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2004), Neurospora (Nolan et al. 2005), and mice {Aravin
et al. 2007; Carmell et al. 2007), Small RNAs against
transposon sequences have been cloned in germlines,
and the loss of Piwi family gene expression causes down-
regulation of these small RNAs in Drosophila, zebrafish,
and mice |Saito et al. 2006, Aravin et al. 2007; Brennecke
et al. 2007; Gunawardane et al. 2007, Houwing et al.
2007). Based on these results, it has been suggested that
the munne Piwi family genes are involved in retrotrans-
posan gene silencing via small RNAs, probably repeat
associated piRNAs.

Retrotransposons are thought to be maintained i a
transcriptionally silent state by DNA methylation
(Walsh et al, 1998). During spermatogenesis, the DNA
methylation status of the regulatory regions in retro-
transposons, such as [AP |intracisternal A particle) and
Line-1 (long interspersed nuclear elements), which be-
long to the long terminal repeat [LTR) and non.LTR ret-
rotransposon families, respectively, changes dynami-
cally {Tanaka et al. 2000; Lane et al. 2003), These regions
are demethylated in PGCs around E12.5-E13.5, and the
reacquisition of DNA methylation (i.e., de nove methyl-
ation| takes place 1n nondividing prospermatogonia (i,
gonocytes) in the fetal testis around E16.5-E18.5, This de
novo methylation involves cither of the two de nove
[DNA methyltransferases, Dnmt3a and Dnmt3b, as well
as their activating factor Dnmt3L, and analyses of
Dnmt3L-deficient mice clearly show that this molecule
is essential for the process (Bourchis and Bestor 2004,
Hata et al, 2006; Kato et al, 2007). Recently, it was re.
ported that Mili- and Miwi2-targeted mice exhibited en-
hanced TAP and Line-1 expression, and methylation of
the 5'-untranslated region {(UTR) region of Line-1 was
shown to be reduced in these mice at the neonatal stage
(Aravin et al. 2007; Carmell et al. 2007). However, the
DNA methylation status and piRNA expression of ret-
rotransposons during de novo DNA methylation have
not been examined. Thus, in the present study, we ana-
lyzed the piIRNA expression and DNA methylation pro-
files of the [AP and Line- | retrotransposons in fetal MILIL
null and MIWI2-null testes,

Results

Comparison of Line-1 and 1AP gene expression
in MILI"" and MIWI2''" testes

To understand the roles of the mouse PIWI family pro-
teins, we generated and analyzed MILL- [Aravin et al.
2007; Carmell et al. 2007) and MIWI2-deficient mice
(Supplemental Fig. S1). In MILI- and MIWI2-null testes,
spermatogenesis was arrested at the early prophase of
meiosis | |Supplemental Fig. S1E). Affymetrix GeneChip
microarray hybridization showed that five genes were
up-regulated more than threefold in the MILIT testes,
and all of these genes belonged to the [AP retrotranspo-
son (Supplemental Fig. S2). The Line-1 and IAP gene ex-
pression levels were subsequently examined in the testes
of 2-wk-old mice—i.¢., testes that contained both pre-
meiotic and meiotic germ cells—by Northemn blotting
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|Fig. 1C,D). The transcripts of two representative Line-1
species, type Gf and type A, which have similar and
unigue sequences in their coding and 5-noncoding re-
gions, respectively, were similarly accumulated in both
the MILI- and MIWI2-deficient testes. Meanwhile, ex-
pression of AP was strongly and only slightly enhanced
in the MILL: and MIWI2-null testes, respectively. Al-
though the mouse genome contains full-length (7.2-kb)
IAP elements and variants with deletions of various sizes
in the gag-pol area {Ishihara ct al. 2004}, only the 5.4-kb
1A1-type IAP transcript was enhanced in both mutants.

Reduced CpC; methylation of Line-1 and 1A1-type IAP
in MILI"" and MIWI2™" germ cells

We examined the methylation status of the regulatory
regions of Line-1 and AP in MILI- and MIWI2.deficient
male germ cells sorted 8-12 d after birth; namely, pre
meiotic germ cells. The promoter regions of type Gf and
type A Line-1 in the sorted male germ cells were exam-
ined by bisulfite sequencing. As shown in Figure IE, a
significant reduction in CpG methylation was observed
in the MILL- and MIWI2-deficient male germ cells at this
stage. The reduction in methylation of type Gf Line-1
was confirmed by methylation-sensitive Southern blot-
ting (Supplemental Fig. $3). Next, we analyzed the meth-
ylation pattern of CpG in two arbitrarily chosen LTR
regions of the 5.4-kb [Al-type IAP on chromosomes 3
and 16. These regions were almost completely methyl
ated in the control germ cells, whereas the levels of
methylation were much lower in the MILI- and MIWI2-
deficient germ cells (Fig. 1FL.

Damt3L is essential for the de novo methylation of
retrotransposons in fetal testes, and the testicular phe-
notype of Dnmt3L-null mice is essentially the same as
those of MILL. and MIWI2-null mice (Bourc'his and Be-
stor 2004; Webster et al. 2005; Hata et al. 2006). Thus, we
examined the DNA methylation status of the Line-1
regulatory regions in MILI- and MIWI2-deficient neona-
tal testes, which contain premeiotic germ cells. Methyl-
ation-sensitive Southern blot analysis revealed that hy-
pomethylation was already present on day 2 after birth
|Fig. 2A), as was seen in Dnmt3L-mutant mice. Bisulfite
sequencing confirmed the impaired CpG methylation
status of the Line: | and 1A1-type IAP regulatory regions
in MILI- and MIWI12-deficient germ cells on day 0-1 after
birth [Fig. 2B). [t scems unlikely that the defecrive meth-
ylation in the MILI-deficient mice was due to decreased
expression of Dnmt3L and/or its presumptive cooperat-
ing DNA methyltransferase, Dnmt3a2, since the expres-
sion of these methylases was unaffected by the mutation
in MILI |Supplemental Fig. S4)

It is possible that MILI and MIWI2, as well as Dnmtil,
have roles in de novo methylation during male germ cell
differentiation. Therefore, we carried out bisulfite se-
quencing of the regulatory regions of the Line-] and 1AP
retrotransposons in MILLdeficient fetal germ cells
around de nove methylation. In control germ cells, al-
most all of the CpGs in the LTRs of IAP were methylated
soon after birth (Figs. 1F, 2B), whereas only incomplete
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Figure 2. Methylation of the IAP and Line-1 regulatory
regions in fetal testes. [A) Methylation-sensitive South-
ern blot analysis of the Line-1 promoter region. Whole
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methylation was observed in E13.5, E16.5, and E18.5
germ cells (Fig. 2D). De nove methylation of the Line-]
and LAP regulatory regions of control mice occurred after
E16.5 and E13.5, respectively (Fig. 2C, D). De novo meth-
ylation of Line-1 genes was slightly delayed compared
with that of the IAP genes. In the MILI-deficient germ
cells, hypomethylation of Linel and AP was observed at
EIR5 and after E16.5, respectively. Differences in the
methylation status of Line-1 in the MILI-deficient mice
became apparent somewhat later than that of IAP, which
seemingly reflects the delay of de nove methylation in
the control germ cells. Our observations indicate that
MILI plays an essential role in the timing of de novo
methylation of the Line-1 and IAP regulatory regions.

Characterization of small RNAs in fetal testes

As discussed above, MILI and MIWI2 presumably func-
tion in gene silencing through DNA methylation in fetal
testes, Based on the role of small RNAs from other or-
ganisms in gene silencing (Zaratiegui et al. 2007), it is
possible that DNA methylation 1s mediated by small
RNAs. Thercfore, we analyzed many small RNA se
quences (127,997 clones), 17-40 nt in length, from
E12.5-E19.5 fetal male germ cells, to obtain a compre-
hensive picture of the piRNAs present at this stage, and
compared our findings with the results of previous stud-
tes on pitRNAs in neonatal (prepachytene) testes (Aravin
et al. 2007) and adult westes [Aravin et al. 2006; Girard et

testis DNA was extracted from 2-d-old heterozygous |+
and homozygous (=) mice, followed by digestion with
Kpnl and the methylation.sensitive restriction enzyme
Hpall. The prabe for the type Gf Line-1 5"-noncoding
region is the same as that in Figure 1C. (B) Bisulfite
analysis of the Line-1 regulatory region in day 0-1 germ
cells from MILI- and MIWI2-deficient and control tes-
tes. The germ cells were collected as described in Ma-
terials and Methods. (C.0] Bisulfite sequencing of the
Line-1 (€] and 1AP (1) regulatory regions in germ cells
from MILI.-deficient and control testes between E13.5
and E18.5, The germ cells were collected as described in
Materials and Methods.

al. 2006; Grivna et al. 2006; Lau et al, 2006; Watanabe et
al. 2006). The lengths of the small RNAs from the germ
cells showed a bimodal pattern (Fig. 3A}. One peak was
observed at 21 nt, which corresponds to the lengths of
miRMNAs, and a second was observed at 25-27 nt, which
is consistent with the lengths of piIRNAs

Annotation of the small RNAs revealed that the li-
brary was enriched with retrotransposon sequences,
with the exception of the breakdown products of rRNAs
and other noncoding RNAs (tRNA/snRNA/snoRNA/
ScRNA/srpRNA) (Fig. 3B; Supplemental Table S1). The
repeat-associated small RNAs (rasiRNAs) in the library,
which reportedly bind MILI, showed a single peak at 25-
27 nt (Fig. 3A). The relative abundance of repeat-associ-
ated RNAs (23%) was similar to that of the MILl-asso-
ciated prepachytene piRNAs identitied in neonatal restis
{26%) (Fig. 3B; Supplemental Table SI; Aravin et al.
2007). However, detailed characterization of the repeat-
derived small RNAs revealed that there were some dif-
ferences between the fetal germ cell piRNAs and the
reported prepachytene piRNAs (Aravin et al. 2007). As
shown in Supplemental Table 52 and Figure 3C, the ma-
jority of the rasiRNAs in the E16.5 male germ cells were
LTR retrotransposons {55%); namely, ERVK (37%],
ERV1 (10%), MaLR (6%), and ERVL (2%]). The others
were LINEs (30%) and SINEs (11%). In contrast, among
the prepachytene piRNAs, the SINE frequency [49%]
was higher than the LTR {33.8%) or LINE (15.8%] [Ara-
vin et al. 2007) frequency. Unique pachytene piRNAs
were scarcely detected in the fetal male germ cells (0.1%!
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Figure 3. piRNAs in feral premeiotic germ cells. (A) In total, 127,997 small RNAs were sequenced from E12.5-E19.5 fetal germ cells,
The size distributions (in nucleotides| of the total small RNAx and rasiRNAs are shown by blue and purple bars, respectively, (8,C)
Genomic annotation of the small RNAs (B} and the ratio of piRNA sequences of fetal premeiotic germ cells (C). Detailed results are
listed in Supplemental Table 52. (D,F) Comparison of the first () and tenth (F) nucleotides of the total, sense [+), and antisense (-]
pIRNAs, Nucleotide biases were caleulated for the Gf type Line- 1 and IAP piRNAs analyzed in Supplemental Table S2. [E) The piRNA
classes that contain or lack a 5'-end U are shown separately. (F) Venn diagram of the piRNAs in adult pre- and post-meiotic (Aravin
et al. 2006; Girard et al. 2006; Grivna et al. 2006; Lau ct al. 2006; Watanabe et al. 2006}, neonatal prepachytene (Aravin et al, 2007),

and feral [this study) tesees, (G, H) Distribution of piRNAs corresponding to type Gf Line-1 [G] and IAPIAL (H).

(Supplemental Table S1). Next, as the small RNAs that
correspond to Line- | and IAI" were abundant, we exam-
ined the nucleotide composition of the plRNAs corre-
sponding to type Gf Line-1 and IAP retrotransposons
The first and tenth nucleotides of the piRNAs are shown
in Figure 3, D and E. Most of the piRNAs started with
uridine and had an adenine at the tenth position, which
1s similar to the charactenstics of prepachytence piRNAs
|Aravin et al, 2007),

Adult and neonatal piRNAs are clustered within the
genome |[Aravin et al. 2006, 2007; Girard et al. 2006;
Grivna et al. 2006; Lau et al. 2006; Watanabe et al. 2006],
Theretore, we performed a cluster analysis of the male
fetal gonadal small RNAs and detected 205 clusters
|Supplemental Table §3), only seven and 25 of which
were identified in adult and prepachytene testes, respec-
tively (Fig. 3F1. About 75% of the clustered small RNAs
were 24-28 nt in length, and the percentage of small
RNAs with U as the first nucleotide was high (71.5%).
'I'hl:n:f{}rl', we conclude that most of the clusters are

912 GENES & DEVELOPMENT

piRNA clusters, and that the set of piRNAs expressed at
the stage of de novo methylation s quite different from
the piRNA sets expressed in the neonate and adult
The distribution and frequency plots of the piRNAs
that correspond to the type Gf Line-1 and IAPIAI genes
are shown in Figure 3, G and H, respectively. For Line-1,
the mumber of piRNAs that corresponded to the regula-
tory region was higher than that corresponding to the
coding region, and the distributions of sense and anu-
sense pIRNAs were indistinguishable, Meanwhile, for
the IAPIA] genes, the number of sense piRNAs was
slightly higher than the number of antisense piRNAs,
and there were many piRNAs that corresponded to the
coding region as well as to the regulatory region.

Reduced levels of piRNAs in MILI
and MIWI2-deficient fetal testes

Although both Mili and Miwi2 were expressed in fetal
testes, the expression period of Miwi2 was more re-
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Figure 4. piRNA expression in MIL]- and MIWI2-deficient fe-
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were isolated, and “P-labeling was carried out. As
shown in Figure 4A, several RNAs of length 26-27 nt
were coimmunoprecipitated with MILE and MIWI2
Next, we used microartay unnl)‘sl-\ to test the roles of
MILI and MIWI2 in the production of small RNAs in
fetal testes, Using this method, we examined the expres.
sion patterns of 670 types of repeat-associated piRNAs
and 150 types of miRNAs, As shown in Figure 4B, the
vast majority of the ptRNAs were significantly down
regulated in MILE-null fetal testes Although this down
regulation was also observed in MIWI2-null testes, the
mean fold reduction was smaller by one order of magni-
tude. In MILI-pull fetal germ cells, -88% of the piRNAs
were present at less than oneeighth of the level in
the control cells. In contrast, only 29% of the piRNAs in
the MIWI2.null fetal germ cells were reduced to this level
The relative levels of expression of the piRNAs that
correspond to type Cf Line- | and IAP are summarized in
Table 1. In MILI-null testes, the expression levels of all
of the type Gf Line-1 sense piRNAs and the vast majority
of the type Gf Line-1 antisense piRNAs were less than
one-quarter of the control. In contrast, the level of re-
duction was significantly lower in MIWI2-null testes.
About 25% (27 of 101) and 14% (11 of 78] of the sense
and antisense pilRNAs, respectively, did not show sig-
nificantly reduced expression in MIWI2Z-null testes. No
tably, all of the piRNAs whose expression was unaf-
fected by the MIWI2.null mutation were located in
ORF1 and the endonuclease region of ORFL, whereas

Table 1. Relative expression of the piIRNAs for Line-1 Gf
and IAP

tal testes. |A) MILL- and MIWI2-bound piRNAs. The in
precipitated RNAs from E16.5 testicular lysates were P P-end-
labeled and separated in a 15% denaturing urea—polyacrylamide
gel. (B) Microarray analysis of the repeat-associated piRMNAs and
milkNAs. A microarray that contained 672 types of repeat-as-
sociated piRNAs and 150 types of miRNAs, both of which are
expressed in fetal testes, was produced. RNA samples isolated
from E16.5 control, MILI-deficient, and MIWI2-deficient mice
were used. The expression of vach small RNA was examined
three times, and the mean values are plotted to compare the
control and MILI- or MIWI2-deficient samples. Diagonal lines
indicate a 1.5-fold difference in expression. (C-F) Expression of
four arbitrarily selected piRNAs, piIRNAs corresponding o the
type A Line-1 promoter sense strand (5UA+), Line-1 ORF sense
strand [ORF+), IAP LTR sense strand (LTR+|, and IAP LTR an-
tisense strand (LTR-] were arbitrarily selected. |C) The site and
arientation of cach piIRNA is indicated by red arrows. (D) Nonh-
ern blot analysis of the piRNAs in E16.5 control, MILI-deficient,
MIWI2-deficient, and Dnmt3L -deficient testis. [E) Time-course
analysis of the expression of the four piRNAs in conuol and
MILI-null testes.

stricted (Supplemental Fig, 85) than that of Mili |[Kura.
mochi-Miyagawa et al. 2001), Miwi2 expression was re-
duced after birth, whereas Mili expression continued at
essentially the same level throughout life. To examine
the functions of MILl and MIWI2 in fetal testes, we de-
termined whether the proteins bound to small RNAs.
Ribonucleoprotein complexes from E16.5 testicular ly-
sates were immunoprecipitated, the associated RNAs

Sense Antisense
Relative expression  MILIY MIWI2Z S MILTT MIwI/
(A] Line-1 Gf
<1 /64 63 0 4 3
1/64 = <1/16 33 2 22 T
116 <1/4 5 23 10 2%
1/4% <115 0 49 2 a1
1155 <15 0 22 0 10
15= <4 0 5 0 1
Total m 1m 78 78
|B) IAP
<1/64 58 8 41 3
1164 = <1/16 42 7 10 a
116 = <1 /4 22 54 3 18
/4= <115 1 43 0 22
1155 <15 0 1 0 8
1.5 <4 Q 0 0 0
Total 123 123 54 54

The relative expression levels of piRNAs that correspond to the
type Gf Line-1 (A} and LAP |B) are shown. Relative expression is
calculated from the microarray data and is shown as the ratio of
the expression level of an individual piIRNA in the MILIL- and
MIWIZ.null mice to that in control mice. The numbers of
piIRNAs included in the relative expression range are described
in the table,
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none of these piRNAs were located in the reverse tran-
scriptase region of ORF2. As with the type Gf Line-1
mRNAs, the expression levels of almost all of the
mBRNAs for IAP in the MILI-null testes were less than
one-quarter of the control (Table 1], and the reduction
was significantly less pronounced in the MIWI2-null tes-
tes, Unlike the case of Line-1, these piRNAs were not
located in any special region.

We examined in greater detail the expression levels of
tour arbitrarily chosen piRNAs by Northern blot analy-
sis using antisense oligonucleotides against small RNAs
of 25-28 ntin length: the sense strand 5-UTRs of type A
[5UA+) and ORF (ORF+| for Line-1, and the sense and
antisense strands of LTR (LTR+ and LTR-, respectively)
for IAP [Fig. 3Cl. The sequences of LTR+ and LTR- were
identical to those of the U3 region and R plus U3 region
of LTR, respectively, and the expression levels of the
four small RNAs were found to be quite similar in the
E16.5 testes. As shown in Figure 4D, the four small
RNAs were not detected in MILE-null testes, although
they were weakly detected in MIWI2-null testes and ex-
pressed normally in Dnm3L-null westes. The expression
of the piRNAs was further examined in control and
MILLnull testes during development, and SUA+, ORF+,
and LTR+ showed similar expression patterns (Fig. 4E).
All three were expressed in fetal germ cells but were
almost undetectable on day 10 and 2 wk after birth.
Weak expression was detected 3 and 5 wk after birth, In
contrast, the expression level of LTR- was higher 3 wk
after birth than at E16.5.

Discussion

In the present study, we analyzed the mechanism of im-
paired retrotransposon silencing in MILL- and MIWI2-
null male germ cells. DNA methylation of the regulatory
regions of two retrotransposon species, Line-1 and 1AP,
was impaired from the stage of de novo methylation.
Given that piRNAs are involved in gene silencing, we
performed large-scale sequencing of the small RNAs in
fetal male germ cells. Our data clearly indicate that the
small RNA composition of fetal male germ cells is quite
ditferent from those of adult and neonatal prepachytene
male germ cells. Finally, we compared the effects of
MILL- and MIWI2-null mutations on the expression of
repeat-associated piRNAs and found that these two
mouse PIW] family proteins play similar but distinct
roles in pIRNA expression.

De¢ novo DNA methylation and the murine PIWI
proteins MILT and MIWI2

RT-PCR analysis showed that Miwi2 expression com-
menced at E15.5 in male gonadal tissue [Supplemental
Fig. 85). Meanwhile, Mili RNA was detected in male
sonadal tissues beginning at E12.5. Therefore, both MILI
and MIWI2 are expressed dunng de novo DNA methyl
ation. Male germ cells from both MILL- and MIWI2-null
mutant mice exhibited impaired DNA methylation in
the regulatory regions of Line-1 and IAP soon after birth
|Fig. 2A B), which suggests that these two proteins play
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crucial roles in DNA methylation at an carly stage of
germ cell development. In addition, impaired de novo
methylation was observed in MILI-deficient fetal germ
cells. The sigmificant reduction 1n piRNAs against the
repeat-associated piRNAs in MILI- and MIWI2-deficient
fetal testes implies that prRNAs are active in de novo
DNA methylation.

Changes in piIRNA content during male germ cell
development

The compositions of the piRNAs and piRNA clusters
were quite different during the process of male germ cell
development; 1.e., at the embryonic, neonatal prepachy.
tene (Aravin et al. 2007), and adult stages (Aravin et al.
2006; Girard et al. 2006; Grivna et al, 2006; Lau et al.
2006; Watanabe et al. 2006]. Although the fetal and neo-
natal piRNAs were similar in that each included a sig-
nificant number of repeat-assaciated RNAs, they shared
only 10% of the species in their piRNA clusters. Re-
cently, it has been proposed that piRNA production in-
volves a ping-pong amplification ¢ycle for retrotranspo-
son-related piRNAs [Brennecke et al. 2007; Gunaward-
ane et al. 2007), The high proportion of piRNAs with U
at the first nucleotide position and A at the tenth nucleo
tide position in our analysis of fetal repeats correspond-
ing to piRNAs fits well with this hypothesis. However,
the different compositions of the embryonic, neonatal,
and adult piRNAs suggest that the cycle does not con-
tinue throughout male germ cell development, since the
piRNAs in fetal germ cells are not maintained in adult
germ cells (Fig. 4E). Therefore, some other mechanism(s)
of piRNA biogenesis must operate during the pachytene
phase to establish piRNA expression in adult germ cells.

We arbitrarily chose four fetal piRNAs and examined
their expression in detail (Fig. 4E). All four piRNAs were
either undetectable or weakly expressed in neonatal
germ cells, although expression was somewhat increased
after a couple of weeks. This also suggests that the mo-
lecular mechanism of piRNA production changes during
development. At the same time, it implies that the fune-
tion of piRNAs in embryos is different from that in neo-
nates and adults.

MILI and MIWI2 have different functions

Impaired de novoe methylation was detected in both
MILI- and MIWI2-null male fetal germ cells. Although a
general reduction in piRNA expression was observed in
the mutants, the extent of the reduction was signifi
cantly different. As shown in Figure 4B, the reduction in
numbers of piRNAs against repetitive sequences was
much greater in the fetal germ cells of MILI-null testis
than in those of MIWI2-null testis. This may reflect a
difference in the molecular mechanisms of pIRNA bio-
genesis between MILL and MIWI2,

The expression of several piIRNAs was not reduced at
all in MIWI2-null germ cells. In fact, 27 of 101 sense and
11 of 78 antisense Line-1 piRNAs were found to belong
to this group (i.e., relative expression =1/1.5 in Table
1A). In contrast, the expression of these same piRNAs
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was significantly reduced {L.e., relative expression <1/1.5
in Table 1A) in MILI-null germ cells. It is noteworthy
that the vast majarity of the piRNAs were located in
ORFl and the endonuclease region of ORF2 (Fig 3G,
ORF1 and Nu, respectively), although the significance of
this result remains unclear. These data suggest that MILI
and MIWI2 play different roles in the production, stabi
lization, and/or amplification cycle of piRNA.

Line-1 expression was similarly enhanced in MILI- and
MIWI2-null testes {Fig. 1B), and bisulfite sequencing re-
vealed that a significant reduction in DNA methylation
occurred in both MILI- and MIWI2-null male germ cells
|Fig. 2C). Considering that DNA methylation greatly in-
fluences retrotransposon transcription, the enhanced ex-
pression of Line-1 was correlated with DNA hypometh-
ylation of the mutant male germ cells. The situation was
a lietle different for IAPIAL (Fig. 1B,D). Although defec-
tuve DNA methylation was detected in both MILI- and
MIWI2-null germ cells, IAPIAlexpression was strongly
increased in MILLnull testis, while it was either not in-
creased or only slightly increased in MIWI2-null testis.
These resules imply different funcrions for MILI and
MIWI2. Although it is difficult to explain the discrep-
ancy, an as-yet-unknown post-transcriptional silencing
mechanism may reduce IAP expression in MIWI2-null
germ cells.

Molecular mechanisms of piRNA regulation

As described above, several aspects of piIRNA regulation
change significantly duning development. For example,
the piRNA composition differed among letal, neonatal,
and adult male germ cells. In addirion, the first and tenth
nucleotides and the distributions of piRNAs against the
Line-1 or IAP sequence were different. Furthermore, al
though both MILI-null and MIWIZ-null mice exhibited
sterility owing to arrested spermatogenesis, the reduc-
tions in the percentages of piRNAs in their germ cells
were significantly different. In addition, the regulatory
mechanisms contralling IAPIA] and Line-1 expression
were different. It remains to be determined how the ex-
pression of 1APIA1, but not that of full-length AP, is
influenced by a null mutation of MILI or MIWI2. Finally,
the mechanism of de novo methylation, presumably
through piRNAs, remains an open guestion. Currently,
it is difficult to propose a unified molecular mechanism
to explain our results. Additional analyses will clarify
the mechanisms underlying piIRNA production and gene
silencing

Materials and methods

RNA extraction, RT-PCR, and Northern blot analysis

Total RNA samples were prepared from testes using Sepasol-
RNA I Super {Nacalai Tesque), treated with DNase 1, and sub-.
jeeted to RT-PCR with the ThermoSeript RT-PCR System [In

vitrogen| and random hexamers. Each reaction was perf i

Northern blot analysis was performed at 65°C in 02 M
NaHPO, (pH 7.2], 1| mM EDTA, 1% BSA, and 7% SDS. The
membranes were washed with a 0.2« S5C/0.1% SDS solution at
65°C. The subcloned PCR products were labeled with a1
JCTP and used as probes, The sequences used for PCR primers
were as follows: the 3“noncoding region of IAP {GenBank ac-
cession no. X04120), nucleotides 4894793, and the 5 -noncod-
ing region of type GF (DB4391], nucleotides 8741156, and A
Line-1 (M13002), nucleotides 531-1642.

Methvlation-sensitive Southern blot analysis

Whole-testis DNA was extracted from 2-d-old mice, and 3 pg of
DNA were digested with Kpnl and the methylation-sensitive
restriction enzyme Hpall or the methylation-insensitive en-
zyme Mspl. The type Gt Line-1 5'-noncoding region shown in
Figure 1A was used as the probe.

Germ call isolation

MILI mutant mice [Kuramochi-Miyagawa et al. 2004] and
MIWI2 mutant mice were crossed with Oct-4/GFP tansgenic
mice (Yoshimizu et al. 1999) to obtain GFP-positive spermato-
gonia. Testis cells from embryos or pups were collected by two-
step enzymatic digestion |Meistrich 1993), and the GFP-positive
cells were sorted by FACS Aria [Becton Dickinson). Genomic
DNA was extracted from the sorted germ cells.

Bisulfite methylation analysis

Bisulfite treatment of the genomic DNA isolated from fetal
germ cells was performed using the EpiTect bisulfite kit (Qia-
genl, Two LTR regions of IAP (5.4-kb, [Al-type) on chromo-
somes 390 and 16982 were arbitrarily selected for analysis by
nested PCR, and the products were sequenced. The first and
second rounds of PCR were carried out using the primers F1 and
R1, and F2 and R2, respectively. PCR amplification ot the 5'-
region of Line-1 {types Gf and A) was carried out using specific
primers. The sequence of cach primer is listed in Supplemental
Table S6.

Anti-MILI and anci-MIWI2 antibodies

Affinity-purified anti-MILEN2 [anti-mouse  PIWIL2 [MILI|,
PMO44; MBL Co., Ltd) and anti-MIWI2-N1 polyclonal anti-
bodies against MIL] and MIWI2 were generated by immuniza-
tion with peptides derived from MILL (amino acids 107-122:
VRKDREEPRSSLPDPS| and MIWILR (amino acids 31-45
TSASPGDSEAGGGTSC), respectively (MBL),

Small RNA cloning und sequencing

To isolate small RNAs, 20 pg of total RNA from EI125-E19.5
male germ cells were gel-fractionated, and species 1740 nt in
length were gel-purified, The small RNAs were sequentially
ligated to 3. and 5"adapters and then amplified by RT-PCR
using a small RNA cloning kit (RR065, Takara Biol. Sequencing
of the small RNA library was achieved using the 454 Life Sci-
ence .\I‘_‘ll“l.'ltt[.

Annotation of the small RNAs

To identify the small RNAs that corresponded to various re-
peats {eg, rRNA, tRNA, retrotransposon, and DNA transpo.
soml, the genomic positions of the repeats were retrieved from
the University of California at Santa Cruz (UCSC) Web site
[http:/ Mhgdownload.ese.uese.edu/downloads.html}  and  com.
pared with the genomic positions of the small RNAs, When the

ic position of a particular small RNA overlapped with

using HotMaster Taq DNA polymerase and specific primers
|Supplemental Table 56).

that of -n;f repeat by up to 15 nt, the small RNA was considered
to be repeat-derived. Repeat names were retrieved from all the
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positions to which the small RNA mapped, and when multiple
repeat names were retrieved, the class (e.g, LTR/MalR and
tRNA} and subclass (eg., IAP), where applicable, were deter-
mined by the repeat with the greatest number of positions
|Supplemental Table 52 When the top two repears had the
same number of positions, we did not determine the class or
subclass. To identify small RNAs that corresponded to tRNAs,
RNAs, snRNAs, snoRNAs, scRNAs, miRNAs, piRNAs
{known species from adult testes), and mRNAs based on se-
quence similarity, we extracted the sequences of the RNAs
from GenBank (flat files, frp://ftp.nchinlm.nih.gov/genbank)
and downloaded the remaining sequences from the following
databases: for tRNAs, Genomic tRNA database (hetp://lowelab.
ucsc.edu/GIRNAdb/Mmusch for tRNAs, European ribosomal
RNA database [hep://www.psh.ugent.be/tRNA findex.heml}
for snolNAs, snoRNA database (heep://www-snorma.biotoul. fr)
and RNA database (htep://jsm-rescarch.imb.ug.cdu.au/madb),
for piRNAs, RNA database (htep://jsm-research.imb.ug.edu.au/
madb); for miRNAs, miRBase (http://microma.sanger.ac.uk/
sequences/index.shtmll; and for mRNAs, Refseq Genes (hup:f/
ftp.nchinih.gov/refseq) and Ensemble Genes [htp://www.
ensemblorg/index.htmll. A BLAST search (http://ftp.nchi.nih.
gov/blast] was subsequently performed using our small RNA
sequences as querics and our downloaded sequences as a data-
hase. Since sequence alignments using the BLAST program are
local, a gap can hamper the alignment of short homologous
sequences flanking the gap. Therefore, we extracted the se-
quences of the aligned regions from the data set with an extra 5
nt at both ends and realigned them with the small RNA se-
quences, using a global alignment program developed in-house
that uses plural gap penalty parameter sets. We then classified
the small RNAs using a 90% sequence identity threshold. Fi-
nally, the repeat ions based on g ic position and the
annotations based on sequence similarity were combined. For
small RNAs with more than one annotation, we used the fol-
lowing onder of priority: TRNA, tRNA, snoRNA, sc/srpRNA,
miRNA, rasiRNA, piRNA, and mRNA. The unannotated se-
quences were classified as unknown.

Distribution and frequency of piRNAs corresponding
to AP and Line-1

The sequences of IAP1 [M17551) and L1_MdA [nucleotides 588
7713 of M13002) were retrieved from the flat files of GenBank.
All of the small RNA sequences cloned were BLAST-searched
against the IAP1 and L1_MdA sequences, using a cutoff £-value
of 0.0001. The number of hits was determined every 100 nt.

Cluster analysis of small RNAs

We performed a cluster analysis of the male fetal gonadal small
RNAs, with the following conditions: (1) The cluster should
contain at least 11 types of small RNAs, and (2) the relative
abundance of small RNAs between 24 and 28 nt in length
should be greater than that of small RNAs between 19 and 23 ne
in length

Immuneprecipitation of the MILI tibonueleoprotein complex,
and the isolation. lobeling, und detection of small RNAs

E16.5 testes were homogenized in lysis buffer (20 mM HEPES at
pH 7.5, 150 mM NaCl, 2.5 mM MgCl,, 0.1% Nonidet P40, 1
mM DTT] that contained protease inhibitors. Protein-RNA
complexes were immunoprecipitated using anti-MILI-N2 and
anti-MIWIZ-N1 antibodies or normal rabbit serum as a control
with Protein G Sepharose beads, and the RNAs were purified
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using ISOGEN-LS (Nippon Genel. The RNAs were labeled with
[y*?P-ATP using T4 polynucleotide kinase for 15 min at 37°C
and then separated by 15% denaturing PAGE.

Microarray analysis

Total RNA from E165-E17.5 testes was purified using Sepasol-
RNA I Super, For the rasiRNA probes, those sequences that
were cloned more than six times and were 522 nt in length were
selected from among the small RNAs that were annotated as
repeats. In those cases where the small RNAs overlapped by 23
nt at their 5 -ends, a representative sequence was selected ac-
cording to the number of clones. For the miRNA probes, we
chose sequences that were cloned more than five times and
were <23 nt in length from among, the small RNAs that were
annotated as miRNAs. In those cases where the small RNAs
overlapped by 17 nt at their 5'-ends, a representative sequence
was selected according to the number of clones. The target se-
quences for the microarray are listed in Supplemental Table S5.
Microarray analysis was performed by a service provider (LC
Sciences).

Small RNA Narthern blotting

Northern blots were used to detect small RNAs, as described
previously (Aravin et al. 2006, with 10 ug of total RNA loaded
per well. The sequences of the probes used to deteet the small
INAs are described in Supplemental Table S6. Hybridization
was performed at 42°C in the same bufter used for regular
Northern blotting. The membrane was washed twice with a 2x
$8C/0.1% 5DS solution ar 42°C.
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Sperm-Egg Fusion Assay in Mammals

Naokazu Inoue and Masaru Okabe

Summary

As representatives of the 60 trillion cells that make a human body, a sperm and an egg meet,
recognize each other, and fuse to create a new generation. Thus, gamete fusion is an extremely
important process that must transpire without error to launch life activity. This may drive the
fusion mechanism to evolve into an unfailing and steady process. At the same time, fusion must
be restricted to occur only between two gametes of the same species. However, the molecular
bases of the fusion event in fertilization have not yet been clarified. In this chapter, we describe
the methods to evaluate fusion by staining the swollen sperm nuclei after fertilization.

Key Words: Sperm; egg: fusion; fertilization: Izumo.

1. Introduction

Fertilization is well known as one of the most typical cell-cell fusion pro-
cesses in vivo. Among the many ejaculated sperm journeying into the uterus,
and subsequently to the ampulla of the oviduct, only a few bump into eggs. At
the final stage of the long journey, a selected sperm penetrates into the zona pel-
lucida (ZP) that surrounds the eggs and fuses with the egg plasma membrane.
Until recently, the molecular basis for fertilization was poorly understood,
especially the final sperm—egg fusion process.

To identify factors involved in sperm-egg fusion, we utilized an antimouse
sperm monoclonal antibody OBF13 that specifically inhibits the fusion process,
and we succeeded in finding a novel fusion factor that we named /zumo after
the Japanese shrine dedicated to marriage (I). On the egg plasma membrane,
the fusion-related protein CD9 was discovered rather serendipitously by three
groups (2—4). In those studies, the assessment of fusion was performed by
either the Hoechst prestain or poststain method described below. At present,
Izumo and CD9 are the only factors that have been proved to be indispensable

From: Methods in Molecular Biology, vol. 475: Cell Fusion: Overviews and Methods
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through gene-manipulated animals. Elucidation of the real central factor of the
fusion machinery is yet to come.

2. Materials
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Preparation of Oocytes

Female mouse 8 weeks old (or older) of an appropriate strain (10 weeks old or
older female if hamster).

. Hypodermic needle, 30 gauge, 1/2 inch syringe, 1 mL sterile disposable.

Pregnant mare's serum gonadotropin (PMSG; Sigma. St. Louis, MO, catalog
number G-4877), human chorionic gonadotropin (hCG: Sigma. catalog number
C-1063) for superovulation.

Hyaluronidase type IV-S (Sigma, catalog number H-4272).

30- or 60-mm no surface coated plastic dish for bacteria (Iwaki. Holliston. MA,
numbers 1000-035, 1010-060).

Watchmaker's forceps (Fontax 5C).

Egg-handling pipette (finely drawn capillary tube (Funakoshi 1-40-7500) with
mouth pipette (Sigma. catalog number A5177).

Stereoscopic microscope (Olympus SZX12).

CO, incubator (37°C, 5%C0,, Asshi 4020).

Modified kSOM medium (for culture of mouse eggs; Table 1).

FHM medium (for collection of mouse eggs: see Table 1).

BWW medium (for culture of hamster eggs; see Table 1), modified BWW
medium (containing 3mg/mL of human serum albumin [HAS: Sigma catalog
number A-1653]).

Mineral oil (Sigma, catalog number M-8410).

. Removal of the Zona Pellucida

Piezo-manipulator PMAS-CT150 (Prime Tech LTD, Japan).

Stereoscopic microscope.

Egg-handling pipette.

Acidic Tyrode's solution (Sigma, catalog number T-1788),

Borosilicate glass tube (Sutter Instrument Co.. Novato. CA, B100-75-10).
Sutter P97 puller to make a 10-pum diameter capillary,

12.5% PVP in Hepes-CZB (see Table 1).

Mineral oil.

. Collection of Sperm

10-week-old (or older) appropriate strain male mouse.

Human sperm from healthy male donors.

TYH medium (for capacitation of mouse sperm; see Table 1).

Modified BWW medium (for capacitation of human sperm: see Table 1).
Watchmaker's forceps (Fontax 5C).

— 32—



337

Mammalian Sperm-Egg Fusion Assay

"PAsN [OUN D,07— 1€ PIOIS PUR “JWI()| OWI PAPIAIP I WH () YUA PRI 224 WNIPAL ISAL],

Tw00S w00 Tw oS Tw 00 BLUTS
o1 1snlpy o1 1snlpy o1 snlpy 01 1snlpy 01 18nlpy Z91-0€TS| TAH02q10 RE3 1IN
+L Hd +'L Hd
o1 isnlpy — — 01 1snfpy — [1-G1¢ anbsa epeoeN HOUN N 0'1
(| e g Q| | 01 X TW g | W %S"0 PAY 10UYJ
ey g Tugg gL Sy Tweg 8F1-0t1ST TAHOIqID urAwoidans-urruag
= — — g g 0S0-0F 111 TIHOqID PIoe OUTUIR [EOUISSIUON
— e e Tl Q| [S0-0€T11 THHOqID PIOE OUTUIE [ENUDSSH
26710 39710 39710 39710 39210 T06L-D pwdig O HT/ 108D
397 i _ — _I8ET == LP19-H PWsig saday
31z0 561 3EC0°1 38910 360'1 19L6-S pwid1§ . *ODHEN
— — =t g LS g LTS 01 X Juig’ [ IaI-req WwQ[) BN #0 V.Iad
350200 — = — — €£99-1 ew3Ig BN 0 VLA
3¢ — 30 3670 360 [1£6-V ewdig URUNQE WIas AUIA0g
(oo
TuEE — — Tueg Tueg €15L-D pwidig W 0T) AuIueno
8¢0 5¢0 3¢0 381070 38100 T819-D ewidig . as0on[)
39L10°0 S+100 38200 31100 31100 T9SP-d ewdig a_u_::_a::__%_om
AlM
US| TUHS| e gL' TWgI' 006L-"1 BWBIS %09) ALIE| WNIPOS
51L0°0 37L00 3TLOO 3100 32100 £P9T-I ewidlg "OSN
5800 31800 31800 38€70°0 38¢200 €C9¢-d ewsg "OdHI
381°0 88L1°0 38L1°0 3¢60°0 3£60°0 SOtS-d vwdig (o)}
38¢¢C EINS o 388t°¢ 3GLLT S6LLT 9886~ LWSIS 18N
470 Mme HAL IH: WOSY a0Inog 1aBeay
-saday payIpopy

eipaw jo uompsodwo)

L 2jqeL

._'13_




—a
L
-}

S©®No

!\;._
E

Gl SN L

Inoue and Okabe

Straight-blade Vannas scissors (Natume MB54-1).
Stereoscopic microscope.

CO, incubator,

30- or 60-mm nontreated plastic dish.

Mineral oil.

. Staining of Fused Sperm

Hoechst 33342 (Invitrogen H-3570).

CQO, incubator.

0.25% glutaraldehyde for fixation.

Stereoscopic microscope.

Ix-70 fluorescent microscope (Olympus).

Egg-handling pipette.

Mineral oil.

Mixture of solid paraffin and Vaseline (mixing ratio is 1:9).

3. Methods

3:1.

Preparation of Oocytes

This procedure is described in more detail by Nagy et al. (5).

&

3.2,

Intraperitoneal injections of 5 TU PMSG and 5 IU hCG at a 48-h interval to 8-
week-old (or older) female mice (injection 30 TU PMSG and 30 TU hCG at 72-h
interval to 10-week-old or older female hamster).

Sacrifice the mice at 13-15h after hCG injection (sacrifice the hamster at 17h
after hCG).

Dissect the oviducts.

Transfer the oviduct to a mineral oil—<overed 30- or 60- mm plastic dish.

Newly ovulated oocytes, surrounded by cumulus cells, are found in the ampulla of
oviduct.

Place one oviduct beside a mineral oil-covered 100-uL. drop of FHM medium
prepared on 60-mm plastic dish.

Use watchmaker’s forceps to grasp the oviduct and supplementary forceps to tear
the oviduct close to where the oocytes are located.

Release the clutch of cumulus cells into a 100 uL drop of FHM medium.

Allow eggs to incubate in 35 IU/mL hyaluronidase solution until the cumulus cells
are completely removed (it may take approximately 5min).

Wash eggs by pipetting in and out and subsequently transferring eges into fresh
drops of FHM medium (repeat at least three times).

Place up to 50 eggs in a 50-uL drop of modified kSOM at 37 °C under 5% CO, in
air until removal of the zona pellucida is performed.

Removal of the Zona Pellucida

Two different methods for the preparation of zona pellucida—free eggs are
described. Acidic Tyrode’s method is a quick and easy method to remove zona
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pellucida and is often used by researchers. However, a drawback of this method
is that a part of the dissolved zona pellucida was found to be readsorbed on the
egg plasma membrane (6). In natural conditions, the acrosome intact sperm
do not bind to egg plasma membrane, but with acidic Tyrode's method we
cannot eliminate a massive adhesion between acrosome intact sperm and eggs
with readsorbed zona pellucida on their plasma membrane. Because this “false
binding™ can be eliminated by mechanical zona pellucida removal methods as
shown in Figures 1 and 2 (6), we always use this method to perform sperm—egg
fusion assay. The other available mechanical removal method is reported by
another group (7).

3.2.1. Acidic Tyrode’s Method

I. Prepare eggs and remove cumulus cells as described in Subheading 3.1.

2. Transfer cumulus-free eggs into a 50-ul. drop of mineral oil-covered acidic
Tyrode’s solution prepared on a plastic dish.

3. To remove remnant medium, transfer eggs into a second 50ul of acidic Tyrode's
solution.

4. Repeatedly pipette the eggs in and out until the zona pellucida are dissolved under
the stereoscopic microscope (it may be finished within 30s).

5. Wash zona pellucida—free eggs at least three times by transferring eggs into fresh
new drops of TYH medium to remove remnant acidic Tyrode’s solution. (For
human sperm, modified BWW medium is required instead of TYH medium.)

Fig. 1. Preparation of zona pellucida—free eggs using a piezo-micromanipulator. Eggs
were freed from the cumulus cells and placed in a drop of FHM. A pipette, attached to
a piezo-driven micromanipulator. was used to form a slit in the zona pellucida (A,B).
The egg then was flushed out through the slit by rapidly introducing medium into the
perivitelline space from behind the eggs (C-F).
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Fig. 2. An example of the Hoechst “preloading” method: comparison of sperm
binding and fusing abilities to denuded egg plasma membrane (PM) by acidic
Tyrode's (acid PM) or manipulator (piezo PM). “Green sperm” from Acr-EGFP
transgenic mice (8) were capacitated for 2h and then mixed with eggs preloaded
with Hoechst 33342 that were prepared with acidic Tyrode’s solution (in A-C) and
a piezo-manipulator (in D-F). After 30 min of incubation, eggs were fixed and visu-
alized by fluorescence microscopy to assay sperm PM binding and fusion. (A,D)
Bound sperm (Hoffman modulation contrast optics). Considerably more sperm were
present on the acid PM than on the piezo PM. (B,E) Fused sperm are stained with
Hoechst (arrowheads) because of the dye transfer from the egg. Similar numbers of
fused sperm were seen with both types of egg preparation. The larger egg nucleus
was also stained. (C,F) Acrosome intact sperm had “green fluorescent” acrosomes.
The majority of sperm bound to eggs prepared with the acidic Tyrode's solution were
acrosome intact. while few sperm prepared by the piezo-micromanipulator that bound
o eggs were acrosome intact.
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6.

3.2.

I

3:3.
3.3

. Collect sperm from healthy male donors by masturbation.

o

d

boa b

Incubate in TYH medium for more than 1 h at 37 °C under 5% CO, in air to allow
surface proteins to recover.

2. Mechanical Method Using a Piezo-Manipulator

Prepare eggs and remove cumulus cells as described in Subheading 3.1 (see Fig.
1; ref. 6).

Prepare the drilling pipette from a borosilicate glass tube by pulling using a Sutter
P97 puller to a diameter of 10pum according to an appropriate textbook (5).

Add a few microliters of mercury to the tip of the pipette to enhance the drilling
efficiency.

Prepare several 6-uL drops of mineral oil-covered 12.5% PVP in Hepes-CZB and
FHM media prepared on the top of a 60-mm plastic dish.

Equip the pipette to the piezo-driven micromanipulator and first soak the pipette
wall with 12.5% PVP in Hepes-CZB.

Make an approximately 30-pm slit in the zona pellucida by applying a piezo-pulse
(see Fig. 1).

Flush out the oocyte from the slit by rapidly introducing medium into the perivitel-
line space from behind the eggs (see Fig. 1).

Place up to 50 zona pellucida—free eggs into a 50 uL. drop of TYH medium and
incubate at 37 °C under 5% CO, in air until use.

Collection of Sperm

1. Human Sperm

Liquefy for 30-60min at 37°C under 5% CO, in air and divide into 0.5-mL
aliquots. )

Place 0.5-mL aliquots to the bottom of 2mL of modified BWW medium.

Incline the tubes to an angle of 30 ° and incubate at 37 °C under 5% CO, in air for
I hr.

Take out approximately 1.0 mL of the upper part of the medium containing motile
sperm into another 1.5-mL tube.

Centrifuge for 5min at 500 g at room temperature.

Discard supernatant and resuspend the sperm in ImL of modified BWW medium.
Repeat steps 6 and 7 twice more. Eventually resuspend in a mineral oil—covered
400-uL drop of modified BWW medium prepared on 60-mm plastic dish at 37°C
under 5% CO, in air until use.

3.3.2. Mouse Sperm

I~

Dissect the cauda epididymis from 12-week-old (or older) mice according to texi-
book (5).

Place the epididymis beside a 100-uL. drop of TYH medium covered by mineral
oil in a 30- or 60-mm plastic dish,
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3. Use watchmaker’s forceps to grasp the cauda epididymis and make a cut at the
proximal cauda epididymis (mature sperm are stored) with straight-blade Vannas
Scissors.

4. After squeezing the sperm out from the cut area, hold the swarm of sperm by
sticking them to the tip of supplementary forceps.

5. Introduce the swarm of sperm into a 200-uL drop of TYH medium.

6. At 1h after incubation, check the sperm motility by observing well-dispersed
sperm.

7. Cultivate sperm for an additional | h in TYH medium at 37 "C under 5%
CO, in air to induce capacitation and spontaneous acrosome reaction before
insemination.

3.4. Staining of Fused Sperm

Fusion assessment can be performed in two different ways.

3.4.1. Hoechst “Preloading” Method

1. Prepare the zona pellucida—free eggs as described in Subheading 3.2,

2. Introduce eggs into a 50-ul. drop of Hoechst 33342 (1 pg/mL) in TYH medium
(up to 50 eggs per spot). and allow to stand for 10 min at 37 °C under 5% CO, in
air.

3. Transfer the eggs into another fresh 50-uL drop of TYH medium covered with
mineral oil.

4. Incubate dye-loaded eggs for 15min at 37 °C under 5% CO, in air to discharge
excess dye.

5. Repeat steps 3 and 4 three more times, and subject to fusion assay.

6. Cultivate sperm as described in Subheading 3.3. to induce capacitation.

7. Transfer the eggs into a 50-uL drop of FHM medium containing 0.25% glutaral-
dehyde for fixation after 30 min of incubation with 2 x 10° mouse sperm.

8. Allow to stand for Smin at room temperature.

9. Wash the sperm-bound eggs by transferring eggs into fresh drops of FHM medium
several times

10. Observe under a fluorescence microscope (ultraviolet excitation light). With this
method, only nuclei of fused sperm are stained by the dye transferred into sperm
after membrane fusion (see Fig. 2 and 3: Note 1).

3.4.2. Hoechst “Poststaining” Method: Observation of Swollen Sperm

1. Prepare the zona pellucida-free eggs as described in Subheading 3.2.

2. Cultivate sperm as described in Subheading 3.3. to induce capacitation.

3. Prepare a 100-uL drop of TYH medium covered by mineral oil prepared on
60-mm plastic dish.

4. Introduce zona pellucida—free eggs into a drop of TYH medium.

5. Incubate zona pellucida—free eggs with 2 x 107 (for mouse) or 1 x 10° (for human)

sperm for 6h in TYH or modified BWW medium at 37 °C under 5% CO, in air.
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Fig. 3. An example of the Hoechst “preload” method: fusion assay of Izumo
knockout sperm. Fused sperm were stained by the egg that was preloaded with Hoechst
42. The arrowheads show the fused sperm. In comparison with a few Jzumo +/—
sperm, which successfully fused with eggs (A,C). Izumo —/— sperm never fused with
eges (B,D). This defect was limited to the fusion process, because pups from /zumo
—/— sperm could be obtained by intracytoplasmic sperm injection. (Reprinted from
ref. I with permission of Nature Publishing Group.)

respectively. Fused sperm heads launch to swell during this incubation period;
some enlarged sperm heads can be seen under a phase contrast microscope.
Wash the sperm bound eggs by pipetting and transferring into fresh new drops to
remove weakly bound sperm.

Incubate the eggs with | pg/ml of Hoechst 33342 for 10min at 37°C under 5%
CO, to stain swollen sperm nucleus.

Wash the eggs several times by transferring them into fresh TYH medium.

To observe sperm-fused eggs, apply four small dabs of Vaseline mix (vaseline:
solid paraffin = 9:1) on a slide glass by injecting out from a syringe without
needle.

Place a few eggs into a l-uL drop of FHM medium, and cover the eggs with a
cover glass.

Gently press the eges with the cover glass to flatten the eggs under the stereo-
scopic microscope to make the observation easier (see Note 2).
Observe under a fluorescence microscope (ultraviolet excitation light).
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Fig. 4. Exemplification of Hoechst “poststain” method: involvement of Izumo in
the xeno-species fusion system. Six hours after the insemination of zona pellucida—free
hamster eggs with Jzumo +/- (A,B) and —/- (E,F) mouse sperm, sperm heads were
stained by adding Hoechst 33342 to the medium (B,F). The sperm—egg binding was
strong enough to resist the repeated pipetting. Human sperm were also added with
25pg/mL of antihuman Izumo (G,H) or control 1gG (C,D) to zona pellucida—free
hamster eggs. No fusion was observed in the presence of anti-lzumo antibody. The
arrowheads indicate the swelling sperm head after staining with Hoechst 33342 (B,D).
(Reprinted from ref, I with permission of Nature Publishing Group.)

Fused sperm (enlarged heads) will be stained with the dye as in Figure 4.
(For human sperm, the use of modified BWW medium is required instead of
TYH medium; see Note 3.)

4. Notes

1. The Hoechst “preloading” method is not applicable when hamster eggs are used.
They seem to pump out the Hoechst dye from the cytosol. As a result. hamster
eggs are not able to accumulate enough dye for fusion assay (see Subheading
34.1.).

For the observation of swollen sperm. the cover glass is pressed down to squeeze
the eggs such that the sperm become more visible. but this has to be done care-
fully. The eggs burst easily with excess amount of pressurization (se¢ Subheading
3.4.2,).

The mixing of gametes of xeno species is ethically restricted in many ways. Please
follow the ethical laws in the countries where the experiments are pursued (see
Subheading 3.4.2.).
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