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and subsequent acrosome formation in
spermiogenesis
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ABSTRACT The trans-Golgi network (TGN) functions as a hub organelle in the exocytosis of
clathrin-coated membrane vesicles, and SMAP2 is an Arf GTPase-activating protein that binds
to both clathrin and the clathrin assembly protein (CALM). In the present study, SMAP2 is
detected on the TGN in the pachytene spermatocyte to the round spermatid stages of sper-
matogenesis. Gene targeting reveals that SMAP2-deficient male mice are healthy and survive
to adulthood but are infertile and exhibit globozoospermia. In SMAP2-deficient spermatids,
the diameter of proacrosomal vesicles budding from TGN increases, TGN structures are dis-
torted, acrosome formation is severely impaired, and reorganization of the nucleus does not
proceed properly. CALM functions to regulate vesicle sizes, and this study shows that CALM
is not recruited to the TGN in the absence of SMAP2. Furthermore, syntaxin2, a component
of the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) com-
plex, is not properly concentrated at the site of acrosome formation. Thus this study reveals
a link between SMAP2 and CALM/syntaxin2 in clathrin-coated vesicle formation from the
TGN and subsequent acrosome formation. SMAP2-deficient mice provide a model for globo-
zoospermia in humans.
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INTRODUCTION

The cells of all eukaryotic organisms possess a trafficking system of
membrane vesicles that is vital to maintaining cellular homeostasis.
It was suggested that the dysregulation of this trafficking is involved
in the genesis of tumors as well as in neurodegenerative diseases
in humans (McMahon and Boucrot, 2011). As a caveat, in most
cases, this hypothesis merely reflects the fact that the gene discov-
ered in one study as responsible for disease onset or progression is
known from another study to be involved in vesicle trafficking.
Therefore it is not always clear how the possible dysregulation of
vesicle trafficking inside the cells might lead to the pathologies
seen in particular diseases. One of the reasons for this lack of
knowledge is the relatively scant number of studies targeting genes
involved in vesicle trafficking.

Clathrin-coated vesicles represent one type of membrane vesicle
and are used in a broad range of trafficking pathways, including endo-
cytosis and exocytosis of membrane proteins. The formation of clath-
rin-coated vesicles is regulated in a coordinated manner by many
molecules and Arf proteins, which belong to a family of small GTPases
and play key roles in the process (D'Souza-Schorey and Chavrier,
2006; Gillingham and Munro, 2007; Kahn, 2009; Donaldson and Jack-
son, 2011). The GTPase activity of Arf is activated by an Arf GTPase-
activating protein (Arf GAP). Of interest, Arf GAP not only functions as
a GAP for Arf but also possesses an Arf-independent function that
contributes to the formation of clathrin-coated vesicles (Randazzo and
Hirsch, 2004; Spang et al., 2010; Kahn, 2011; Kon et al., 2011).

There are 31 Arf GAP family proteins, and SMAP1 and SMAP2
constitute a small subgroup. SMAPs harbor a clathrin-binding motif
and a domain capable of binding to the clathrin assembly protein
(CALM; Tanabe et al., 2005, 2006; Natsume et al., 2006). Because of
these characteristics, SMAP may exert unique functions in the for-
mation of clathrin-coated vesicles that are not seen in the other Arf
GAPs. For example, SMAP1 functions as an Arfé-specific GAP in the
endocytosis of the transferrin receptor and is also involved in sorting
of endocytosed c-Kit from multivesicular bodies to lysosomes
(Tanabe et al., 2005; Kon et al., 2008, 2013). SMAP2 exhibits a simi-
lar extent of GAP activity for both Arf1 and Arf6é in vitro. SMAP2
most likely behaves as an Arf1-preferring GAP in cells, however,
since the introduction of a GAP-negative mutant of SMAP2 renders
cells resistant to brefeldin A, an inhibitor of Arf1 guanine nucleotide
exchanging factor (GEF) but not Arf6 GEF (Natsume et al., 2006).
Moreover, SMAP2 is localized on early endosomes and the trans-
Golgi network (TGN) and appears to function in the early endo-
some-to-TGN transport of TGN46/38 and in the TGN-to—-plasma
membrane transport of the vesicular stomatitis virus G protein
(Natsume et al., 2006; Funaki et al., 2011). Furthermore, SMAP2 can
compensate for the lack of SMAP1 in endocytosis of the transferrin
receptor (Kon et al., 2013). Therefore SMAP2 may play multiple
roles in various intracellular trafficking pathways.

All of the foregoing findings regarding SMAP1 and SMAP2 were
obtained using cell cultures in vitro (Tanabe et al., 2005; Natsume
et al., 2006; Kon et al., 2008; Funaki et al., 2011). Recently we re-
ported that SMAP1-targeted cells have defects in the trafficking of
the transferrin receptor as well as c-Kit, and targeted mice are pre-
disposed to develop myelodysplastic syndrome and, eventually,
acute myeloid leukemia (Kon et al., 2013). These results demon-
strate a possible link between the dysregulated endocytosis in cells
and oncogenesis. The TGN functions as a hub organelle in exocyto-
sis by sorting either secreted molecules to the cell membrane or
hydrolytic enzymes to lysosomes (Bonifacino and Rojas, 2006). How
the functions of tissues/organs would be impaired if the TGN ma-
chinery is disrupted is unclear. In this study, to examine the physio-
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logical roles of SMAP2 in vivo with respect to TGN transport, we
targeted SMAP2 and found that SMAP2-deficient male mice were
infertile and exhibited globozoospermia. Vesicle budding from the
TGN, as well as acrosome formation, was disorganized in SMAP2-
deficient spermatogenesis.

RESULTS

Generation of SMAP2-deficient mice

We generated SMAP2-deficient mice using a gene-targeting
method. A SMAP2-targeting construct was designed to replace the
Met-containing exon 1 of SMAP2 with LacZ and neomycin-resis-
tance (neo') gene sequences (Figure 1A). Homologous recombina-
tion should give rise to a protein consisting of the amino-terminal 12
amino acids of SMAP2 fused in-frame with LacZ. We obtained two
independent founder mice possessing the germline-transmitted,
targeted SMAP2 allele. Because essentially similar results were ob-
tained for both lines of mice, representative results from one of the
lines are described here. To generate SMAP2(—/-) mice, SMAP2(+/-)
F1 mice were mated, and the F2 offspring were genotyped by
Southern blot and PCR analysis (Figure 1B). SMAP2(+/-) and (-/-)
mice were present in the expected Mendelian ratios.

SMAP2 expression was examined in tissues of wild-type mice by
Northern blot analyses (Figure 1C). Two transcripts, 2.9 and 1.3 kb,
which contain the same open reading frame but differ in their 3’-un-
translated regions, were detected in the tissues examined (Figure
1C, top). Because the major phenotype of SMAP2(—/-) mice was
defective spermatogenesis, as described later, SMAP2 expression
at various stages of spermatogenesis was examined using wild-type
testicular cells. SMAP2 transcripts were detected in pachytene sper-
matocytes to the round spermatid stages (Figure 1C, bottom). Im-
munoblot analyses using lysates from brain and testis detected
SMAP?2 at 47 kDa in the wild-type tissue but not in the SMAP2(-/-)
tissue (Figure 1D). This result verified the SMAP2 deficiency in the
SMAP2-targeted mice.

Infertility and globozoospermia seen in SMAP2-targeted
male mice

SMAP2(-/-) mice grew to adulthood and were apparently healthy,
but mating outcomes were not normal. When we conducted cross-
breeding experiments using SMAP2(—/-) mice (Table 1), we found
thatfemale SMAP2(—/-) mice were fertile when mated to SMAP2(+/-)
male mice. Male SMAP2(-/-) mice, however, were infertile regard-
less of the SMAP2 genotype of the female. Thus male infertility was
detected as a phenotype of SMAP2-targeted mice.

Epididymides of SMAP2(~/-) male mice were examined, and the
numbers of sperm present in the epididymides were similar in
SMAP2(+/-) and (~/-) mice (Table 2). When epididymal sperm were
observed by differential interference contrast (DIC) microscopy
(Figure 2A), however, a normal hook-shaped head was observed for
the SMAP2(+/+) sperm, whereas a cylindrical or round head was
observed for the SMAP2(—/-) sperm. The percentages of sperm
possessing hook-shaped and round heads were quantified (Table 2).
A majority of SMAP2(+/-) sperm possessed the hook-shaped head
(94%), whereas most SMAP2(—/-) sperm were round headed (79%).
Thus the morphology of SMAP2(—/-) sperm is typical of globozoo-
spermia (Dam et al., 2007).

Testes were sectioned, stained with hematoxylin—eosin, and ex-
amined by light microscopy (Figure 2B). In the seminiferous tubules
of SMAP2(+/+) testes, many elongated spermatids possessing
hook-shaped heads were detected. By contrast, most spermatids in
the seminiferous tubules from SMAP2(-/-) testes possessed round
heads. Similar observations were obtained for epididymal sperm
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with MitoRed (Figure 2D). In wild-type
sperm, mitochondria were aligned along
the axoneme, whereas in SMAP2-deficient
sperm, some mitochondria had not moved

Wild-type :
to the axoneme but remained near the nu-

allele

cleus. Moreover, localization of sp56, a
marker for acrosome formation, was very ir-
regular or absent in SMAP2(-/-) sperm
(Figure 2D). Thus the morphology of

Targeting vector:

SMAP2(-/-) sperm indeed corresponds to
globozoospermia in humans.

In mouse sperm, energy necessary for
sperm motility is supplied from mitochon-
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FIGURE 1: Targeting and expression of SMAP2. (A) Schematic diagram of the SMAP2 gene. The
3'-terminal half of exon 1 in the wild-type allele was replaced by the LacZ gene in the targeted
allele. Neo represents the neomycin-resistance gene used as a positive selection marker, and
DT-A represents the diphtheria toxin A subunit gene. The probe for Southern blot analysis and
the PCR primers used for genotyping are indicated by the rectangle and arrows, respectively.

(B) Southern blot (top) and PCR (bottom) analyses of genomic DNAs that were prepared from
SMAP2(+/+), (+/-), and (-/-) mouse tail snips. For the Southern blot, DNA was digested by
EcoRl and hybridized by the probe shown in A. For PCR, 290- and 490-base pair bands were
amplified from the targeted and wild-type alleles, respectively. (C) Northern blot analysis of RNA
prepared from the indicated tissues of wild-type mice (top). Bottom, germ cells from the testes

Brain
SMAP2 (+(+) (-{;) (+/+) (7/')7

drial respiration according to some reports
(Narisawa et al., 2002; Ford, 2006) or from
anaerobic glycolysis according to others
(Miki et al., 2004; Mukai and Okuno, 2004;
Mukai and Travis, 2012). Structural changes
in the mid piece, which contains the mito-
chondria, are closely associated with sperm
motility (Wilton et al., 1992; Mundy et al.,
1995; Piomboni et al., 2012). In addition to
proper motility, the acrosome reaction is
also required for successful fertilization. With
this background in mind, we examined the
motility and fertilizing capacity of SMAP2(—/-)
sperm in vitro. Measurements of various
motility parameters revealed that the motil-
ity of SMAP2(-/-) sperm was significantly
(p < 0.05) reduced compared with that of
SMAP2(+/-) sperm (Supplemental Table S1).
The decreases included percentage of mo-
tile sperm, average path velocity, straight-
line velocity, curvilinear velocity, amplitude
of lateral head displacement, and beat fre-

Targeted
allele

Testis

m Anti quency. In vitro fertilization by SMAP2(—/-)
490 nt- ¥ ~ sperm was evaluated using wild-type oo-
SMAP2 s cytes (Supplemental Table S2). The percent-

age of two-cell embryos derived from
SMAP2(-/-) sperm was 3.9%, whereas the
fertilization rate by SMAP2(+/-) sperm was
38%. When intracytoplasmic sperm injec-
tion experiments were performed (Supple-
mental Table S3), however, pups were pro-
duced at similar levels by the SMAP2(-/-)
and (+/-) sperm (59 and 58%, respectively).
Taken together, these results indicate that
SMAP2(-/-) sperm possess a developmen-
tally competent haploid genome but are
defective in motility and ability to penetrate
the oocyte.

were fractionated into the indicated stages and their RNA processed for Northern blot analysis.

The 2.9- and 1.3-kb bands represent SMAP2 transcripts. (D) Immunoblot analysis of SMAP2.
Protein lysates were prepared from brain and testis of SMAP2(+/+) and (-/-) mice and
immunoblotted with an anti-SMAP2 antibody. 3-Actin was used as a loading control.

(Figure 2C). Therefore the globozoospermia seen in epididymal
sperm was most likely due to defects in spermatogenesis.

In humans, globozoospermia is characterized by abnormal align-
ment of mitochondria along the axoneme and malformation and/or
lack of an acrosome (Suzuki-Toyota et al., 2004). The distribution
pattern of mitochondria in sperm was examined by staining cells
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Globozoospermia is intrinsic

to SMAP2-targeted germ cells

SMAP2 transcripts were detected by North-
ern blot analyses in testes of SI/Sld mice de-
void of germ cells (data not shown). Because interactions between
germ cells and somatic supporting cells are necessary for proper
spermatogenesis, the impaired head formation in SMAP2(—/-)
sperm could be caused by defects in the supporting cells. To exam-
ine this possibility, we conducted spermatogonial stem cell trans-
plantations. Germ stem cells were prepared from SMAP2(-/-) testes
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SMAP2 genotype Number of Average number of
Male Female mating trial litters per mating
/=) (/=) 4 0

(~/-) (+/+) 11 0

(+/-) (~/-) 4 4

(+/+) (+/+) 4 4

TABLE 1: SMAP2 genotype and fertility.

and injected into the seminiferous tubules of testes of W/W" mice
that lack germ cells. Three months later, differentiated spermatids
were readily detected, but most exhibited the same defective round
heads (Supplemental Figure S1, left). In a reciprocal transplantation
experiment, germ stem cells were prepared from the testes of
PCXN-EGFP transgenic mice and implanted into the seminiferous
tubules of busulfan-treated SMAP2(—/-) animals whose testes lack
germ cells. Spermatids from these transplantations possessed hook-
shaped heads and appeared properly differentiated (Supplemental
Figure S1, right). These results suggest that the defects causing
globozoospermia are likely intrinsic to the SMAP2-targeted germ
cells and not the supporting cells.

Stage-dependent expression and localization of SMAP2

at the TGN during spermatogenesis

SMAP2 expression during spermatogenesis was examined by im-
munofluorescence using a testicular cell suspension that was spun
down onto microscope slides (Figure 3A). 4’,6-Diamidino-2-phe-
nylindole (DAPI) staining showed the nuclear morphology, as well as
chromatin condensation, whereas YH2AX staining detected sites of
DNA double-strand breaks. Combined use of DAPI and yH2AX al-
lowed the identification of the stages of spermatogenesis (Xu, 2003;
Figure 3A). SMAP2 expression was not detected in spermatogonia
or in leptotene spermatocytes but could first be detected in the
cytoplasm of zygotene spermatocytes as multiple punctae. In
pachytene spermatocytes and round spermatids, SMAP2 fluores-
cence appeared not only as multiple punctae but also in a single,
large focus. SMAP2 fluorescence was absent in elongated sperma-
tids and sperm. Thus SMAP2 expression was stage dependent. Im-
munofluorescence localization of SMAP2 is consistent with the de-
tection by Northern blot (Figure 1C).

We previously reported that SMAP2 was distributed on early en-
dosomes (as multiple punctae) and on the TGN (as a single large
focus) in tissue culture cells (Natsume et al., 2006; Funaki et al., 2011).
Therefore we examined whether SMAP2 is similarly localized in sper-
matogenesis. Double-labeling immunofluorescence was performed
on pachytene spermatocytes and round spermatids (Figure 3B). In
the single large focus of SMAP2 staining, fluorescence from SMAP2
overlapped with that from TGN38, syntaxiné, and clathrin. Pearson’s
r was significant (r > 0.5) for each combination. In tissue culture
cells, clathrin is located on various organelles but is particularly
concentrated on the TGN (Huang et al., 2007; Burgess et al., 2011);

TGN38 and syntaxiné are TGN markers (Humphrey et al., 1993; Bock
etal., 1997; Roqueta-Rivera et al., 2011). Therefore the single, large,
focus-like structure seen in germ cells most likely represents the
TGN, and SMAP2 appears to be densely localized there. By contrast,
GM130 is a marker of the cis-Golgi (Nakamura et al., 1995), and fluo-
rescence from SMAP2 and GM130 did not colocalize (r < 0.5).
Furthermore, GM130 was located relatively far from the nucleus,
whereas SMAP2 was relatively nearer to the nucleus, and this relative
localization of SMAP2/TGN and GM130/cis-Golgi is in good accord
with the known spatial orientation of the Golgi apparatus during
spermiogenesis. Namely, rotation of the Golgi relocates the cis-Golgi
and TGN so that they are oriented toward the cell surface and
nucleus, respectively (Hermo et al., 1980).

Aberrant acrosome formation in SMAP2-targeted
spermiogenesis

We examined the relationship between SMAP2 residing on the
TGN and acrosome formation. Acrosome formation occurs in the
round and elongated spermatid stages and is divided into the fol-
lowing four phases: a Golgi phase, a cap phase, an acrosome phase,
and a maturation phase (Figure 4A). Each phase is characterized by
distinct staining patterns of the acrosomal component sp56 (Kim
et al., 2001). SMAP2 fluorescence at the TGN was detected in the
Golgi and cap phases, and sp56 fluorescence was detected near
the nucleus, whereas SMAP2 fluorescence was relatively distant
from the nucleus. SMAP2 and sp56 fluorescence did not overlap.
This relative localization is consistent with the known spatial orienta-
tion of the TGN and the acrosome. SMAP2 fluorescence was not
detected in the acrosome and maturation phases. Therefore TGN-
associated SMAP2 was detected in the early phases of acrosome
formation when acrosomal components are synthesized. The disap-
pearance of SMAP2 probably reflects the shedding of the TGN and
other organelles during spermiogenesis (Susi et al., 1971).

Many SMAP2(—/-) sperm exhibited globozoospermia, which is
closely associated with aberrant acrosome formation (Holstein et al.,
1973; Ito et al., 2004; Lin et al., 2007; Roqueta-Rivera et al., 2011).
Therefore we examined acrosome formation during SMAP2(-/-)
spermiogenesis using sp56 as a marker (Figure 4B). Various mor-
phological abnormalities were evident in round and elongated sper-
matids. In Figure 4B, |, sp56 was not concentrated or fused into one
focus but was distributed as multiple discrete spots along the nu-
cleus; sp56 did not form a distinct cap over the nucleus and ap-
peared to consist of a thick aggregate of multiple punctae (Figure
4B, 1l). The acrosome did not form the typical crescent but was ir-
regular in shape (Figure 4B, Ill) and often remained separated into
discrete foci (Figure 4B, IV). Therefore the SMAP2 deficiency clearly
perturbs acrosome formation. At the light microscopic level, the ma-
jor perturbation appears to be abnormal fusion of the vesicles carry-
ing the acrosomal components.

To correlate the abnormalities in the acrosome to the phases of
acrosome formation, we frozen sectioned testis tissues and stained
them with peanut agglutinin (PNA), a lectin that reacts with polysac-
charides in the acrosome. Supplemental Figure S2A shows the Golgi

SMAP2 Number of mice Number of sperm in Number of sperm Hook-shaped Cylindrical or round
genotype examined epididymis (x107) examined per mouse head (%) head (%)

(/=) 7 3.27 £0.68 57 21+£16 79+16

(+/-) 4 3.27 £0.57 60 94+6.8 6+6.8

p - - - 1E-05 1E-05

TABLE 2: Number of sperm and their morphology.
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present between the TGN and nuclear
membrane. By contrast, in SMAP2-targeted
spermatids (Figure 5A, ll), proacrosomal
vesicles were present but were not uniform
in size and appeared to be larger than those
in wild-type cells. In other SMAP2-targeted
spermatids (Figure 5A, lll), the lamellar
structure of the TGN formed loose whorls.
These observations suggest that there are
abnormalities in the budding of vesicles
from the TGN in SMAP2-targeted cells.

To evaluate the foregoing observations
more quantitatively, we measured the diam-
eter of proacrosomal vesicles on the TEM
sections. Approximately 20 vesicles per cell
and a total of 15 cells were measured for
each genotype. Figure 5B (also see Supple-
mental Figure S3) shows the range of
proacrosomal vesicle sizes and confirms that
the SMAP2-targeted cells tended to pro-
duce larger-diameter vesicles than do wild-
type cells. Therefore abnormal acrosome
formation in SMAP2-targeted cells appears
to involve budding of proacrosomal vesicles
from the TGN.

Formation of the acrosome from
proacrosomal vesicles is disrupted

in SMAP2-targeted spermiogenesis
The later phases of acrosome formation

\ 4

D SMAP2(+/+) SMAP2(-/-)

Sp56/DAPI/Mitored

FIGURE 2: Morphology of sperm and spermatids in the epididymis and testis. (A) Sperm were
collected from the epididymis of SMAP2(+/+) and (-/-) mice and observed using DIC
microscopy. (B, C) Testis and epididymis specimens from SMAP2(+/+) and (-/-) mice were
sectioned, stained with hematoxylin—eosin, and viewed using a light microscope. (D) Sperm from
SMAP2(+/+) and (—/-) mice were stained with anti-sp56, DAPI, and MitoRed. Bars, 5 pm (A, D),

50 ym (B, C).

through the maturation phase in SMAP2(+/+) and (—/-) seminiferous
tubules, and confirms the aberrant acrosome formation in
SMAP2(—/-) cells. Periodic acid-Schiff stain (PAS) staining also re-
vealed the presence of normal-shaped acrosomes in the elongated
spermatids from the wild-type but not SMAP2(~/-) seminiferous tu-
bules (Supplemental Figure S2B).

Formation of proacrosomal vesicles from the TGN

is disrupted in SMAP2-targeted spermiogenesis

Acrosome formation is initiated by the budding of proacrosomal
vesicles from the TGN. To examine possible abnormalities in this
step, we processed testes sections for analysis by transmission elec-
tron microscopy (TEM; Figure 5A). In the Golgi phase of acrosome
formation, wild-type spermatids (Figure 5A, |) possess an umbrella-
shaped TGN, and multiple proacrosomal vesicles of uniform size are

Volume 24 September 1, 2013

were examined by TEM (Figure é). In the
cap phase in wild-type cells (Figure 6, ),
proacrosomal vesicles that had budded from
the TGN fused with each other and formed a
large acrosome (Ac) located at the acroplax-
ome (Apx), a unique substructure composed
of keratin and actin that serves as a site for
anchoring the acrosome to the nuclear mem-
brane (Kierszenbaum et al., 2003). By con-
trast, in a cap-phase SMAP2-targeted cell
(Figure 6, 1l), acrosomes of intermediate size
were formed but never fused to form one
large acrosome and remained as multiple
pseudoacrosomes (indicated by the arrows).
These pseudoacrosomes attached to multi-
ple sites on the nuclear envelope. In another
SMAP2-targeted cell (Figure 6, lll), one
acrosome appeared to be formed but was greatly enlarged in size
(the TGN was also disorganized and partly distended; arrows). These
observations indicate that acrosome formation from proacrosomal
vesicles in SMAP2-deficient cells is disrupted, even though the
acroplaxome structures are well organized on the nuclear lamina.
Therefore it is unlikely that a defect in the acroplaxome caused the
aberrant acrosome formation.

Secondary abnormalities in spermiogenesis in
SMAP2-deficient cells

In the acrosome phase in wild-type cells (Figure 6, IV), the acrosome
was detected as a long and continuous layer along the nuclear
membrane. In the enlargement of marginal rings (arrowhead), ecto-
plasmic specializations (two white arrows) derived from Sertoli cells
cover the surface of the acrosome. A manchette structure is also

Acrosomal defects in SMAP2 deficiency | 2637
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from the epididymis, the shedding of cyto-
plasmic content appeared to be incomplete,
since many mitochondria were detected
near the nucleus (Figure 6, XI). These altera-
tions in the acrosome and maturation phases
in SMAP2-deficient sperm may be second-
ary events that result from the defects in
proacrosomal vesicle budding and acrosome
formation.

Molecules involved in the formation

of proacrosomal vesicles

The proacrosomal vesicles budding from
the TGN in SMAP2(-/-) spermatids had
larger diameters than those in the wild-type
cells (Figure 5). CALM is a protein that af-
fects the size of clathrin-coated vesicles,
since vesicles become enlarged in cells lack-
ing CALM/AP180 (Zhang et al., 1998; Nonet
etal., 1999; Meyerholz et al., 2005). In addi-
tion, we previously reported a physical as-

sociation between SMAP2 and CALM

Merged

(Natsume et al., 2006). Therefore, to explore
a possible link between SMAP2 and the
vesicle size, we performed double immuno-
fluorescence of SMAP2 and CALM using a
germ cell suspension (Figure 7A). In wild-

Y type spermatocytes and round spermatids,

r=0.848+0.068

SMAP2 was concentrated at the TGN, as
described earlier, whereas CALM fluores-
cence was detected diffusely in the cyto-
plasm but also colocalized with SMAP2. In
the SMAP2(—/-) cells, CALM was no longer
localized to the TGN (the overall amount of
CALM was not affected by SMAP2 defi-
ciency; data not shown). When the wild-type
and SMAP2(-/-) germ cells were mixed at a
1:1 ratio, CALM was colocalized with SMAP2
at the TGN in the wild-type cells but ho-
mogenously distributed in the SMAP2(-/-)

r=0.8270.079
Merged

r=0.470+0.102

vy

r=0.368+0.068

Expression and subcellular location of SMAP2 during spermatogenesis as detected
by immunofluorescence staining. Single-cell suspensions were prepared from seminiferous
tubules of wild-type testes, centrifuged onto glass slides, and fixed. (A) The cells were stained
with anti-SMAP2, anti-yH2AX, and DAPI. Based on the staining pattern of the nuclear YH2AX
and DAPI, differentiation stages were assigned as indicated. (B) The cells were stained as
indicated. Pachytene spermatocytes and round spermatids are shown. Clathrin is the vesicle
marker, TGN38 and syntaxiné are TGN markers, and GM130 is a cis-Golgi marker. Bar, 5 pm.
Values of r (average £SD) represent the Pearson'’s coefficients quantifying the degree of
colocalization between SMAP2 and the various marker proteins. For r > 0.5, colocalization is

cells. Thus mobilization of CALM to the TGN
appears to be dependent on SMAP2.

We also used coimmunoprecipitation to
confirm a physical association between
SMAP2 and CALM (Figure 7B). Lysates were
prepared from wild-type testes and immu-
noprecipitated with an anti-CALM antibody.

significant.

observed (asterisk). In a SMAP2(—/-) cell (Figure 6, V), however, the
ectoplasmic specializations were interrupted (arrow), and the
acrosome appeared swollen near the marginal ring (arrowhead). In
another SMAP2(-/-) cell (Figure 6, VI), a space between the
acrosome and nucleus appeared to be filled with a Sertoli cell pro-
trusion (Sc; arrow).

Finally, in the maturation phase in wild-type cells (Figure 6, VII),
the ectoplasmic specialization (two white arrows) and the manchette
(asterisk) were observed, but in a SMAP2(—/-) cell (Figure 6, VIII), the
nucleus appeared fragmented, the acrosome was dispersed (ar-
rows), and the manchette was located ectopically (asterisk). An in-
vagination of the manchette into the nucleus was observed in an-
other SMAP2(-/-) cell (Figure 6, IX). Finally, in SMAP2(-/-) sperm
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Immunoblotting of the precipitate with an
anti-SMAP2 antibody revealed the presence

of SMAP2, indicating an association between CALM and SMAP2.
An important implication of the observations of acrosome forma-
tion (Figure 6) is that some process in the fusion of proacrosomal
vesicles was impaired in the SMAP2(—/-) cells. Syntaxin2 is a compo-
nent of the soluble N-ethylmaleimide-sensitive factor attachment
protein receptor (SNARE) complex, which serves as the fusion ma-
chinery for proacrosomal vesicles (Rizo and Sudhof, 2002; Roqueta-
Rivera et al., 2011). In Figure 7C, cells were double stained for syn-
taxin2 and sp56. In wild-type spermatocytes, syntaxin2 was
concentrated at foci in the cytoplasm. In round spermatids, syn-
taxin2 was detected adjacent to the sp56 fluorescence. In contrast,
in the SMAP2(—/-) cells, although syntaxin2 was concentrated at foci
during the spermatocyte stage, during the round spermatid stage
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Acrosome formation and SMAP2. (A) Germ cells were
prepared from wild-type testes as in Figure 3 and processed for
immunofluorescence staining as indicated. Each row represents a
stage of acrosome formation (Golgi, cap, acrosome, and maturation
phases). The marker for the acrosomal components is sp56. (B) Germ
cells were prepared from SMAP2(—/-) testes and processed for sp56
staining. See the text for details of observed abnormalities. Bars, 5 pm.

syntaxin2 was irregularly distributed in the cytoplasm and had no
discernible correlation with sp56 fluorescence. This result suggests
that the SNARE complex may not be properly engaged in the fusion
events in SMAP2-deficient germ cells. Syntaxin2 was not detected
in CALM immunoprecipitates of wild-type cells (Figure 7B).

Finally, the relative orientation of syntaxin2 to TGN38 was exam-
ined by double labeling (Figure 7D). In wild-type spermatocytes, fo-
cal fluorescence of syntaxin2 partly overlapped with that of TGN38.
In wild-type round spermatids, syntaxin2 localization was distinct
from TGN38. Of note, syntaxin2 was located closer to the nucleus,
whereas TGN38 was detected further from the nucleus. The observa-
tions are consistent with the scenario that syntaxin2 originates from
the TGN and then moves to the site of proacrosomal vesicle fusion.
Such features were never observed in SMAP2(~/-) spermatids.
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Electron microscopic observations of proacrosomal vesicle
formation at the Golgi phase. (A) Germ cells from SMAP2(+/+) and
(-/-) mice were processed for electron microscopic observations.

C, cis-Golgi network; G, Golgi apparatus; T, trans-Golgi network. Bars,
1 pm. (B) Size distribution of proacrosomal vesicles observed in
SMAP2(+/+) (closed bars) and (-/-) (open bars) germ cells at the Golgi
phase. Using the images shown in A, we measured diameters for each
proacrosomal vesicle. The areas of the vesicles were calculated using
image-processing software and divided by the square of the
magnification. The diameters are presented in relative units. Vesicle
sizes are binned as indicated. See Supplemental Figure S3 for the
detailed size distribution of vesicles.

DISCUSSION
In this study we showed that SMAP2-deficient male mice are infer-
tile. Sperm in the testes and epididymides in these mice exhibit
morphological abnormalities indicative of globozoospermia, a phe-
notype seen also in infertile men. Formation of the acrosome is dis-
rupted in SMAP2-deficient sperm, and several reports suggested
thatdefects in acrosome formation cause globozoospermia (Holstein
et al., 1973; Ito et al., 2004; Lin et al., 2007; Roqueta-Rivera et al.,
2011). Therefore the globozoospermia seen in the SMAP2 defi-
ciency is likely due to defects in acrosome formation.

During spermiogenesis, a large number of proacrosomal vesicles
bud from the TGN, fuse with each other, anchor to the nuclear
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SMAP2(+/+)
Cap phase

SMAP2(-/-) >

FIGURE 6: Electron microscopic observations of acrosome formation and subsequent events in wild-type and SMAP2-
targeted germ cells. Cells at the cap, acrosome, and maturation phases of acrosome formation are shown. Sections of
epididymides are also shown. See the text for the description of structural abnormalities. A, axoneme; Ac, acrosome;
Apx, acroplaxome; G, Golgi apparatus; M, mitochondria; N, nucleus; Sc, Sertoli cell. Arrowheads in IV and V are
marginal rings. Asterisks in IV and VII-IX are manchettes. Double white arrows in IV and VIl are ectoplasmic
specializations derived from Sertoli cells. White arrows indicate pseudoacrosomes (ll), a disorganized TGN structure
(1), interrupted ectoplasmic specializations (V), invagination of a Sertoli cell into the germ cell (VI), and fragmented

acrosomes (VIII). Bars, 1 pm (I-1X), 2 pm (X, XI).

membrane, and eventually form a large organelle known as the
acrosome (Abou-Haila and Tulsiani, 2000; Moreno and Alvarado,
2006). We reported previously that SMAP2 is located on the TGN and
functions in vesicle transport from the TGN in tissue culture cells such
as Hela and Cos7 cells (Funaki et al., 2011). These results suggested
that SMAP2 might be directly involved in the budding of proacrosomal
vesicles from the TGN in spermatogenesis. This hypothesis is sup-
ported by the following observations. 1) SMAP2 protein is detected in
wild-type germ cells and in the pachytene spermatocyte to the round
spermatid stages. Acrosomal proteins are actively synthesized at the
pachytene stage (Anakwe and Gerton, 1990), and enormous amounts
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of proacrosomal vesicles are supplied from the TGN until the round
spermatid stage. Thus the observed pattern of SMAP2 expression
coincides with the period of acrosome formation. 2) In wild-type sper-
matogenic cells, SMAP2 is located exclusively on the TGN. 3) In
SMAP2-deficient germ cells, the TGN tend to lose structural integrity,
appearing as loose whorls, and the diameters of proacrosomal vesi-
cles become significantly larger than in wild-type cells.

The primary alteration in spermiogenesis in SMAP2-deficient
mice was the enlargement of the proacrosomal vesicles, suggest-
ing that this change may ultimately cause the globozoospermic
morphology. In other words, SMAP2 may function to standardize
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Subcellular localization of CALM and syntaxin2 as revealed by immunofluorescence staining.
(A, C, D) SMAP2(+/+) and (-/-) germ cells were prepared as in Figure 3 and stained with anti-SMAP2, anti-CALM,
anti-syntaxin2, anti-sp56, anti-TGN38, and DAPI, as indicated. The 1:1 mix is a mixed sample of SMAP2(+/+) and (—/-)
cells. Pachytene spermatocytes and round spermatids are shown. Bar, 5 pm. (B) Immunoprecipitation of CALM. Lysates
prepared from wild-type testes were immunoprecipitated with an anti-CALM antibody, and the precipitates were

blotted with anti-CALM, anti-SMAP2, or anti-syntaxin2, as indicated.

the size of TGN-derived vesicles. Thus a principal issue is how
SMAP2 might function to regulate vesicle size during vesicle
formation. CALM and its homologue, AP180, control the size of
clathrin-coated vesicles. When CALM/AP180 is abolished, vesi-
cles become enlarged (Zhang et al., 1998; Nonet et al., 1999;
Meyerholz et al., 2005), similar to the effects of SMAP2 deficiency.
We reported previously that SMAP2 binds to CALM directly
(Natsume et al., 2006). One possible scenario for SMAP2 defi-
ciency is that CALM is not recruited to the site of vesicle forma-
tion, thus causing the vesicle size to be unregulated. Consistent
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with this hypothesis, CALM is detected at the TGN in wild-type
but not in SMAP2(-/-) cells.

In addition to the morphological abnormalities, SMAP2(—/-)
proacrosomal vesicles may have other functional defects. Vesicle-
associated membrane proteins (VAMPs) are components of the
SNARE complex, and CALM can function to recruit some VAMPs to
clathrin-coated vesicles through physical association with the VAMPs
(Harel et al., 2008; Koo et al., 2011; Miller et al., 2011). Therefore
recruitment of SNARE complex components may be defective in
SMAP2-deficient proacrosomal vesicles, since CALM was not
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concentrated at the TGN. Although the association of CALM and
syntaxin2 was not detected in lysates of wild-type cells, we did
observe a rather irregular localization of syntaxin2 in SMAP2(-/-) cells.
Such alterations in the composition of proacrosomal vesicles might
be related to the apparent defect in fusion of proacrosomal vesicles
into an acrosomal structure that resulted in the generation of non-
fused, segmented acrosomes. The present study therefore suggests
a scenario in which the budding and fusion of proacrosomal vesicles
are linked by the recruitment of specific proteins to the vesicles.

Malformation of the acrosome causes secondary effects on the
manchette (Kierszenbaum et al., 2004; Pierre et al., 2012). In particu-
lar, the manchette cannot be localized to the perinuclear ring; thus
the manchette-acrosome connection becomes disorganized, and
spermatid-Sertoli cell adhesion is perturbed (Kierszenbaum et al.,
2007). In SMAP2-deficient spermatids, the manchette was some-
times mislocalized, and the ectoplasmic specializations from the
Sertoli cells were not formed properly, or the anchoring of
the acrosome to the nucleus appeared weak, thus allowing invagi-
nation of the Sertoli cells into the spermatid. Thus, in SMAP2-
deficient spermatogenesis, both primary defects in proacrosomal
vesicle formation and secondary defects in manchette attachment
likely contribute to the abnormal globozoospermic morphology (Ki-
erszenbaum and Tres, 2004; Kierszenbaum et al., 2011; Fujihara
etal., 2012).

Endocytosis of cell membrane proteins also contributes to the
formation of the acrosome (Moreno and Alvarado, 2006; Berruti
et al., 2010; Rainey et al., 2010; Paiardi et al., 2011). Our previous
study using cell lines showed that SMAP2 is located on early endo-
somes (Natsume et al., 2006). Therefore we cannot exclude the
possibility that some defects in retrograde traffic from early endo-
somes to the TGN might also be involved in the genesis of the
globozospermia seen in SMAP2(—/-) mice.

There are several mouse models reported to exhibit abnormali-
ties in proacrosomal vesicle formation from the TGN. In gene-tar-
geted mice with knockouts of HIV-Rev-binding protein (Hrb), Golgi-
associated PDZ and coiled-coil motif-containing protein (GOPC),
Hook homologue 1 (Hook1), or protein interacting with C kinase 1
(Pick1), acrosome formation is defective. All of these molecules are
involved in the transport of proacrosomal vesicles from the TGN
(Kang-Decker et al., 2001; Yao et al., 2002; Moreno et al., 2006; Xiao
et al., 2009; Kierszenbaum et al., 2011). Among these knockouts,
Hrb belongs to an Arf GAP family, as does SMAP2. Hrb-deficient
male mice exhibit globozoospermia, but the details of the pheno-
type appear distinct from SMAP2-deficient spermatogenesis. In
Hrb-deficient mice, the number of mature sperm is extremely low,
some sperm possess multiple nuclei due to a defect in meiosis, and
other sperm possess multiple flagella due to an increased number
of centrioles (Juneja and van Deursen, 2005). These features were
not observed in SMAP2-deficient spermiogenesis. Furthermore,
Hrb plays a role distinct from SMAP2, in that the Hrb protein is lo-
cated on the cytoplasmic side of the proacrosomal vesicles and
functions in their fusion. Thus, although both SMAP2 and Hrb are
Arf GAPs and their deficiencies cause globozoospermia, the two
proteins appear to exert nonoverlapping, unique functions during
spermatogenesis.

MATERIALS AND METHODS

Generation of SMAP2-targeted mice

A lambda phage clone encompassing exon 1 of SMAP2, which con-
tains the methionine start codon, was isolated from a 129/SvJ ge-
nomic library (Stratagene, Santa Clara, CA). A targeting vector was
constructed in which a fragment containing the LacZ and PGK-neof
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sequences was inserted into the Kpnl site of exon 1, and a diphtheria
toxin-A—encoding fragment was ligated at the 5" end. The vector
was linearized by Notl digestion and electroporated into E14 ES
cells. Of 610 G418-resistant clones, five were judged to have under-
gone proper homologous recombination based on PCR and South-
ern blot analysis of genomic DNA. Procedures for PCR and South-
ern blotting were as previously described (Wong et al., 2010). Cells
with a normal karyotype were selected using a Colcemid treatment
method. Three ES cell clones were injected into blastocysts, and the
chimeric males that were produced were mated with C57BL/6J fe-
male mice. Finally, two lines of SMAP2(+/-) founder mice were es-
tablished that possessed the SMAP2-targeted allele in the germline.
PCR primers used for genotyping were as follows. To detect the
wild-type allele, the forward and reverse primers were 5’-CACTCG-
GGGTCAAGTGTGCG-3" and 5-CCAGAACCCCCTCCCCACTC-3,
respectively. To detect the targeted allele, the forward and reverse
primerswere 5-CGCCTTCTATCGCCTTCTTGACG-3"and5-CTTTC-
CGCCTCAGAAGCCATAGAG-3', respectively.

In vitro fertilization and intracytoplasmic sperm injection

For in vitro fertilization, mature oocytes were collected from oviducts
of B6D2F1 female mice that had been superovulated by the injec-
tion of 5 IU each of equine and human chorionic gonadotrophin.
Sperm were collected from the epididymides of SMAP2(+/-) or (/=)
male mice. In each experiment, oocytes from two females were in-
cubated with sperm from one male at a concentration of 200 sperm/
pl. Fertilization was confirmed by development to the two-cell stage
by 24 h after insemination.

For intracytoplasmic sperm injection, germ cells were collected
from seminiferous tubules of SMAP2(+/-) or (-/-) testes. Elongated
spermatids that were at differentiation steps 9-11 were picked up
and injected into oocytes using a piezo-driven micromanipulator
(PrimeTech, Tsuchiura, Japan). Oocytes that survived injection
were cultured in a potassium simplex optimized medium, and
those that developed to the two-cell stage were transplanted into
oviducts of pseudopregnant ICR female mice. The offspring were
counted at full term, namely, on day 19.5, by caesarian section or
after natural delivery.

Transplantation of spermatogonial stem cells

Four-week-old WBB6F1-W/W" mice that were devoid of spermato-
genic cells were purchased from Japan SLC (Hamamatsu, Japan) and
used as recipient animals. Spermatogonial stem cells were prepared
from SMAP2(—/-) testes by a two-step enzymatic digestion technique
as described previously (Ogawa et al., 1997). A volume of 10 pl of
spermatogenic cells, (2-3) x 107 cells/ml, was introduced into the
seminiferous tubules of the WBB&F1-W/W" mouse testis. As a control
experiment, spermatogonial stem cells of SMAP2(+/+) mice were
transplanted into SMAP2(—/-) mice. For recipient preparation, busul-
fan (44 mg/kg body weight) was injected intraperitoneally into 3-wk-
old SMAP2(—/-) male mice. After 6 wk, the busulfan-treated testes
were devoid of endogenous spermatogenesis. Spermatogonial stem
cells were prepared from the testes of pCXN-EGFP transgenic,
SMAP2(+/+) male mice (Okabe et al., 1997) and introduced into the
seminiferous tubules of the busulfan-treated SMAP2(—/-) mice.

At 3 mo posttransplantation, mice were killed and testes were
removed. The seminiferous tubules were dissected out of the testes,
and sperm released from the tubules was observed with an Olym-
pus BX50 microscope (Olympus, Tokyo, Japan) using DIC optics.
The tubules were transferred into a fixative containing 2.5% (wt/vol)
glutaraldehyde in 0.1 M phosphate buffer, pH 7.4, and processed
for microscopic observation.
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Histology and immunofluorescence detection

Testes were fixed in Bouin’s solution, embedded in paraffin, and
sectioned. Deparaffinized sections were stained with hematoxylin
and eosin, toluidine blue, or PAS, according to standard proce-
dures. Some testes were fixed in 4% (wt/vol) paraformaldehyde in
phosphate-buffered saline (PBS), immersed in 20% (wt/vol) sucrose
in PBS, frozen in an optimal cutting temperature compound, cry-
ostat sectioned, and processed for immunofluorescence. For some
samples, germ cells were liberated as single-cell suspensions from
testes or epididymides, centrifuged onto slide glasses, fixed, and
processed for immunofluorescence. The following antibodies were
used: anti-SMAP2 (Sigma-Aldrich, St. Louis, MO), anti-yH2AX
(Trevigen, Gaithersburg, MD), anti-TGN38 (AbD Serotec, Raleigh,
NC), anti—clathrin heavy chain (Affinity BioReagents, Golden, CO),
anti-syntaxiné (BD Transduction Labs, Lexington, KY), anti-GM130
(BD Transduction Labs), anti-sp56 (QED Bioscience, San Diego,
CA), anti-syntaxin2 (Abcam, Cambridge, MA), anti-CALM (Santa
Cruz Biotechnology, Santa Cruz, CA), and appropriate fluorophore-
conjugated secondary antibodies. Rhodamine-conjugated PNA
and MitoRed were obtained from Vector Laboratories (Burlingame,
CA) and Dojindo (Rockville, MD), respectively. Fluorescence was
observed using a BZ9000 fluorescence microscope (Keyence,
Osaka, Japan). The Pearson’s r quantifying the colocalization be-
tween images was calculated using the JACoP plug-in in ImageJ
(National Institutes of Health, Bethesda, MD).

Electron microscopic observations

Mice were killed and perfused with a fixative containing
2.5% (wt/vol) glutaraldehyde in 0.1 M phosphate buffer, pH 7.4.
Testes and epididymides were removed and treated with the same
fixative at 4°C overnight. Tissues were cut into small pieces, rinsed,
and postfixed in 1% (wt/vol) OsOy in distilled water for 1 h. The
samples were dehydrated using increasing concentrations of etha-
nol and embedded in Epon 812. The plastic-embedded tissues
were sectioned using an ultramicrotome (model Ultracut E; Reihert-
Jung, Vienna, Austria) and stained with uranyl acetate and lead
citrate. The samples were observed using a JEOL 1200 EX trans-
mission electron microscope (JEOL, Tokyo, Japan).

Northern blot, immunoblot, and immunoprecipitation
analyses
RNA was isolated from cells/tissues of C57BL/6J mice using TRIzol
(Life Technologies, Carlsbad, CA). When necessary, germ cells from
testes were fractionated into various differentiation stages by cen-
trifugal elutriation (Barchi et al., 2009). For Northern blots, 10 pg of
total RNA was separated in a 1% (wt/vol) formaldehyde/agarose gel
and transferred to a Hybond membrane (Amersham, Piscataway,
NJ), according to the manufacturer’s instructions. The filter was hy-
bridized with a radiolabeled Sphl fragment of SMAP2 cDNA.
Protein lysates of cells/tissues were prepared with a Polytron ho-
mogenizer using a buffer containing 9 M urea, 2% (vol/vol) Triton
X-100, and 1% (wt/vol) dithiothreitol. The lysates were centrifuged
at 13,000 rpm for 15 min, and the supernatant was collected. Lith-
ium dodecyl sulfate was added to a final concentration of 2% (wt/
vol), and the solution was sonicated. The protein concentration was
determined using a Bio-Rad (Hercules, CA) protein assay kit. Protein
samples (20 pg) were separated on an 8% SDS-PAGE gel and elec-
trotransferred to a polyvinylidene fluoride membrane (Millipore,
Billerica, MA). Immunoblotting was performed using anti-B actin
(Sigma-Aldrich), anti-SMAP2, anti-CALM, or anti-syntaxin2 antibod-
ies and an ECL reagent (Amersham). Some lysates were first immu-
noprecipitated, as described previously (Natsume et al., 2006), and
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the precipitates were then blotted using one of the antibodies
described.

Statistical analyses

Statistical significance was evaluated using a two-tailed Student's
t test, and differences of p < 0.05 were considered statistically
significant.
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