaling and the actin cytoskeleton in the membrane
block to polyspermy in mouse eggs. Biol. Reprod. 67:1342-1352. https://
doi.org/10.1095/biolreprod67.4.1342

Miyado, K., G. Yamada, S. Yamada, H. Hasuwa, Y. Nakamura, F. Ryu, K.
Suzuki, K. Kosai, K. Inoue, A. Ogura, et al. 2000. Requirement of CD9 on
the egg plasma membrane for fertilization. Science. 287:321-324. https://
doi.org/10.1126/science.287.5451.321

Miyado, K., K. Yoshida, K. Yamagata, K. Sakakibara, M. Okabe, X. Wang, K.
Miyamoto, H. Akutsu, T. Kondo, Y. Takahashi, et al. 2008. The fusing
ability of sperm is bestowed by CD9-containing vesicles released from
eggs in mice. Proc. Natl. Acad. Sci. USA. 105:12921-12926. https://doi.org/
10.1073/pnas.0710608105

Mori, M., N. Monnier, N. Daigle, M. Bathe, ]. Ellenberg, and P. Lénart.
2011. Intracellular transport by an anchored homogeneously con-
tracting F-actin meshwork. Curr. Biol. 21:606-611. https://doi.org/10
.1016/j.cub.2011.03.002

Journal of Cell Biology
https://doi.org/10.1083/jcb.202012001

16 of 17


https://doi.org/10.1529/biophysj.104.047746
https://doi.org/10.1529/biophysj.104.047746
https://doi.org/10.1038/nature13203
https://doi.org/10.1038/22133
https://doi.org/10.1387/ijdb.072549dd
https://doi.org/10.4161/cc.24901
https://doi.org/10.1016/j.ydbio.2013.01.029
https://doi.org/10.1016/j.ydbio.2013.01.029
https://doi.org/10.1016/j.devcel.2006.11.008
https://doi.org/10.1016/j.devcel.2006.11.008
https://doi.org/10.1016/S0092-8674(01)00193-3
https://doi.org/10.1016/S0092-8674(01)00193-3
https://doi.org/10.1093/humrep/15.6.1372
https://doi.org/10.1093/humrep/15.6.1372
https://doi.org/10.1538/expanim.59.105
https://doi.org/10.1538/expanim.59.105
https://doi.org/10.1038/7430
https://doi.org/10.1038/nature03362
https://doi.org/10.1242/dev.189985
https://doi.org/10.1007/s10815-015-0518-y
https://doi.org/10.1073/pnas.1018202108
https://doi.org/10.1073/pnas.1018202108
https://doi.org/10.1038/257321a0
https://doi.org/10.1038/73502
https://doi.org/10.1038/ncomms12198
https://doi.org/10.1095/biolreprod53.4.855
https://CRAN.R-project.org/package=uniformly
https://doi.org/10.1126/science.287.5451.319
https://doi.org/10.1016/0012-1606(85)90320-3
https://doi.org/10.1093/molehr/gaw019
https://doi.org/10.1093/molehr/gaw019
https://doi.org/10.1095/biolreprod67.4.1342
https://doi.org/10.1095/biolreprod67.4.1342
https://doi.org/10.1126/science.287.5451.321
https://doi.org/10.1126/science.287.5451.321
https://doi.org/10.1073/pnas.0710608105
https://doi.org/10.1073/pnas.0710608105
https://doi.org/10.1016/j.cub.2011.03.002
https://doi.org/10.1016/j.cub.2011.03.002
https://doi.org/10.1083/jcb.202012001

Motosugi, N., J.E. Dietrich, Z. Polanski, D. Solter, and T. Hiiragi. 2006. Space
asymmetry directs preferential sperm entry in the absence of polarity
in the mouse oocyte. PLoS Biol. 4:135. https://doi.org/10.1371/journal
.pbio.0040135

Nachury, M.V., T.J. Maresca, W.C. Salmon, C.M. Waterman-Storer, R. Heald,
and K. Weis. 2001. Importin beta is a mitotic target of the small GTPase
Ran in spindle assembly. Cell. 104:95-106. https://doi.org/10.1016/
S0092-8674(01)00194-5

Nicosia, S.V., D.P. Wolf, and M. Inoue. 1977. Cortical granule distribution and
cell surface characteristics in mouse eggs. Dev. Biol. 57:56-74. https://doi
.0rg/10.1016/0012-1606(77)90354-2

Ohto, U., H. Ishida, E. Krayukhina, S. Uchiyama, N. Inoue, and T. Shimizu.
2016. Structure of IZUMOI-JUNO reveals sperm-oocyte recognition
during mammalian fertilization. Nature. 534:566-569. https://doi.org/
10.1038/naturel8596

Panzica, M.T., and FJ. McNally. 2018. Mechanisms that prevent catastrophic
interactions between paternal chromosomes and the oocyte meiotic spin-
dle. Cell Cycle. 17:529-534. https://doi.org/10.1080/15384101.2018.1431495

Panzica, M.T., H.C. Marin, A.C. Reymann, and F.J. McNally. 2017. F-actin
prevents interaction between sperm DNA and the oocyte meiotic
spindle in C. elegans. J. Cell Biol. 216:2273-2282. https://doi.org/10.1083/
jcb.201702020

Piotrowska, K., and M. Zernicka-Goetz. 2001. Role for sperm in spatial pat-
terning of the early mouse embryo. Nature. 409:517-521. https://doi
.org/10.1038/35054069

Runge, K.E, J.E. Evans, Z.Y. He, S. Gupta, K.L. McDonald, H. Stahlberg, P. Pri-
makoff, and D.G. Myles. 2007. Oocyte CD9 is enriched on the microvillar
membrane and required for normal microvillar shape and distribution. Dev.
Biol. 304:317-325. https://doi.org/10.1016/j.ydbio.2006.12.041

Shalgi, R., and D.M. Phillips. 1980. Mechanics of in vitro fertilization in the
hamster. Biol. Reprod. 23:433-444. https://doi.org/10.1095/biolreprod23
.2.433

Mori et al.

Localization of the sperm genome in fertilized egg

« [
5.

Shimamoto, Y., and T.M. Kapoor. 2012. Microneedle-based analysis of the
micromechanics of the metaphase spindle assembled in Xenopus laevis
egg extracts. Nat. Protoc. 7:959-969. https://doi.org/10.1038/nprot.2012
.033

Shimamoto, Y., S. Tamura, H. Masumoto, and K. Maeshima. 2017.
Nucleosome-nucleosome interactions via histone tails and linker DNA
regulate nuclear rigidity. Mol. Biol. Cell. 28:1580-1589. https://doi.org/
10.1091/mbc.e16-11-0783

Stradal, T., K.D. Courtney, K. Rottner, P. Hahne, ]J.V. Small, and A.M. Pen-
dergast. 2001. The Abl interactor proteins localize to sites of actin po-
lymerization at the tips of lamellipodia and filopodia. Curr. Biol. 11:
891-895. https://doi.org/10.1016/S0960-9822(01)00239-1

Uraji, J., K. Scheffler, and M. Schuh. 2018. Functions of actin in mouse oocytes
at a glance. J. Cell Sci. 131:jcs218099. https://doi.org/10.1242/jcs.218099

Verlhac, M.H., C. Lefebvre, P. Guillaud, P. Rassinier, and B. Maro. 2000.
Asymmetric division in mouse oocytes: with or without Mos. Curr. Biol.
10:1303-1306. https://doi.org/lo.1016/50960—9822(00)00753—3

Yamagata, K. 2010. DNA methylation profiling using live-cell imaging.
Methods. 52:259-266. https://doi.org/10.1016/j.ymeth.2010.04.008

Yamagata, K., T. Yamazaki, M. Yamashita, Y. Hara, N. Ogonuki, and A. Ogura.
2005. Noninvasive visualization of molecular events in the mammalian
zygote. Genesis. 43:71-79. https://doi.org/10.1002/gene.20158

Yanagimachi, R. 1988. Sperm-Egg Fusion. In: Bronner, F. (ed). Current Topics
in Membranes and Transport. Elsevier, Amsterdam, Netherlands. 32:
3-43. https://doi.org/10.1016/S0070-2161(08)60129-X

Yanagimachi, R., and Y.D. Noda. 1970. Ultrastructural changes in the hamster
sperm head during fertilization. J. Ultrastruct. Res. 31:465-485. https://
doi.org/10.1016/S0022-5320(70)90163-2

Yi, K, J.R. Unruh, M. Deng, B.D. Slaughter, B. Rubinstein, and R. Li. 2011.
Dynamic maintenance of asymmetric meiotic spindle position through
Arp2/3-complex-driven cytoplasmic streaming in mouse oocytes. Nat.
Cell Biol. 13:1252-1258. https://doi.org/10.1038/ncb2320

Journal of Cell Biology
https://doi.org/10.1083/jcb.202012001

17 of 17


https://doi.org/10.1371/journal.pbio.0040135
https://doi.org/10.1371/journal.pbio.0040135
https://doi.org/10.1016/S0092-8674(01)00194-5
https://doi.org/10.1016/S0092-8674(01)00194-5
https://doi.org/10.1016/0012-1606(77)90354-2
https://doi.org/10.1016/0012-1606(77)90354-2
https://doi.org/10.1038/nature18596
https://doi.org/10.1038/nature18596
https://doi.org/10.1080/15384101.2018.1431495
https://doi.org/10.1083/jcb.201702020
https://doi.org/10.1083/jcb.201702020
https://doi.org/10.1038/35054069
https://doi.org/10.1038/35054069
https://doi.org/10.1016/j.ydbio.2006.12.041
https://doi.org/10.1095/biolreprod23.2.433
https://doi.org/10.1095/biolreprod23.2.433
https://doi.org/10.1038/nprot.2012.033
https://doi.org/10.1038/nprot.2012.033
https://doi.org/10.1091/mbc.e16-11-0783
https://doi.org/10.1091/mbc.e16-11-0783
https://doi.org/10.1016/S0960-9822(01)00239-1
https://doi.org/10.1242/jcs.218099
https://doi.org/10.1016/S0960-9822(00)00753-3
https://doi.org/10.1016/j.ymeth.2010.04.008
https://doi.org/10.1002/gene.20158
https://doi.org/10.1016/S0070-2161(08)60129-X
https://doi.org/10.1016/S0022-5320(70)90163-2
https://doi.org/10.1016/S0022-5320(70)90163-2
https://doi.org/10.1038/ncb2320
https://doi.org/10.1083/jcb.202012001

Supplemental material

Time after the signal detection in cytoplasm (min)

-15

sperm tail (Su9- DsRedZ) and chromosome (mCherry-MBD-NLS)

Distance between sperm fusion site

and maternal chromosomes

Sperm fusion site

. Simulation
I Experiment

*k
L]

|
Q Q
LI .
AN S @ & &

Distance from maternal chromosomes (um)

,@

D
Displacement of
the center of segregated
min maternal chromosomes
0 um
i 40 50
80 40

i 40
80

um %
0= 30
30°(18.3 )
10 (8:3um) Distance
60° (34.4 um)
o0 20
8 304 90° (48.4 pm)
© o 10
® 40 S =3 {3 120° (59.1 pm)
fa)
50+ 23!'3'35 150° (59.1 pm) .
o 180° (68.2 um
60 ..::3 ose RReiim)
8.
70=
C Proximal Middle Distal
1.0 1.0 1.0
o
o 05 05 05
5
[v]
>
el
I !
8 oo 0.0 ) 0.0
£
o
e 4
a e
-0.5 0.5 lf- -0.5 >
24
-1.0 1.0 -1.0 .
0.00 0.50 1.00 0.00 0.50 1.00 0.00 0.50 1.00

Normalized value

Normalized value

Normalized value

I 40
80

20 40 60 80 100

Time after anaphase onset (min)

Figure S1. Tracking analysis of chromosomes during the fertilization process. (A) MBD showing where sperm fuse. The mCherry-MBD-NLS signal
appears where the sperm tail (Su9-DsRed2) is bound. Time is relative to the sperm binding to the egg. A time-lapse video is shown in Video 1. The zona
pellucida was softened by treatment with glutathione (A-D). (B) Distance between maternal chromosomes and sperm fusion sites. Left: Experimental data.
Middle: Parameters for the simulation in which sperm fuse randomly on the egg surface. Right; Comparison between experimental and simulation data. Fisher’s

exact tests were used to obtain P values, and Holm correction was used for the correction of multiple comparisons (P value of 10-20 pum is 8.3 x 10-3; P value of

40-50 pm is 4.0 x 1072 P values of other areas are >0.05 [ns]). (C) Examples of trajectory in Fig. 1 C are shown in three areas (proximal, middle, and distal from
maternal chromosomes). Black dots show the position of sperm fusion. The values of the position of chromosomes were normalized by the length between the

sperm fusion site and the center of the egg. (D) Displacement of maternal chromosomes from the initial position when sperm fuse.
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Figure S2. Tracking analysis of chromosomes during the fertilization process. (A) Angular displacement of paternal chromosomes toward maternal
chromosomes versus the position of paternal chromosomes (angle only, top) and the time after sperm fusion (time only, bottom). (B) Average of the dataset in

Figs. 1 D and S1 C. Welch’s t test was used to obtain P value.
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Figure S3.  Mechanical uniformity of the zona pellucida of unfertilized mouse eggs. (A and B) Schematic illustration showing the microneedle-based
setup used to examine the local mechanical properties of the zona pellucida. The setup consists of two glass microneedles whose motion can be controlled
using hydraulic micromanipulators such that unfertilized mouse eggs surrounded by the zona pellucida are captured and subjected to a localized force (A). The
force can be applied by moving the actuator microneedle in the indicated direction (black arrow, B). The amount of force can be monitored based on the
deflection of the force-sensing tip of the microneedle from its equilibrium point (AX). The extent of deformation (AD), which predominantly arises around the
area to which the tips of the microneedles are attached, can be measured by analyzing the local shape change of the zona pellucida (B). (C-J) Typical bright-
field images (C-F) and force-deformation relationships (G-J) obtained from the measurements. The local stiffness of the zona pellucida was measured by
attaching the force-sensing tip of the microneedle at the following four cardinal points: the points most proximal and distal to the egg’s protruding cortex
(white arrow; defined as 0 and 180°, respectively) and the points that were orthogonal to the 0-180° axis (defined as 90 and 270°). At each point of interest,
the zona pellucida was deformed by applying cycles of compressive force with varying magnitudes, from which the force-deformation relationship was
obtained (G-J). The egg was then rotated by 90° horizontal to the imaging plane to proceed in measuring the next cardinal point. The egg cell started to deform
when the zona pellucida was compressed to a large extent (vertical arrows). However, the force-deformation relationship did not change significantly above
that point, indicating that the contribution of the egg cell to the measured mechanics was minor. A total of n = 4 samples were examined (plotted in different
colors in G-J). White solid and dotted lines in C-F highlight outlines of the zona pellucida before (upper panels) and during (lower panels) compression,
respectively. At each compression, the deformation developed on both sides of the zona pellucida; the difference in the extent of deformation was 2.2 + 6.3%
(mean + SD, n = 201 trials from 4 samples). Scale bars, 50 um. (K) The local stiffness of the zona pellucida measured at the indicated cardinal points relative to
the protruding cortex (0°). The stiffness value at each point was determined by performing linear regression in G-J for individual samples and was then
averaged (2.03 + 0.05, 2.05 + 0.09, 2.05 + 0.07, and 2.05 + 0.15 nN/um; mean = SD, n = 4). ns, P > 0.37 by Student’s t test.
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Figure S4. Uniformity of the porosity of the zona pellucida of unfertilized mouse eggs. (A) Unfertilized mouse eggs surrounded by the zona pellucida
were soaked in KSOM medium containing 70 kD TRITC-dextran and imaged using confocal fluorescence microscopy. Scale bar, 50 pm. (B) An intensity scan
was performed along the circumference of the zona pellucida (dotted line) to examine the uniformity of the structure. The 70-kD dextran has a hydrodynamic
radius of ~6.5 nm (Armstrong et al., 2004) and thus could penetrate through the zona pellucida, filling the space within its porous structure. The fluorescence
signal at the zona pellucida was higher than that within the egg cell, whose membrane is not permeable to dextran, and it was lower than in the surrounding
buffer due to the porosity. Colored plots in B indicate data from different samples (n = 5). The angle 0° is defined as the point of the protruding cortex of the
egg. The relative fluorescence intensity, as normalized based on the mean intensity of each circular scan, varied by 8.6 + 0.7% (n = 5) along the circumference of
the zona pellucida, but the intensity minima and maxima did not appear at any specific location.
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Figure S5. Actin structures in unfertilized eggs after treatment with LatB. (A) Fluorescent staining of F-actin and chromosomes following treatment with
DMSO or LatB. Eggs were fixed and stained with phalloidin and Hoechst 33342. The actin intensity was measured at the cortex near (proximal) or far (distal)
from maternal chromosomes in eggs treated with DMSO or LatB. (B) Fluorescent staining of F-actin and chromosomes in Ran-inhibited eggs (RanT24N). The
actin intensity was measured at the cortex near (proximal) or far (distal) from maternal chromosomes in Ran-inhibited eggs (RanT24N). (C) Angle between
maternal chromosomes and sperm fusion sites in RanT24N-injected eggs. We compare the experimental data with the result of a simulation where sperm fuse
randomly anywhere on the egg surface. Data include zygotes that exhibited polyspermy (polyspermy rate was 48% [RanT24N] of the fertilized eggs). Fisher’s
exact tests were used to obtain P values, and Holm correction was used for the correction of multiple comparisons (P value of 0-30° is < 3.7 x 10-%; P values of
other areas are >0.05 [ns]). *, P < 0.05.
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Video 1. Live imaging of chromosomes (mCherry-MBD-NLS) and a sperm tail (Su9-DsRed2) during the fertilization process. Time is relative to the
sperm binding to the egg. The frame rate is 3 min per frame.

Video 2. Live imaging of chromosomes in an egg expressing mCherry-MBD-NLS during the fertilization process. Time is relative to anaphase onset. The
frame rate is 3 min per frame.

Video 3. Live imaging of Juno/CD9 structures with fluorescent-labeled Juno and CD9 primary antibodies using an Airyscan detector (data of CD9 are
not depicted). Time is relative to the start of imaging. The frame rate is 1 min per frame.

Video 4. Live imaging of chromosomes (mCherry-MBD-NLS) and sperm tail (Su9-DsRed2) during the fertilization process. Two sperm bind and fuse
with an egg. The sperm which bind in the FA region move away from maternal chromosomes. The frame rate is 3 min per frame.

Video 5. Live imaging of Juno structures with a fluorescent-labeled Juno primary antibody in DMSO- or LatB-treated eggs. Since the images were
taken using different microscopes in DMSO- or LatB-treated eggs, the intensities of Juno structures cannot be compared in these eggs. Time is relative to the
addition of DMSO or LatB. The frame rate is 3 min per frame.

Video 6. Live imaging of chromosomes (mCherry-MBD-NLS) in eggs in which sperm heads were injected within the 20-um region surrounding
maternal chromosomes. The four types of chromosome behavior are shown. Time is relative to anaphase onset. The frame rate is 2.5 min per frame.

Video 7. Live imaging of F-actin and chromosomes using 3mEGFP_UtrCH and mCherry-MBD-NLS during the fertilization process. Time is relative to
the start of imaging. The frame rate is 3 min per frame.

Video 8. Live imaging of chromosomes (mCherry-MBD-NLS) following treatment with DMSO or LatB during the fertilization process. Since the
images were taken using different microscopes in DMSO or LatB-treated eggs, the intensities of chromosomes cannot be compared in these eggs. Time is
relative to anaphase onset. The frame rate is 3 min per frame.

Video 9. Live imaging of chromosomes (mCherry-MBD-NLS) in eggs in which sperm heads were injected underneath the NA region following
treatment with DMSO or LatB. Since the images were taken using different microscopes in DMSO or LatB-treated eggs, the intensities of chromosomes
cannot be compared in these eggs. Time is relative to the time that maternal chromosomes reach spindle pole. The frame rate is 3 min per frame.
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