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Proper biogenesis of a sperm-specific organelle, the acrosome, is
essential for gamete interaction. An acrosomal matrix protein,
ACRBP, is known as a proacrosin-binding protein. In mice, two forms
of ACRBP, wild-type ACRBP-W and variant ACRBP-V5, are generated
by pre-mRNA alternative splicing of Acrbp. Here, we demonstrate
the functional roles of these two ACRBP proteins. ACRBP-null male
mice lacking both proteins showed a severely reduced fertility, be-
cause of malformation of the acrosome. Notably, ACRBP-null sper-
matids failed to form a large acrosomal granule, leading to the
fragmented structure of the acrosome. The acrosome malformation
was rescued by transgenic expression of ACRBP-V5 in ACRBP-null
spermatids. Moreover, exogenously expressed ACRBP-W blocked
autoactivation of proacrosin in the acrosome. Thus, ACRBP-V5 func-
tions in the formation and configuration of the acrosomal granule
during early spermiogenesis. The major function of ACRBP-W is to
retain the inactive status of proacrosin in the acrosome until
acrosomal exocytosis.

mouse | spermiogenesis | fertilization | acrosomal biogenesis |
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he acrosome of mammalian sperm is a cap-shaped, exocytotic

vesicle present on the apical surface of the head (1, 2). Ac-
rosomal biogenesis takes place at the initial step of spermiogen-
esis, a process during which haploid spermatids differentiate into
sperm and which can be divided into four phases: the Golgi, cap,
acrosome, and maturation phases (1-5). In rodent spermatids,
proacrosomal vesicles (granules) containing a variety of proteins
assemble and fuse with one another to form a single, sphere ac-
rosomal granule in the center of the acrosomal vesicle at the Golgi
phase (1). At the cap phase, the acrosomal granule forms a head
cap-like structure that gradually enlarges to cover the nucleus. The
head cap continues to elongate outlining the dorsal edge, pro-
truding apically at the acrosome phase, and then the structure of
the acrosome is completed at the end of maturation phase.

The lumen of the acrosomal vesicle, which is surrounded by
inner and outer acrosomal membranes, contains soluble and
aggregated (acrosomal matrix) components (2, 5). The acrosome
reaction is a fusion event between outer acrosomal and plasma
membranes at multiple sites (2, 6). Consequently, the soluble
components are dispersed from the acrosome, and the status of
the sperm head is newly reorganized following gradual release of
the matrix components (7). Sperm serine protease acrosin (ACR)
localized in the acrosomal matrix has been shown to play a crucial
role in dispersal of the acrosomal matrix components (8, 9). Be-
cause only acrosome-reacted sperm are capable of fusing with the
oocyte plasma membrane, the acrosome reaction is physiologically
essential for fertilization (2). Indeed, once sperm are acrosome-
reacted, an acrosomal membrane-spanning protein, IZUMOL1,
migrates on the acrosomal membrane, is exposed on the surface of
sperm head, and interacts with Juno glycosylphosphatidylinositol
(GPI) anchored on the oocyte plasma membrane to achieve the
sperm/oocyte fusion (10, 11).
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An acrosomal protein, ACRBP (also known as sp32), is a
binding protein specific for the precursor (proACR) and inter-
mediate forms of ACR (12-14). ACRBP also has been identified
as a member of the cancer/testis antigen family; ACRBP is nor-
mally expressed exclusively in the testis, but is also expressed in a
wide range of different tumor types, including bladder, breast,
liver, and lung carcinomas (15-17). Mammalian ACRBP is ini-
tially synthesized as a ~60-kDa precursor protein (ACRBP-W) in
spermatogenic cells, and the 32-kDa mature ACRBP (ACRBP-C)
is posttranslationally produced by removal of the N-terminal half
of the precursor ACRBP-W during spermatogenesis and/or epi-
didymal maturation of sperm (14, 18). In the mouse, two forms of
Acrbp mRNA, wild-type Acrbp-W and variant Acrbp-V5 mRNAs,
are produced by pre-mRNA alternative splicing of Acrbp (18).
Similarly to other mammalian ACRBP-W, mouse ACRBP-W
starts to be synthesized in pachytene spermatocytes and immedi-
ately processed into ACRBP-C (Fig. S1). The intron 5-retaining
splice variant mRNA produces a predominant form of ACRBP,
ACRBP-V5, that is also present in pachytene spermatocytes and
round spermatids, but is absent in elongating spermatids (18).
Functional analysis in vitro reveals that ACRBP-V5 and ACRBP-C
possess a different domain capable of binding each of two segments
in the C-terminal region of proACR (18). Moreover, autoactiva-
tion of proACR is remarkably accelerated by the presence of
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ACRBP-C (14, 18). Thus, we postulated that, at least in the mouse,
ACRBP-V5 and ACRBP-C may differentially function in the
transport/packaging of proACR into the acrosomal granule during
spermiogenesis and in the promotion of ACR release from the
acrosome during acrosomal exocytosis, respectively.

In this study, to elucidate the physiological roles of ACRBP in
spermiogenesis and fertilization, we have produced ACRBP-null
mutant mice lacking both ACRBP-W and ACRBP-V5. The mutant
mice were then rescued by transgenic expression of ACRBP-W
or ACRBP-V5. The severely reduced fertility of ACRBP-null
males was significantly recovered by introduction either of ex-
ogenous ACRBP-W or ACRBP-V5. On the basis of the data
obtained, the specialized functions of ACRBP-W/ACRBP-C and
ACRBP-V5 in acrosome formation and acrosomal exocytosis
are discussed.

Results

Generation of Mice Lacking ACRBP. To uncover the functional role
of ACRBP in spermiogenesis and fertilization, we produced mice
carrying a null mutation of Acrbp using homologous recombination
in embryonic stem (ES) cells. A targeting construct was designed
to delete both ACRBP-W and the variant form ACRBP-V5 by
replacing the 472-nucleotide protein-coding region of exons 1-4
with the neomycin-resistant gene neo (Fig. 14). The genotype of
wild-type (Acrbp*'™), heterozygous (Acrbp*'™), and homozygous
(Acrbp™~) mice for the targeted mutation of Acrbp were iden-
tified by Southern blot analysis of genomic DNA (Fig. 1B). Im-
munoblot analysis of testicular protein extracts indicated the loss
of 60/55- and 48/43-kDa doublets corresponding to ACRBP-W
and ACRBP-VS5, respectively (Fig. 1C). The Acrbp™~ testis also
lacked 30-kDa ACRBP-C (14, 18) posttranslationally produced
from ACRBP-W during spermatogenesis. Mating of Acrbp™/~
male and female mice yielded an expected Mendelian frequency
of Acrbp™™ mice [Acrbp™ " Acrbp™ " Acrbp™™ = 25 (21%):64
(54%):29 (25%) for 118 offspring from 10 litters] (Fig. S24).
Acrbp™~ male and female mice were normal in behavior, body
size, and health condition. Although Acrbp*’~ males exhibited
normal fertility, the fertility of Acrbp™~ males was dramatically
reduced; 3 of 10 Acrbp™~ males produced no offspring a month
after mating with wild-type females despite normal plug forma-
tion. Even when the females that mated with the Acrbp™~ males
became pregnant, the litter sizes were significantly decreased
(Fig. 1D). The Acrbp~'~ females exhibited normal fertility (Fig.
S2B). In addition, no significant difference in the testicular weight
and the number of cauda epididymal sperm were found between
Acrbp™* and Acrbp™~ (Fig. 1 E and F). These data demonstrate
that the loss of ACRBP-W and ACRBP-VS5 results in severely
reduced male fertility.

Acrosome Formation in ACRBP-Deficient Testis. We next examined
the acrosomal status of Acrbp™~ spermatogenic cells, using Alexa
Fluor 568-conjugated peanut agglutinin (PNA) capable of binding
mainly the outer acrosomal membrane (19). Consistent with al-
ready published reports (1, 20-22), a single, sphere acrosomal
granule was formed in the center of the acrosomal vesicle of
Acrbp*'* spermatids by assembly of proacrosomal vesicles at steps
2 and 3 (Golgi phase) of spermiogenesis (Fig. 24). The acrosomal
granule gradually enlarged to form a head cap-like structure cov-
ering the nucleus at steps 4-7 (cap phase), and then the head cap
further elongated, outlining the dorsal edge. In Acrbp™~ sperma-
tids, proacrosomal vesicles normally assembled at the Golgi phase.
However, Acrbp™~ spermatids at the cap phase lacked a large
acrosomal granule (arrows in Fig. 24), leading to a diffuse pattern
of head cap distribution in the anterior region of the nucleus (Fig.
2B). Consequently, the acrosomal structure of Acrbp™~ spermatids
was severely deformed at the later steps of spermiogenesis.

To examine the localization of acrosomal proteins in Acrbp™~
spermatids, we carried out immunostaining analysis using anti-
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Fig. 1. Generation of ACRBP-deficient male mice. (A) Targeting strategy of
Acrbp. Exons 1-4 (E1-E4, closed box) encoding the N-terminal 157-residue
sequence of ACRBP (ACRBP-W and ACRBP-V5) in Acrbp was replaced by neo
(darkly shaded box). For negative selection, tk (lightly shaded box) was in-
cluded at the 3'-end of the targeting construct. Restriction enzyme sites
indicated are as follows: B, BamH1; Xh, Xhol; K, Kpnl; H, Hindlll; X, Xbal; E,
EcoRI; N, Notl. (B) Southern blot analysis. Genomic DNAs from wild-type
(Acrbp*’*, WT), heterozygous (Acrbp™~, Het), and homozygous (Acrbp™~,
KO) mice were digested with BamHlI, separated by agarose gel electropho-
resis, and subjected to Southern blot analysis using a 3?P-labeled BamHI/Xhol
fragment (DNA probe) as a probe. (C) Immunoblot analysis of testicular
extracts. Proteins were probed with anti-ACRBP-C, anti~ACRBP-V5, and anti-
ACTB (p-actin) antibodies. (D) Fertility of KO male mice. The WT, Het, and KO
males (4, 6, and 10 different mice, respectively) were mated with WT fe-
males, and the litter sizes were counted. Total numbers of the WT females
mated are indicated in parentheses. All statistical significances are calculated
using the Student t test. *P < 0.01. Note that the WT and Het males exam-
ined were all fertile, and 3 of 10 KO males produced no offspring a month
after mating with the females despite normal plug formation. (E and F)
Testicular weight and sperm number of KO mice. The body and testis
weights of WT and KO mice were measured 10-14 wk after birth (E). The
numbers of sperm in the epididymides were also counted (F). The numbers
in parentheses indicate those of males tested.

bodies against four acrosomal proteins, ACRBP-W/ACRBP-C,
ACRBP-V5, proACR, and ZPBP2, and two other proteins, ZPBP1
and SPACALI, attached and anchored on the inner acrosomal
membrane at the equatorial segment, respectively (Fig. 2C). The
levels of proACR, ZPBP2, ZPBP1, and SPACAL in testicular
extracts were comparable between Acrbp™* and Acrbp™~ mice
(Fig. S3). ACRBP-W/ACRBP-C, ACRBP-V5, proACR, and
ZPBP2 in Acrbp™* spermatids accumulated in the acrosomal
granule until steps 6 and 7 and were then distributed along the
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Fig. 2. Abnormal acrosomal biogenesis in ACRBP-deficient spermatids.
(A and B) Absence of acrosomal granule. Haploid spermatids of wild-type (WT)
and ACRBP-deficient (KO) mice were stained with fluorescent dye-labeled
lectin PNA (red) and Hoechst 33342 (blue). Note that KO spermatids display a
diffused pattern of head cap distribution (arrows in A) because of the lack of
a large acrosomal granule in the center of acrosomal vesicle. (Scale bars: 6.0
and 2.0 um in A and B, respectively. (C) Subcellular localization of acrosomal
proteins. Spermatids were immunostained with antibodies against proteins
indicated (green). The acrosome and nucleus were also stained with fluo-
rescent dye-labeled PNA (red) and Hoechst 33342 (blue), respectively. No
immunoreactive signal was detected when preimmune serum was used as
the probe (Cont.). (Scale bar, 2.0 pm.)

dorsal edge of the sperm head. ZPBP1 and SPACA1 were initially
present around the acrosomal granule and then spread to the
equatorial region, as described previously (23, 24). Essentially
similar results were obtained in Acrbp” spermatlds (Fig. S44).
The assembly of acrosomal proteins in Acrbp™~ spermatids was
normal at the Golgi phase (Fig. 2C). However, these proteins were
localized throughout the acrosomal vesicle at the early cap phase,
without forming an acrosomal granule-like structure, and then
scattered over the nucleus, because of the fragmented structures
of acrosome.

Transmission electron microscopy (TEM) images indicated no
obvious difference in the morphology of spermatids at the Golgi
phase between Acrbp™* and Acrbp™™ mice (Fig. 3). The acrosomal
vesicle was located adjacent to the Golgi apparatus having a well-
defined polarlzed structure with ordered stacks of sacculi. How-
ever, Acrbp™ sperrnatlds at the cap phase displayed at least two
morphological defects in the acrosome, compared with Acrbp*™
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spermatids: the abnormal shape of the acrosomal vesicle and the
lack of the electron-dense acrosomal granule in the center of ac-
rosomal vesicle. As sperrmogenes1s proceeded the morphological
abnormality of the acrosome in Acrbp™~ spermatids became more
severe. In addition to the acrosome, the nucleus of Acrbp™~ sper-
matids was deformed to some extent (Fig. 3 and Fig. S5). These
results suggest that either ACRBP-W or ACRBP-V5 or both may
play essential roles in the formation of the sphere acrosomal
granule and in the retention of acrosomal proteins in the
acrosomal granule.

Characterization of ACRBP-Deficient Epididymal Sperm. Because
Acrbp™~ male mice exhibited a severely reduced fert111ty (F1g 1D),
we asked whether cauda epididymal sperm of Acrbp™ mice are
morphologically and functionally normal. Although the hook—
shaped acrosome in Acrbp*’* sperm was also observed in Acrbp™~
sperm (Fig. S4B), Acrbp™~ sperm exhibited a continuous variation
in the shapes of the acrosome and nucleus (Fig. 44). We thus
divided the whole population of Acrbp™~ sperm 1nto four types
(types 1, 2, 3, and 4). The nucleus of type 1 Acrbp™~ sperm was
morphologically similar to that of Acrbp™* sperm, despite the fact
that the acrosome of type 1 sperm was partially fragmented on the
head or was not fully elongated to the dorsal edge. The nuclear
shapes of type 2 and type 3 sperm were moderately and severely
affected, respectively, in addition to the fragmented structure of
acrosome. Moreover, type 4 sperm displayed both the fragmented
acrosome and a round-headed shape with a coiled midpiece
around the deformed nucleus, similarly to GOPC-, ZPBP1-, and
SPACAI1-null sperm (23-25). The rates of type 1, type 2, type 3
and type 4 sperm were ~50%, 34%, 12%, and 4% of total Acrbp™~
sperm, respectively. The morphological change may occur during
sperm maturation in the epididymis, as is the case for GOPC- and
ZPBP1-null sperm (23, 25) because the type 4 sperm was barely
found in the Acrbp™™ testis. When the morphology of Acrbp™
sperm was further analyzed by TEM, the acrosome and nucleus
showed structural abnormalities (Fig. 4B). All types of Acrbp™~
sperm possessed the deformed acrosome. Notably, the nucleus of
type 2, type 3, and type 4 sperm was abnormally condensed, in-
dicating that the defect in the nuclear condensatlon is accompanied
by the loss of ACRBP. However, Acrbp™~ sperm as well asAcrbp+/ *
sperm contained the typical 9 + 2 mlcrotubule axoneme in the
flagella. Immunostaining analysis of Acrbp™~ sperm verified the
aberrant localization of proACR, ZPBP2, ZPBP1, and SPACA1
on the head, although two acrosomal proteins, proACR and
ZPBP2, were still present predominantly in the fragmented ac-
rosomal vesicles (Fig. 4C). Thus, the loss of ACRBP-W and
ACRBP-V5 in spermatids is linked to the abnormal structure of
epididymal sperm.

Cap phase Acrosome phase Maluratlon phase

Golgi phase

Fig. 3. Abnormal morphology of ACRBP-deficient spermatids. Ultrathin
sections of spermatids from wild-type (WT) and ACRBP-deficient (KO) mice
were analyzed by TEM. Ac, acrosomal vesicle; Go, Golgi apparatus; Nu, nu-
cleus. (Scale bar, 2.0 um.)
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Ko PRSS21 (29), as shown in Fig. S6. Thus, ACRBP is required for the
Type3  Type4 maintenance of the enzymatically inactive ACR zymogen (pro-

o & ACR) in the acrosome. It is also suggested that SPACA1 may be
Y ; one of the target proteins for ACR.

Type 1 Type 2
We next examined the function of Acrbp™~ epididymal sperm.
In vitro fertilization (IVF) assays using cumulus-intact oocytes
indicated a pronounced defect of Acrbp™~ sperm in fertilizing

I \ I the oocytes (Fig. 4E). The IVF rate in Acrbp™'~ sperm was less

50.0£1.0 341%11 12010 39 !0_ " (%) than 10% of that in Acrbp™* sperm. The abilities of Acrbp™~

L T

" - sperm to bind the cumulus-free oocyte ZP and to fuse with the
B WT Tvoa 1 Teno 2 C— 0 ZP-free oocytes were also diminished markedly (Fig. 4 F and G).
-' = ¥e Rl B ~ "2_., ; Computer-assisted semen analysis (CASA) of capacitated epi-

didymal sperm revealed that the rates of three parameters—total
motility, rapid motility, and hyperactivation—in Acrbp™~ mice
were significantly lower than those in Acrbp™* mice (Table S1).
Notably, Acrbp™~ sperm exhibited a remarkably high rate of
C Cont. ACRBP-C proACR ZPBP2 ZPBP1 SPACA1 stqtig cells. We also examingd th'e motility' of each type ofAcrbp:j -

epididymal sperm by live imaging (Movie S1). Type 1 Acrbp
wWT --= sperm were indistinguishable from the type 2 sperm based on
morphology, without staining of the acrosome and nucleus. Com-

KO vl

----- characterized by irregular patterns of flagellar beating and head
D E rotations. The flagellar beating of the type 3 sperm was fairly

pared with Acrbp™* sperm, type 1/type 2 Acrbp™~ sperm were
WT KO kDa wT dysfunctional, whereas the type 4 sperm displayed the loss in the
(134) 47

ACRBP-C| ™= 32 Ko forward movement. In addition to the aberrant flagellar beating,
53 P T S T Acrbp™~ sperm, as well as mouse sperm lacking either one of
- 0 20 40 60 80 100  cutalytic subunit PPP3CC and regulatory subunit PPP3R2 of Ca®*-

Fertilized oocyte (%) . b . .
proACR F and calmodulin-dependent serine-threonine phosphatase calci-
- - 33 WT _ neurin (30), exhibited the defect in the bending motion of the
M i midpiece. The frequencies of the midpiece bending in type 1/type 2

ZPBP2 - 35 He =y and type 3 Acrbp~~ sperm were modestly and severely reduced,
ZPEP| | Se—— | 38 0 10 20 30 40 50 respectively. The abnormal bending motion in Acrbp’/ ~ sperm may
P |- 34 Number of sperm on oocyte ZP be due to the deformed structure of the acrosome because ACRBP

e ' G _ is localized exclusively in the acrosome (18). We could not examine

SPACA1 ’ :gg W “ the type 4 sperm, because of the entwinement of the midpiece
&8 H

1 1

— 34 KO around the nucleus (Fig. 44). These data demonstrate the severely

L Ll impaired function of Acrbp™~ sperm in vitro, consistent with the
TUuBB1 55 0 20 40 60 80 100 i = . .
— E— Oocyte fused with sperm (%) reduced fertility of Acrbp™~ male mice (Fig. 1D). o
5 Globozoospermia, a severe form of teratozoospermia, is a human
Fig. 4. Characterization of ACRBP-deficient epididymal sperm. (A) Sperm lnfertlhty syndrome characterized by a round-headed morphology
morphology. The acrosome, mitochondria, and nucleus of cauda epididymal  of sperm without an acrosome (31, 32). The intracytoplasmic sperm
sperm from wild-type (WT) and ACRBP-deficient (KO) mice were stained ;e tion (ICSI) treatment for globozoospermia patients results in a
with fluorescent-dye-labeled PNA (red), MitoTracker Green FM (green), and low success rate of fertilization. because of a reduced ability to
Hochest 33342 (blue), tively. The KO hologically di- . . it .
ocnes (blue), respectively. The KO sperm were morphologically di- = 10 ¢ the oocytes. In this study, we ascertained whether the oo-

vided into four types, and the rate of each cell type was determined. (Scale N N VA 8
bar, 4.0 um.) (B) TEM analysis. Ac, acrosome; Nu, nucleus. (Scale bar, 1.0 pm.) cytes are activated by ICSI using Acrbp™~ epididymal sperm (Fig.

(C) Immunostaining analysis. Sperm were immunostained with antibodies S74). Most of the oocytes microinjected with the heads of type
against proteins indicated (green) and also stained with fluorescent-dye-  1/type 2 or type 3 Acrbp™ sperm (the whole cell for the type 4
labeled PNA (red) and Hoechst 33342 (blue). No immunoreactive signal was ~ sperm due to the failure to separate the head and tail) were
detected when preimmune serum was used as the probe (Cont.). (Scale bar,  successfully activated and reached the two-cell stage. All fetuses
2.0 um.) (D) Immunoblot analysis. Proteins were separated by SDS/PAGE and derived from Acrbp_/_ sperm were verified to possess the Acrbp-
prob(Td with aptibodies against tZe sperm proteinbs indi;ated. (E—G?f Func- null allele (Fig. S7B). Thus, despite the abnormal nuclear con-
tional assays of sperm. Capacitated sperm were subjected to assays for IVF . —/— . . . .

(E), sperm/zP binding (F), and sperm/oocyte fusion (G). The numbers in pa- densation, the nucleus of Acrbp™™ sperm is functionally active in

rentheses indicate those of the oocytes examined. All statistical significances pronuclear formation and subsequent embryonic development.
are calculated using the Student t test. *P < 0.01.

Production of Transgenic Mice Expressing Exogenous ACRBP-W or

ACRBP-V5. We generated two transgenic mouse lines (WT" 1

To examine whether acrosomal proteins, including proACR, are ~ and WTY>®) expressing exogenous ACRBP-W and ACRBP-V5
quantitatively and qualitatively affected by the loss of ACRBP, we ~ under the control of the Acrbp promoter, respectively (Fig. 54).
carried out immunoblot analysis of protein extracts from epididy- ~ 1he¢ entire protein-coding region of ACRBP-W was designed to

: P fuse with enhanced green fluorescent protein (EGFP). The trans-
mal sperm (Fig. 4D). Intriguingly, proACR was mostly processed . .
into ap atuge %o 2)f ACR inil};rbz) ~~ sperm, where;/s I:he levels genically expresssd ACRBP-W-EGFP and ACRBP-V5 proteins

. o Z/~ also contained a myc-His tag at the C terminus. We randoml
of ZPBP1 and ZPBP2 were similar between Acrbp™™ and Acrbp selected two lines each of WTW-TC (#3 and #51) and WTVS-T(X

sperm. The 42- and 40-kDa} forms of SPACAL also exhibit/ed avery  (#22 and #31) mice from seven and five transgene-expressing
low abundance in Acrbp™" sperm. In addition, Acrbp™~ sperm  Jines, respectively (Fig. 5B).

normally contained five membrane proteins, IZUMOI (10), zona Immunoblot analysis indicated that testicular extracts
pellucida (ZP)-binding protein ADAM3 (26), hyaluronidases  of WTWTS#3 and WTV-TS#51 mice contain an 88/83-kDa dou-
SPAM1 and HYALS (27, 28), and GPI-anchored serine protease  blet and a 58-kDa protein corresponding to myc-His-tagged
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Fig. 5. Establishment and characterization of transgenic mouse lines
expressing exogenous ACRBP-W or ACRBP-V5. (A) Transgene constructs. Two
transgene constructs encoding ACRBP-W and ACRBP-V5 (W-TG and V5-TG,
respectively) were designed to include the Acrbp promoter region (orange)
at the 5’-end. The protein-coding regions of ACRBP-W, ACRBP-V5, and EGFP
are indicated by open and green boxes, respectively. Closed, shaded, and
hatched boxes represent the Gly-Gly-Ser-Gly-Gly linker, the myc-His tag, and
the 3’-untranslated region of the bovine growth hormone gene, respec-
tively. The location of a PCR primer set (primer A and primer B) is also in-
dicated by arrows. (B) Agarose gel electrophoresis of PCR product. Two
transgenic mouse lines, WTWTC and WTV>T¢, were established. PCR was
carried out using tail genomic DNAs of each of the wild-type (WT), WTWT¢
#3, WTWTC#51, WTVST5#22, and WTY>T5#31 mice as a template (7g). En-
dogenous Acrbp as a control was also examined by PCR analysis (Acrbp).
(C) Immunoblot analysis of testicular extracts. Proteins were probed with
anti-ACRBP-C, anti—-ACRBP-V5, anti-His-Tag, and anti-ACTB antibodies.
(D) Northern blot analysis. Total cellular RNAs of testicular tissues from WT,
ACRBP-deficient (KO), WTWTS#51, and WTV>T#22 mice were probed with
32p_|abeled DNA fragment coding for ACRBP-V5 (A) or ACTB as probes.
(E) Fertility of transgenic male mice. The WT, WTW-T451, and WTV>T54#22 males
(two different mice for each) were mated with WT females, and the litter
sizes were counted. The males were all fertile. The numbers in parentheses
indicate those of the WT females mated. (F) Immunostaining analysis. The
subcellular localization of exogenously expressed ACRBP-W and ACRBP-V5 in
spermatids and epididymal sperm was examined by immunostaining with
anti-Myc antibody (green). No immunoreactive signal was detected in WT
spermatids and sperm when preimmune serum was used as the probe
(Cont.). Cells were also counterstained with fluorescent-dye-labeled PNA
(red) and Hoechst 33342 (blue). (Scale bar, 2.0 pm.)

ACRBP-W-EGFP and ACRBP-C-EGFP, respectively (Fig. 5C), in
addition to endogenous 60/55-kDa ACRBP-W and 30-kDa
ACRBP-C (18). The levels of ACRBP-W-EGFP and ACRBP-C-
EGFP in the WTVT9#3 and WTWTO#51 testes were more
than threefold higher than those of endogenous ACRBP-W and
ACRBP-C in the wild-type, WTW T9#3, and WTW TO#51 testes.
When the blots were probed with anti~ACRBP-VS5 antibody, the
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abundance of endogenous ACRBP-V5 as a 48/43-kDa doublet
(18) was comparable among wild-gg)e and four transgenic mice
including WTY>TS#22 and WT">"T9#31 mice. Because no
immunoreactive band corresponding to exogenously expressed
ACRBP-V5 tagged with myc-His was detectable, we used anti-
His antibody as a probe (Fig. 5C). A doublet of 49- and 44-kDa
myc-His-tagged ACRBP-V5 proteins was found only in the
WTY>TO#22 testis, indicating that anti-ACRBP-V5 antibody
raised against the C-terminal seven-residue peptide of ACRBP-
V5 (18) poorly recognizes myc-His-tagged ACRBP-VS5. To esti-
mate the expression level of exogenous ACRBP-V5, we carried
out Northern blot analysis of testicular total RNAs (Fig. 5D). The
level of Acrbp-V5 mRNA in WTY> TS#22 testis was approximately
twice as abundant as those in the wild-type and WTWTO#51
testes. Assuming that the WTY5TO#22 testis contains a mixture
of endogenously and exogenously expressed Acrbp-V’5 mRNAs
with approximate sizes of 1.7 and 1.8 kb, respectivelz, these two
mRNAs are equivalent%y expressed in the WTY TO#22 testis.
We thus selected WTWT6#51 and WTY>T6#22 transgenic mice
for further analysis.

WTVTO#51 and WTY>TO#22 males were all fertile and
produced normal litter sizes when mated with wild-type females
(Fig. 5E). Immunostaining analysis verified that acrosome for-
mation in spermatids of the WTWTS#51 and WTY>T9#22
testes is normal (Fig. 5F). The localization of exogenously ex-
pressed ACRBP-W-EGFP and ACRBP-V5 in acrosomal vesicles
was similar to those of endogenous ACRBPs (Figs. 2C and 5F).
Consistent with our previous data (18), no exogenous ACRBP-
V5 was found in the acrosome of cauda epididymal sperm. Thus,
acrosome formation is unaffected by transgenic expression of
ACRBP-W-EGFP and ACRBP-V5 in spermatids.

Rescue of Phenotypical Abnormality in ACRBP-Deficient Mice. To
examine whether the phenotypical abnormality of Acrbp™~ mice
is rescued by transgenic introduction of ACRBP-W-EGFP or
ACRBP-V5 into the knockout background, Acrbp™~ mice car-
rying the Acrbp-W-EGFP (termed KOY"C) or Acrbp-V5 trans-
gene (KOY>T9) were obtained by crossing between Acrbp™~ and
WTWTS#51 or WTY>T9#22 mice and then b(}’/ mating the F1
males with Acrbp™~ females. Mating of KOY>"T® male mice with
wild-type females resulted in an average litter size similar to that
obtained by the wild-type pairs (Fig. 64). KOW TS males also
exhibited a significant increase in the litter sizes compared with
Acrbp™™ males. The impaired fertility of Acrbp™~ epididymal
sperm in vitro was recovered moderately and greatly by exogenous
expression of ACRBP-W-EGFP and ACRBP-V5, respectivelz
(Fig. 6B2} Formation of acrosomal granules was normal in KOV

and KO">T9 spermatids at the Golgi phase (Fig. 6C). Importantly,
the fragmented acrosomal structure of elongating spermatids and
epididymal sperm in Acrbp™~ mice was recovered to a nearly
normal level by exogenous ACRBP-V5 expression. Similarly to
ZPBP1-null spermatids (23), the acrosomal granules in KO ¢
spermatids were eccentrically localized in the acrosomal vesicle at
the cap phase. Indeed, immunostaining of KOWS spermatids
revealed that spermatogenic cell-specific proteins, including pro-
ACR and ZPBP2, in acrosomal granules are not distributed in the
center of acrosomal vesicles (Fig. 6D). When the acrosome and
nucleus of epididymal sperm from KOV>T¢ mice were stained with
fluorescent probes, ~90% of total KOV>"S sperm displayed a
morphology comparable to that of wild-type sperm (Fig. S8). How-
ever, KOW"TC mice possessed only a limited number of wild-
type-like sperm (almost 18% of total cells) and still contained
type 1, type 2, type 3, and type 4 sperm at the rates of 22%,
31%, 16%, and 13%, respectively. Thus, ACRBP-V5 plays a
crucial role in the formation and configuration of the acrosomal
granule during spermiogenesis. It is also suggested that ACRBP-W
partially contributes to acrosomal granule formation and is not
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Fig. 6. Rescue of phenotypical abnormality in ACRBP-deficient spermatids by
transgenic expression of ACRBP-W or ACRBP-V5. (A) Fertility. ACRBP-deficient
(KO) male mice carrying the ACRBP-W and ACRBP-V5 transgenes (KOWTE and
KOV>TE mice, respectively) were generated. The wild-type (WT), KO, KOV TS,
and KOV*T® males (three, three, three, and four different mice, respectively)
were mated with WT females, and the litter sizes were counted. The male mice
examined were all fertile. The numbers in parentheses indicate those of the
WT females mated. All statistical significances are calculated using the Student
t test. *P < 0.01. (B) IVF assays. Capacitated cauda epididymal sperm were
subjected to IVF assays using the cumulus-intact oocytes. The numbers in pa-
rentheses indicate those of the oocytes examined. **P < 0.05; *P < 0.01.
(C) Morphological analysis. Spermatids and cauda epididymal sperm were
stained with fluorescent-dye—labeled PNA (red) and Hoechst 33342 (blue). (Scale
bar, 2.0 um.) (D) Subcellular localization of acrosomal proteins. Spermatids
were immunostained with antibodies against the proteins indicated (green).
The acrosome and nucleus were also stained with fluorescent-dye-labeled
PNA (red) and Hoechst 33342 (blue), respectively. No immunoreactive signal
was detected when preimmune serum was used as the probe (Cont.). (Scale
bar, 8.0 um.) (E) Immunoblot analysis. Proteins of epididymal sperm extracts
from WT, KO, KOWTC, and KOV>TC mice were probed with anti-ACRBP-C,
anti-proACR, and anti-ZPBP1 antibodies.

implicated in the configuration of the acrosomal granule in the
acrosomal vesicle.

We also asked whether aberrant processing of proACR in
Acrbp™~ epididymal sperm (Fig. 4D) occurs when either ACRBP-
W-EGFP or ACRBP-VS5 is exogenously expressed. Immunoblot
analysis of epididymal sperm extracts revealed that proACR re-
mains unprocessed in KOV mice (Fig. 6E). In contrast, proACR
in KOVTY sperm was converted mostly to a 33-kDa form of ACR,
similarly to Acrbp™~ sperm. These data suggest that ACRBP-C
functions in the maintenance of proACR as an enzymatically
inactive ACR zymogen in the acrosome.

Kanemori et al.

Discussion

This study describes the functional specialization of two ACRBP
proteins, ACRBP-W and ACRBP-V5, that are produced by
pre-mRNA alternative splicing in the mouse (18). The Acrbp™~
male mice lacking both ACRBP-W and ACRBP-V5 show a se-
verely reduced fertility (Fig. 1), because of aberrant formation of
the acrosome (Figs. 2 and 3). Although proacrosomal vesicles
normally assemble, Acrbp™~ early spermatids fail to form a large
acrosomal granule (Flg 2). The 1mpa1red ablhty to produce the
acrosomal granule in the Acrbp™~ spermatids is linked to the
fragmented structure of the acrosome, further leading to the ab-
normally round-headed shape structure and reduced motility of
Acrbp™~ epididymal sperm (Fig. 4 and Table S1). The aberrant
formation of the acrosomal granule is recovered by transgenic
expression of either ACRBP-W or ACRBP-V5 in Acrbp™~ sper-
matids, although exogenous ACRBP-W expression results in the
eccentric localization of the acrosomal granule in the acrosome
vesicle (Fig. 6). Moreover, transgenic introduction of ACRBP-W
maintains proACR as an enzymatically inactive zymogen in the
acrosome by preventing the zymogen from processing into a ma-
ture form of ACR (Fig. 6). Thus, ACRBP-VS5 plays the key role in
the formation and configuration of the acrosomal granule into the
center of the acrosomal vesicle during early spermiogenesis.
ACRBP-W also seems to partially contribute to the acrosomal
granule formation. However, because ACRBP-W is immediately
processed into ACRBP-C in spermatids (18), the major role of
ACRBP-W is the retention of the inactive status of proACR in the
acrosome through the ACRBP-C function, in addition to the
promotion of ACR release from the acrosome during acrosomal
exocytosis (14, 18), as described in Fig. 7 and Fig. S1.

Deletions and mutations in some human genes, including
SPATAI6, PICK1, DPY19L2, and ZPBPI1, have been identified
in globozoospermia patients (33-38). Gene-knockout mice, in-
cluding ZPBP1-null (23), SPACAl-null (24), and GOPC-null
mice (25), are known to exhibit the phenotype similar to that of
human globozoospermia (39— 47) Our data indicate that a small
population (~4%) of Acrbp™~ epididymal sperm are round-
headed but still possess the fragmented acrosome on the head
(Fig. 4), thus suggesting that ACRBP may not be directly in-
volved in the globozoospermia-related phenotype. Of the mutant
mice relatlng to globozoospermla the acrosome is completely
deficient in the Gopc ™~ mice (25). As described above, Zpbpl ™'~
mice exhibit the eccentric localization of the acrosomal §ranule
in spermatids (23), whereas early spermatids of Spacal™™ mice
apparently lack the acrosomal granule i 1n the acrosome (24). The
phenotypes of Zpbpl~~ and Spacal™~ spermatids resemble
those of KOY™1S and Acrbp™ ~ spermatids, respectively. However,
the abnormally developmg acrosome is gradually lost from the
Zpbpl™~ and Spacal™ ~ spermatids at later stages of spermiogenesis
(23,24 ) The levels of ZPBP1 and SPACAL are significantly low in the
Gopc™™ testis (24) Despite a normal level of ZPBP1 in the Spacal 7~
testis, the Zpbpl ™~ testis exhlblts a greatly reduced level of SPACA1
(24). Importantly, the Acrbp™~ testis normally contains globozoo-
spermia-related proteins, including GOPC ZPBP1, and SPACA1
(Fig. S3). Thus, the reason why Acrbp~'~ spermatids and epididymal
sperm still contain the fragmented acrosome may be due to the fact
that ACRBP is localized exclusively in the acrosomal matrix, together
with proACR (5). Because ZPBP1 and SPACAL are an inner ac-
rosomal membrane-associated protein and an integral acrosomal
membrane protein, respectively (23, 24), it appears that the functional
role of ACRBP may be spatiotemporally different from those of
GOPC, ZPBP1, and SPACA1 during acrosome formation. We note
that the loss of functional ACRBP in human globozoospermia and
teratozoospermia patients still remains an open question. Thus, it is
important to evaluate the gene 1 mutations in the future.

The phenotype of KOV mice is also similar to that of
proprotein covertase subtilisin/kexin type 4 (PCSK4; also known
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Fig. 7. Functional roles of mouse ACRBP in spermiogenesis and fertilization.
ACRBP-V5 functions in the formation and configuration of an acrosomal
granule in round spermatids (Upper). Because ACRBP-V5 is proteolytically
degraded in elongating spermatids (18), this protein may be also involved in
the enlargement/elongation of the acrosomal granule. ACRBP-W is synthe-
sized in haploid spermatids and then immediately converted into ACRBP-C
by removal of the N-terminal half (18). The major function of ACRBP-W and
ACRBP-C is to retain the inactive status of proACR in the acrosomal granule,
although ACRBP-W partially contributes to the assembly of acrosomal pro-
teins, including proACR, to form an acrosomal granule. In the fertilization
process (Lower), sperm contain only ACRBP-C that promotes ACR release
from the acrosome during acrosomal exocytosis. Acrosomal components,
including ACRBP-C, are probably degraded by enzymatically active ACR that
is released. AG, acrosomal granule; AV, acrosomal vesicle; GA, Golgi appa-
ratus; PS; perivitelline space; ZP, zona pellucida.

as PC4 or SPCS)-null mice (48): the abnormally eccentric lo-
calization of the acrosomal granule and the fragmented structure
of acrosome. The loss of PCSK4 results in the failure of ACRBP-W
proteolytic processing into the mature ACRBP-C in testicular and
epididymal sperm (48), implying that the failure of ACRBP-W
processing in Pcsk4™'~ spermatids may be attributed to ab-
normal formation of the acrosome. However, despite the phe-
notypical similarity between the Pcsk4~/~ and KOY"C mice,
exogenously expressed ACRBP-W in spermatids and sperm is
normally converted into ACRBP-C (Figs. 5 and 6). These results
suggest that the ACRBP-W processing, which is presumably
catalyzed by PCSK4 directly or indirectly (48), may not be in-
volved in the observed phenotypes of Pesk4~'~ and KOWC
mice. On the other hand, the concentric localization of acrosomal
granule is recovered only by transgenic expression of ACRBP-V5
in Acrbp™~ spermatids (Fig. 6). As described previously (18),
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ACRBP-V5 is present in the acrosomal granules of round sper-
matids and then is proteolytically degraded in elongating sper-
matids. Thus, our present data suggest a possible involvement of
ACRBP-V5 in the enlargement/elongation of the acrosomal
granule in the acrosome of elongating spermatids; the retention of
acrosomal proteins in the acrosomal granule may be released by
the disappearance of ACRBP-VS5. Indeed, the time period for the
appearance and disappearance of ACRBP-V5 matches well with
that for the dynamic changes in the structure of acrosomal granule
(Fig. 2). Moreover, because the protein sequence of ACRBP-VS5 is
distinguished from that of ACRBP-W by only five amino acids at
the C terminus (Fig. S9), the 5-residue sequence probably acts as
the key determinant of the ACRBP-VS5 function. How ACRBP-V5
is degraded by proteolytic enzymes, including PCSK4, in sper-
matids remains to be answered.

We (14, 18) previously demonstrated that, although two
transcripts encoding ACRBP-W and ACRBP-V5 are generated
in the mouse testis, the pig and guinea pig testes produce only a
single mRNA coding for ACRBP-W. A single ACRBP-W mRNA
is also transcribed in the human testis (15). Our preliminary
experiments indicated that Acrbp-1’5 mRNA, in addition to
Acrbp-W mRNA, is produced specifically in rodent animals, in-
cluding rat and hamster. One of the most puzzling questions is
whether the single ACRBP-W protein in human, pig, and guinea
pig serves the functions of both ACRBP-W and ACRBP-VS5 in
the mouse. The amino acid sequence of mouse ACRBP-W
shares 71-75% identity with those of the human, pig, and guinea
pig proteins, whereas the sequence identity of ACRBP-W is
around 80% among the three nonrodent animals (Fig. S9). It
is thus conceivable that the functional diversity of ACRBP-W is
not merely explained by the sequence alignment. Meanwhile,
rodent animal sperm usually possess a falciform-shaped head,
whereas the heads of pig, guinea pig, and human sperm are
spatulate (1, 2). The morphological variation of the sperm heads
between rodent and nonrodent animals presumably reflects
the difference in the enlargement/elongation of the acrosomal
granule in the acrosomal vesicle. If so, ACRBP-V5 may not be
essential for the acrosome formation in nonrodent animals.
Another possibility is that the time for ACRBP-W conversion
into ACRBP-C differs between rodent and nonrodent animals.
Although ACRBP-W is immediately processed into ACRBP-C
in early spermatids in the mouse (18), the proteolytic processing
may occur at later stages of spermiogenesis or during epididymal
sperm maturation in the nonrodent animals. In this case, the lack
of ACRBP-VS5 in nonrodent animals can be compensated by the
unprocessed form of ACRBP-W. To explore these possibilities,
further studies are required. At any rate, our present study
provides an example of cell organellar biogenesis regulated by
pre-mRNA alternative splicing.

Materials and Methods

Generation of Mutant Mice Lacking ACRBP. A targeting vector containing an
expression cassette (49) of neo flanked by ~1.3- and 6.5-kbp genomic regions
of Acrbp at the 5'- and 3’-ends, respectively, was constructed as described
previously (50). The MC1 promoter-driven herpes simplex virus thymidine
kinase gene (tk) was also inserted into the 6.5-kbp Acrbp genomic region at
the 3’-end. Following electroporation of the targeting vector, which had
been linearized by digestion with Notl, into mouse D3 ES cells, homologous
recombinants were selected using G418 and gancyclovir as described pre-
viously (50). Five ES cell clones carrying the targeted mutation were selected
and injected into blastocysts of C57BL/6 mice (Japan SLC). The blastocysts
were transferred to pseudopregnant foster mothers to obtain chimeric male
mice. The male mice were crossed to ICR (Institute of Cancer Research)-strain
females (Japan SLC) to establish mouse lines heterozygous for the Acrbp
mutation. The homozygous mice were obtained by mating of the hetero-
zygous males and females. All animal experiments were performed ethically,
and experimentation was in accord with the Guide for the Care and Use of
Laboratory Animals at University of Tsukuba.
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Establishment of Transgenic Mouse Lines Expressing Exogenous ACRBP-W or
ACRBP-V5. The 500-bp 5'-flanking region of Acrbp was amplified by PCR, and
the DNA fragment was ligated to the cDNA fragment encoding ACRBP-W or
ACRBP-V5. The ACRBP-W construct was also designed to fuse with a linker,
Gly-Gly-Ser-Gly-Gly (51), and EGFP at the C terminus. These two transgene
constructs were introduced into appropriate restriction endonuclease sites of
pcDNA3.1-myc-His (Thermo Fisher Scientific) and digested with restriction en-
zymes. The linearized DNA fragments were then microinjected into pronuclei of
one-cell embryos from BDF1 mice (Japan SLC) to establish transgenic mouse lines,
as described previously (52). Transmission of the transgenes in founder mouse lines
was validated by PCR of tail DNAs using a set of two oligonucleotide primers
(primer A: 5-TCAGAGCCCAAGTTTCAATC-3’; primer B: 5-TAGAAGGCA-
CAGTCGAGG-3’). The founder mice were bred with ICR mice to establish
stable transgenic lines that were maintained by mating with ICR mice.

Hybridization Analysis. Genomic DNA was prepared from mouse tail, digested
by BamHlI, separated by agarose gel electrophoresis, and transferred onto
Hybond-N* nylon membranes (GE Healthcare Bio-Sciences). Total cellular
RNAs were extracted from testicular tissues using Isogen (Nippon Gene) as
described previously (53). The RNA samples were glyoxylated, separated by
electrophoresis on agarose gels, and transferred onto nylon membranes.
Hybridization was carried out as described previously (53).

Preparation of Protein Extracts. Testicular tissues of mice (3-5 mo old) were
homogenized at 4 °C in a lysis buffer, pH 7.4, consisting of 20 mM Tris-HCl,
0.15 M NaCl, 1% Triton X-100, 0.5 mM DTT, 0.5 mM phenylmethanesulfonyl
fluoride, 1 pg/mL pepstatin A, 1 pg/mL leupeptin, and 75 U/mL aprotinin, using
a Potter-Elvehjem glass homogenizer (AS ONE Co.) fitted with a Teflon pestle
(10 strokes). Cauda epididymal sperm were lysed in the same lysis buffer by
pipetting at 4 °C. The homogenates were centrifuged at 11,200 x g for 10 min
at 4 °C. The supernatant solution was used as a source of protein extracts.
Protein concentration was determined using a Coomassie protein assay re-
agent kit (Thermo Fisher Scientific).

Antibodies. His-tagged recombinant ZPBP1 and ZPBP2 containing the amino
acid sequences at positions 101-406 and 22-253, respectively, were produced
in Escherichia coli BL21 (DE3), as described previously (18, 23). The recombinant
proteins were purified on a Ni-NTA His column (Merck Millipore), emulsified
with Freund’s complete (Becton Dickenson) or incomplete adjuvant (Wako),
and injected into female New Zealand White rabbits (SLC). Antibodies were
affinity-purified on Sepharose 4B columns previously coupled with GST-
tagged recombinant ZPBP1 and ZPBP2 as described previously (18). Poly-
clonal antibodies against ACRBP-C, ACRBP-V5, ACR, SPAM1, HYAL5, ADAMS3,
1ZUMO1, and SPACA1 were prepared as described previously (10, 18, 24, 27,
28, 54, 55). Anti-ACTB (clone AC-15) and anti-TUBB1 (clone 2-28-33) monoclonal
antibodies were purchased from Sigma-Aldrich. Anti-His-Tag, anti-GOPC/PIST,
anti-HRB/AGFG1, anti-PRSS21/TESP5, and anti-Myc (clone 9E10) antibodies were
the products of Medical and Biological Laboratories, Abcam, Proteintech,
Santa Cruz Biotechnology, and ThermoFisher Scientific, respectively. Horse-
radish peroxidase-conjugated antibodies against rabbit, mouse, or goat IgG
(H + L) were purchased from Jackson Immunoresearch Laboratories. Alexa
Fluor 488-conjugated antibodies against rabbit or mouse 1gG were pur-
chased from Thermo Fisher Scientific.

Immunoblot Analysis. Proteins were separated by SDS/PAGE and transferred
onto Immobilon-P polyvinylidene difluoride membranes (Merck Millipore).
The blots were blocked with 4% (wt/vol) skim milk in 20 mM Tris-HCI, pH 7.5,
containing 0.1% Tween-20 and 0.15 M NaCl at room temperature for 1 h,
incubated with primary antibodies at room temperature for 1 h, and then
treated with secondary antibodies conjugated with horseradish peroxidase
at room temperature for 1 h. The immunoreactive proteins were visualized
by using an ECL Western Blotting Detection kit (GE Healthcare Bio-Sciences),
followed by exposure to X-ray films (Fujifilm).

Immunostaining Analysis. Cauda epididymal sperm were dispersed in a 0.2-mL
drop of TYH (Toyoda-Yokoyama-Hoshi) medium (56) free of BSA. The sperm
suspension was transferred into a 1.5-mL microtube, washed with PBS by
centrifugation at 800 x g for 5 min, fixed in 4% (wt/vol) paraformaldehyde
in PBS, pH 7.2, on ice for 15 min, washed with cold PBS, and then treated
with 0.1% Triton X-100 in PBS at room temperature for 15 min. The fixed
cells were blocked with 3% (vol/vol) normal goat serum in PBS containing
0.05% Tween-20 on ice for 30 min, washed with the same buffer, incubated
with primary antibodies for 1 h, washed, and then reacted with Alexa Fluor
488-conjugated anti-rabbit or mouse IgG antibody for 1 h. After washing
with PBS, sperm cells were incubated with Alexa Fluor 568-conjugated PNA
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(3 pg/mL; Thermo Fisher Scientific) and Hoechst 33342 (2.5 pg/mL; Thermo
Fisher Scientific) for 30 min, washed with PBS, mounted, and then observed
under an IX-71 fluorescence microscope (Olympus), as described previously
(57). Spermatogenic cells were prepared from seminiferous tubules as de-
scribed previously (58). After blocking with 3% (vol/vol) normal goat serum
in PBS containing 0.05% Tween-20, the cell samples were treated with pri-
mary antibodies, reacted with Alexa Fluor 488-conjugated anti-rabbit or
mouse 1gG antibody, incubated with Alexa Fluor 568-labeled PNA and
Hoechst 33342, and then observed, as described above.

TEM Analysis. Fresh tissues of cauda epididymides and testes were fixed in
2.5% (vol/vol) glutaraldehyde in 0.1 M phosphate buffer (PB), pH 7.4, for
30 min atroom temperature, washed with PB, postfixed in 1% osmium tetroxide
for 30 min at 4 °C, dehydrated in ethanol, and embedded in Epon. Ultrathin
sections (90 nm) were prepared by using a Reichert-Jung Ultracut E ultramicro-
tome (Reichert Technologies, Inc.), stained with uranyl acetate and lead citrate,
and then observed under a JEM1400 TEM (JEOL) at 80-kV accelerating voltage.

CASA. Parameters of sperm motility were quantified by CASA using an in-
tegrated visual optical system (IVOS) software (Hamilton-Thorne Biosciences)
as described previously (59). Briefly, cauda epididymal sperm were capaci-
tated by incubation for 2 h in a 0.1-mL drop of TYH medium at 37 °C under
5% (vol/vol) CO; in air. An aliquot of the capacitated sperm suspension was
transferred into a prewarmed counting chamber (depth = 20 um), and more
than 200 sperm were examined for each sample using standard settings (30
frames acquired at a frame rate of 60 Hz at 37 °C) as described previously
(60, 61). Hyperactivated motility of sperm was determined by using the SORT
function of the IVOS software (61). Sperm were classified as “hyper-
activated” when the trajectory met the following criteria (61): curvilinear
velocity > 180 umf/s, linearity < 38%, and amplitude of lateral head dis-
placement > 9.5 pm.

IVF Assays. ICR mice (8-10 wk old) were superovulated by intraperitoneal
injection of pregnant mare’s serum gonadotropin (5 units; Aska Pharma-
ceutical Co.) followed by human CG (hCG) (5 units; Aska Pharmaceutical)
48 h later. The cumulus-intact metaphase Il-arrested oocytes were isolated
from the oviductal ampulla of superovulated mice 14 h after hCG injection
and placed in a 90-uL drop of TYH medium. Cauda epididymal sperm were
capacitated by incubation in a 0.1-mL drop of TYH medium for 2 h at 37 °C
under 5% (volivol) CO, in air. An aliquot (1.5 x 10% cells/10 puL) of the
capacitated sperm suspension was mixed with the above-mentioned 90-uL
drop of TYH medium containing the oocytes to give a final concentration of
1.5 x 102 sperm/uL. The mixture (0.1 mL) was incubated for 6 h at 37 °C under
5% (volivol) CO, in air. The fertilized oocytes were treated with bovine
testicular hyaluronidase (350 units/mL; Sigma-Aldrich) for 10 min to remove
cumulus cells, fixed in PBS containing 4% (wt/vol) paraformaldehyde and
0.5% polyvinylpyrrolidone (PVP), and washed with PBS containing 0.5% PVP.
The female and male pronuclei in the fertilized oocytes were stained with
Hoechst 33342 (2.5 pg/mL) and then viewed under an IX-71 fluorescence
microscope as described previously (59).

Sperm/ZP-Binding Assays. The cumulus-free, ZP-intact oocytes were prepared
by treatment with bovine testicular hyaluronidase for 15 min, washed with
TYH medium, and placed in a 90-uL drop of TYH medium. Capacitated ep-
ididymal sperm (3.0 x 10* cells/10 pL) were mixed with the 90-uL drop con-
taining the cumulus-free oocytes and two-cell embryos, and the mixture
(0.1 mL) was incubated for 30 min at 37 °C under 5% (vol/vol) CO, in air. The
oocytes were transferred to a 0.1-mL drop of TYH medium, washed by
pipetting to remove loosely bound and unbound sperm, fixed in PBS con-
taining 4% (wt/vol) paraformaldehyde and 0.5% PVP for 15 min, and
washed with PBS containing 0.5% PVP. After staining with Hoechst 33342
(2.5 pg/mL), the numbers of sperm tightly bound to the ZP were counted
under an Olympus IX-71 fluorescence microscope, as described previously
(59). The two-cell embryos were used as an internal negative control for
nonspecific and loose sperm binding.

Sperm/Oocyte Fusion Assays. The cumulus-free, ZP-intact oocytes were treated
with acid Tyrode (Sigma-Aldrich), washed with TYH medium, treated with
Hoechst 33342 (2.5 pg/mL) for 10 min, and washed three times with TYH
medium as described previously (59). The Hoechst-labeled, ZP-free oocytes in a
90-pL drop of TYH medium were mixed with capacitated epididymal sperm
(1.5 x 10% cells/10 pL), and the mixture (0.1 mL) was incubated for 30 min at
37 °C under 5% (volivol) CO; in air. The oocytes were washed with PBS con-
taining 0.5% PVP, fixed in PBS containing 0.25% glutaraldehyde and 0.5%
PVP, and then observed under an Olympus IX-71 fluorescence microscope.
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I1CSI. ICSI was carried out according to the already published procedure (62), using
a micropipette attached to a Piezo-electric actuator (PrimeTech). Briefly, a single
epididymal sperm was sucked into an injection pipette, and the sperm head was
separated from the tail by applying a few Piezo pulses to the head-tail junction.
The cumulus-free oocytes were prepared from superovulated BDF1 mice (Japan
SLC) as described above. The sperm head was injected into the oocyte in Hepes-
buffered CZB (Chatot-Ziomek-Bavister) medium (63). Type 4 Acrbp™~ sperm,
the head and tail of which could not be separated by Piezo pulses, were in-
jected into the oocyte as the whole cell. The injected oocytes were cultured in
CZB medium at 37 °C for 24 h under 5% (vol/vol) CO, in air. Embryos that
reached the two-cell stage were transferred into the oviducts of pseudopreg-
nant ICR mice on the day after sterile mating with a vasectomized male (day
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