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FAM71F1 binds to RAB2A and RAB2B and is essential for
acrosome formation and male fertility in mice
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ABSTRACT

The acrosome is a cap-shaped, Golgi-derived membranous
organelle that is located over the anterior of the sperm nucleus and
highly conserved throughout evolution. Although morphological
changes during acrosome biogenesis in spermatogenesis have
been well described, the molecular mechanism underlying this
process is still largely unknown. Family with sequence similarity 71,
member F1 and F2 (FAM71F1 and FAM71F2) are testis-enriched
proteins that contain a RAB2B-binding domain, a small GTPase
involved in vesicle transport and membrane ftrafficking. Here, by
generating mutant mice for each gene, we found that Fam71f1 is
essential for male fertility. In Fam71f1-mutant mice, the acrosome
was abnormally expanded at the round spermatid stage, likely
because of enhanced vesicle trafficking. Mass spectrometry analysis
after immunoprecipitation indicated that, in testes, FAM71F1 binds
not only RAB2B, but also RAB2A. Further study suggested that
FAM71F1 binds to the GTP-bound active form of RAB2A/B, but not
the inactive form. These results indicate that a complex of FAM71F1
and active RAB2A/B suppresses excessive vesicle trafficking during
acrosome formation.

KEY WORDS: Acrosome, Spermatogenesis, Globozoospermia,
Mouse

INTRODUCTION

Spermatozoa have a unique morphology specialized for
fertilization, which is produced in the seminiferous tubules
through a well-organized process called spermatogenesis (Jan
et al., 2012). During mammalian spermatogenesis, diploid
spermatogonia undergo mitosis and produce spermatocytes,
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which go through meiosis to become haploid round spermatids.
These spermatids then undergo a morphological transformation,
called spermiogenesis, which includes acrosome formation, nuclear
elongation and tail formation, to form the mature spermatozoa.

The acrosome is a highly specialized membrane organelle that
covers the anterior of the sperm nucleus and is often regarded as a
‘specially modified lysosome’ or ‘lysosome-related organelle’
because it contains numerous acid hydrolytic enzymes (Berruti
and Paiardi, 2011; Khawar et al., 2019; Moreno and Alvarado,
2006). Spermatozoa need to undergo an exocytotic event, called the
acrosome reaction, before fusing with eggs (Buffone et al., 2008).
During the acrosome reaction, hydrolytic enzymes are released and
acrosomal membrane proteins spread onto the sperm plasma
membrane for successful fertilization. In mammals, the IZUMO1
membrane protein initially locates to the acrosomal membrane and
is exposed on the surface of the sperm heads, where it binds to the
oocyte through JUNO (IZUMOI1 receptor), a GPI-anchored
oolemma protein, to trigger the fusion process (Inoue et al., 2005;
Satouh et al., 2012; Okabe, 2013).

Acrosome biogenesis during spermatogenesis has also been well
described. Acrosome formation can be divided into four phases: the
Golgi, cap, acrosome and maturation phases (Khawar et al., 2019).
During the Golgi phase, numerous proacrosomal granules derived
from the trans-Golgi apparatus fuse and form a single sizeable
acrosomal vesicle associated with the anterior of the nuclear
envelope. During the cap phase, the acrosome vesicle gradually
increases in size and spreads over the surface of the nucleus to form
a cap-like structure. As the nucleus elongates during the acrosome
phase, the acrosome spreads to the dorsal edge, whereas the Golgi
apparatus moves caudally. Finally, acrosome formation completes
during the maturation phase.

Globozoospermia is a rare and severe disorder causing male
infertility and is characterized by an absent or severely malformed
acrosome (Dam et al., 2007a; Coutton et al., 2015). In humans,
DPYI9L2 (Celse et al., 2021; Coutton et al., 2012; Harbuz
et al.,, 2011; Koscinski et al., 2011; Méndez and Stillman,
2000) and SPATAI6 have been reported as causative genes of
globozoospermia (Dam et al., 2007b; Karaca et al., 2014), and
putative mutations have been reported in PICK! (Liu et al., 2010)
and ZPBP1 (ZPBP) (Yatsenko et al., 2012). In addition, analyses of
mutant mice identified globozoospermia-related genes that function
at various points in acrosome formation, such as the formation and
trafficking of proacrosomal granules (e.g. Gbha2, Pickl and Gopc)
(Xiao etal., 2009; Yao et al., 2002; Yildiz et al., 2006), fusion of the
proacrosomal granules to form the acrosome [e.g. Vps54, Hrb
(Agfgl) and AU040320] (Guidi et al., 2018; Kang-Decker et al.,
2001; Paiardi et al., 2011) and anchoring the acrosome to the
nucleus [e.g. Dpyl1912, Zpbpl (Zpbp) and Spacal] (Fujihara et al.,
2012; Lin et al., 2007; Pierre et al., 2012). Although some factors
have been identified, more factors need to be determined to
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understand fully acrosome formation/function and their clinical
relevance.

In the present study, we focused on Golgi-associated RAB2B
interactor (GARI; also known as FAM71F2) and its related proteins
GARI like 1 (GARI-L1; also known as FAM71F1) to GARI like 5
(GARI-L5; also known as FAM71E1), because these proteins bind
specifically to RAB2B (Fukuda et al., 2008), a small GTPase
involved in vesicle transport and membrane trafficking (Stenmark,
2009). It has been reported that GARI and GARI-L proteins
colocalize with RAB2B and function in the Golgi apparatus in
mammalian cultured cells (Aizawa and Fukuda, 2015; Fukuda et al.,
2008; Takahama et al., 2017). According to Mouse ENCODE
transcriptome data, all GARI and GARI-L proteins are expressed
strongly in the testis; however, their functions in vivo remain
unknown. Among these, the expression of GARI-LI has been
reported to be significantly downregulated in patients with male
infertility (Malcher et al., 2013). Here, we generated knockout (KO)
mice of Gari-11 (Fam71f1) and Gari (Fam71f2), the closest paralog
of Fam71fI, and analyzed their functions in acrosome biogenesis.

RESULTS

FAM71F1 and FAM71F2 are evolutionarily conserved and
testis-enriched proteins

FAM71F1 and FAM71F2 are conserved in mammals, including
mice and humans (Fig. S1A,B). To investigate the spatial expression
of Fam71f1 and Fam71f2 in mice, we conducted multi-tissue PCR
using cDNA obtained from adult mice. Both Fam71f1 and Fam71f2
were expressed strongly in the testis (Fig. 1A). In mice, the first
wave of spermatogenesis completes within the first 35 days of
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postnatal development (Kluin et al., 1982). To determine the stage
of spermatogenesis in which Fam71f] and Fam71f2 start to be
expressed, we conducted PCR using cDNA obtained from the
postnatal testis. Both genes were expressed from day 21, around
when spermiogenesis occurs (Fig. 1B). Furthermore, Fam71fI1 and
Fam71f2 expression dramatically increases at the mid-round
spermatid stage (steps 4-6), according to published single-cell
RNA-sequencing data in mice (Fig. S1C) (Hermann et al., 2018).
These results suggest that Fam71f1 and Fam71f2 function when
flagellum elongation and head morphogenesis occur during
spermiogenesis.

Generation of Fam71f1- and Fam71f2-knockout mice

To uncover the function of Fam71fl and Fam71f2 in vivo, we
generated Fam71f1 or Fam71f2 single-KO mice. To generate
Fam71f1-KO mice, we designed one guide RNA (gRNA) targeting
exon 2 (Fig. 1C) and inserted the target sequence into a pX330
plasmid, which expresses gRNA and humanized CAS9 (Mashiko
etal., 2013). We injected the plasmid into the pronuclei of fertilized
oocytes and transplanted the developed two-cell embryos into the
oviduct of pseudopregnant female mice, which generated a mutant
mouse line with a 4 bp deletion. We confirmed the deletion by
sequencing and Rsal digestion of the genomic PCR product
(Fig. 1D; Fig. S2A). Indel mutations can lead to alternative splicing,
but only one mRNA variant with an expected 4 bp deletion was
detected with full-length RT-PCR (Fig. S2B). This 4 bp deletion
caused a frame-shift mutation at SI07Y and a subsequent premature
stop codon (Fig. S2C).
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Fig. 1. Generation of Fam71f1- and Fam71f2-KO mice. (A,B) The expression of mouse Fam71f1 and Fam71f2 was examined by RT-PCR using RNA isolated
from various organs (A) and from testis at various postnatal days (B). Both Fam71f1 and Fam71f2 were enriched in testis (A). Strong signals of Fam71f1 and
Fam71f2 were detected from postnatal day 21 (B). Actb was used as a loading control. (C) Targeting scheme for generating Fam7 1f1-KO mice with the CRISPR/
Cas9 system. The gRNA was designed to target exon 2. Primers F1 and R1 were used for genotyping (Fig. S2A) and F2 and R2 were used for RT-PCR in A,B
(Fig. S2B). (D) DNA sequence of Fam71f1 in Fam71f1** and Fam71f1-#-% mice. The Rsal recognition site (5'-GTAC-3') was disrupted by the 4 bp deletion.
(E) Targeting scheme for generating Fam71f2-KO mice with the CRISPR/Cas9 system. The gRNAs were designed to target exon 1 and exon 5. Primers F1, F2,
R1 and R2 were used for genotyping (Fig. S2D) and F3 and R3 were used for RT-PCRin A,B (Fig. S2E). (F) DNA sequence of Fam7 1f2-mutant mice. The mutant
allele had a 9516 bp deletion. B, brain; H, heart; K, kidney; Li, liver; Lu, lung; O, ovary; S, spleen; Te, testis; Th, thymus; U, uterus.
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For Fam71f2-KO mice, we designed two gRNAs targeting the 5
untranslated region of exon 1 and the 3’ downstream region of exon
5 in the Fam71f2 locus (Fig. 1E). We electroporated fertilized
oocytes with the CAS9-gRNA ribonucleoproteins and transplanted
developed two-cell embryos into the oviduct of pseudopregnant
female mice. We confirmed the large deletion by genomic PCR
(Fig. S2D), and subsequent sequence analysis revealed a 9516 bp
deletion in the Fam71f2 locus (Fig. 1F). The absence of Fam71f2
mRNA in the Fam71f2791%=9316 testis was confirmed with full-
length RT-PCR (Fig. S2E).

Fam71f1 and Fam71f2 are required for normal male fertility
and sperm head formation
To analyze Fam71f1~*~* and Fam71 mouse fertility,
individual males were caged with wild-type females for 2 months.
We found that Fam?71f1~#~* males failed to sire any pups despite
successful matings with vaginal plugs [average litter size: 8.4+1.6
(Fam71f1"~* males); 0 (Fam71fI~*~* males)] (Fig. 2A).
Fam71f279319=9316 male fertility was significantly impaired
compared with that of the controls [average litter size: 7.2+3.4
(Fam71f2%"); 4.443.9 (Fam71f2-9319-931%)] (Fig. 2B).

To investigate why the fertility of Fam7IfI=*=* and
Fam71f2791%=9316 male mice was impaired, we observed the
morphology of testis and spermatozoa obtained from the cauda

-9516/-9516

Fam71f1=%~* and Fam71f2~1%=9316 males were comparable to
those of heterozygous mice (Fig. S3A-D); however, spermatozoa
from these homozygous mutant mice showed abnormal head shapes
(Fig. 2C) (number of spermatozoa with abnormal head morphology:
164/164 spermatozoa examined for Fam71f1~#~* mice and 150/
150 spermatozoa examined for Fam71f27%°19=931 mice; n=3
males for each group). Hook-like structures at the apical sperm
heads were abnormal in both types of mutant spermatozoa, although
the morphological abnormality was milder in Fam?7If2-mutant
Spermatozoa.

In humans, globozoospermia is characterized by malformation
or loss of the acrosome (Dam et al., 2007a) and, in some cases,
an abnormal mitochondrial sheath that wraps around the sperm
head is observed (Battaglia et al., 1997). Therefore, we
observed acrosomes and mitochondria using PNA, which stains
the acrosome, and anti-TOM20 antibodies, which stain the
mitochondria (Fig. 2D; Fig. S3E). Although control spermatozoa
from these heterozygous mice exhibited a crescent moon-shaped
acrosome, both Fam?71f1-mutant and Fam?71f2-mutant spermatozoa
showed an abnormal acrosome morphology. In Fam71f1~#~7 mice,
the acrosome was abnormally spread over the entire sperm head,
whereas, in Fam71f2=91%=931% mice, the acrosome exhibited a
slightly expanded crescent shape. In contrast, the morphology of
the mitochondria was normal in both mutant spermatozoa.

epididymis. The testis appearance, size and weight in both  Furthermore, we performed immunofluorescence for IZUMOI,
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Fig. 2. Fam71f1 and Fam71f2 are required for normal male fertility and sperm head formation. (

A) Fertility of Fam71f1-mutant males. Fam71f1*~4 or

Fam71f1-%-% males were mated with wild-type (WT) females and the number of pups born per plug was counted. Although 25 plugs were observed,
Fam71f1-%-4males did not sire any offspring. (B) Fertility of Fam71f2-mutant males. Fam71f2*'* or Fam71f2-9576/-9576 males were mated with WT females and
the number of pups born per plug was counted. The fertility of Fam71f2-9576/-9516 males was significantly decreased compared with WT. (C) Observation of
spermatozoa. Spermatozoa from Fam71f1- and Fam71f2-mutant mice lacked hook-like structures at the apical regions of sperm heads (arrowheads). Higher
magpnification images are shown in the top-right corners. (D) Immunofluorescence staining of the acrosome and mitochondria. Both Fam71f1- and
Fam71f2-mutant spermatozoa showed abnormal morphology of the acrosome, whereas the mitochondrial sheaths were normal. Nuclei are stained blue
(Hoechst), acrosomes green (lectin-PNA) and mitochondria magenta (TOM20). Data are meants.d.; ***P<0.001 (unpaired Student’s t-test). Scale bars: 20 umin
C; 5umin D.
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which 1is localized in the inner and outer acrosomal membrane
before the acrosome reaction. Consistent with abnormal acrosome
morphology, IZUMOI1 localization was impaired in both
Fam7I1fl-mutant and Fam?71f2-mutant spermatozoa (Fig. S3F,G).
These results indicate that both Fam71f1 and Fam71f2 are required
for accurate acrosome formation and normal male fertility.

Fam71f1 but not Fam71f2 is required for the

acrosome reaction

When we performed in vitro fertilization (IVF), Fam71fI-mutant
spermatozoa were unable to fertilize cumulus-intact (CI) or
cumulus-free (CF) zona pellucida (ZP)-intact oocytes; however,
30.0% of Fam?7IfI-mutant spermatozoa fused with ZP-free oocytes
(ZP free; ZF) (Fig. 3A). For Fam71f2~%>19=9316 mice, fertilization
rates were significantly decreased with both CI and CF oocytes, but
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no difference was observed with ZF oocytes (Fig. 3B). Furthermore,
we did not observe any spermatozoa in the perivitelline space in
either mutant mouse type, which was seen with the mutant
spermatozoa lacking any known oocyte-fusing factors (Fujihara
etal., 2020; Noda et al., 2020). These results indicate that Fam?71f1-
mutant and Fam71f2-mutant spermatozoa have problems
penetrating the ZP.

Given that decreased sperm motility leads to impaired ZP
penetration (Miyata et al., 2015), we examined sperm motility using
a computer-assisted sperm analyzer (CASA). The percentage of
motile spermatozoa was slightly decreased in Fam?71f] mutants
after incubation in a capacitating medium (Fig. S4A). In addition,
there was a slight decrease in velocity parameters examined, such as
average path velocity (VAP), straight-line velocity (VSL) and
curvilinear velocity (VCL) (Fig. S4B). However, all velocity

Fig. 3. Fam71f1 but not Fam71f2 is
required for the acrosome reaction. (A) IVF
assay of Fam71f1-mutant males. Fam71f1-
mutant spermatozoa were unable to fertilize
Cl or CF eggs. In contrast, the fertilization rate
(percentage of two pronuclei observed 8 h
after insemination) was partially rescued with
ZF eggs. (B) IVF assay of Fam71f2-mutant
males. The fertilization rates with Cl and CF
eggs were significantly lower in Fam71f2-9516/
~9576 mice compared with Fam71f2*/~95716
mice. In contrast, the fertilization
rate was rescued with ZF eggs.
(C) Immunofluorescence staining for IZUMO1
(green) of live Fam71f1-mutant spermatozoa.
After the acrosome reaction (4 h incubation),
1ZUMO1 spread to the equatorial segment in
the control. However, in Fam71f1-mutant
ok spermatozoa, IZUMO1 localization was
050 abnormal, although it was exposed on the
surface of the acrosome. Pl (red), which
stains nuclei of dead spermatozoa, was used
to distinguish live cells from dead cells. (D)
The acrosome reaction rates of Fam71f1-
mutant spermatozoa at 15 min and 4 h after
° incubation in capacitation medium. After 4 h
incubation, the Ca®* ionophore A23187 was
added to induce the acrosome reaction. Live
spermatozoa with IZUMO1 signal were
© considered acrosome reacted. After 4 h of
incubation and A23187 addition, the
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lower in Fam71f1~#~# mice compared with
Fam71f1*~4 mice. (E) Immunofluorescence
staining for IZUMO1 of live Fam71f2-mutant
spermatozoa. After the acrosome reaction

(4 h incubation), IZUMO1 spread to the
equatorial segment in both the control and

o [®° Fam71f2-mutant spermatozoa. Pl was used
to distinguish live cells from dead cells.

(F) The acrosome reaction rates of Fam71f2-
mutant spermatozoa at 15 min and 4 h after
incubation in capacitation medium. After 4 h
incubation, A23187 was added to induce the
acrosome reaction. Live spermatozoa with
1IZUMO1 signal were considered acrosome
reacted. There were no significant differences
in acrosome reaction rates between
Fam71f2*-9516 and Fam71f2-9576/-9576 mice,
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parameters of Fam?71fI-mutant spermatozoa (B6D2 mixed
background) were comparable to those of C57BL/6 wild-type
spermatozoa (Miyata et al., 2015). For Fam?71f2-mutant mice, no
differences were observed in the percentage of motile spermatozoa
or any of the velocity parameters (Fig. S4C,D). These results
suggest that sperm motility alone cannot explain the impaired ZP
penetration in either Fam?71f1-mutant or Fam?7f2-mutant mice.

We also analyzed the acrosome reaction necessary for
penetrating the ZP (Wassarman, 1999) by conducting live-sperm
immunofluorescence for IZUMO1. As mentioned above, [IZUMO1
is located in the inner and outer acrosomal membrane before the
acrosome reaction and does not react with anti-IZUMO1 antibodies
with the live-staining method. In contrast, [ZUMOI is exposed on
the surface after the acrosome reaction and reacts with anti-
IZUMOL antibodies (Satouh et al., 2012). Aftera 15 min incubation
in a capacitation medium, no IZUMOL1 signal was detected in most
of the spermatozoa in either Fam?7IfI-mutant or Fam?71f2-mutant
mice (Fig. 3C-F). After a 4 h incubation, the rates of [ZUMOI1-
positive spermatozoa were comparable between control and
Fam71f279319-9316 mice (Fig. 3E,F); however, the rate was
significantly lower in Fam71f1~*~% mice compared with control
mice (Fig. 3C,D), indicating that the acrosome reaction was
impaired in Fam71f]-mutant but not Fam?71f2-mutant mice. The
acrosome reaction was not induced even with the Ca?" ionophore,
A23187, in Fam?71fI-mutant spermatozoa (Fig. 3D). Furthermore,
impaired acrosome reactions in Fam71f1~#~% mice were confirmed
by using Acr-EGFP transgenic (Tg) mice the spermatozoa of which
lose the EGFP signal after the acrosome reaction (Fig. S4E)
(Nakanishi et al., 1999). These results suggest that the ZP
penetration failure is due to an impaired acrosome reaction in
addition to abnormal sperm head morphology in Fam71f1~%~*
mice. In contrast, abnormal sperm head morphology might be the
cause of ZP penetration failure in Fam71f2~9°1%=9316 mice.

Fam71f1-mutant spermatozoa exhibit a swollen acrosome
Given that FAM71F1 had a more severe phenotype in
acrosome formation, acrosome reaction and male fertility
compared with FAM71F2, we focused on FAM71F1 for further
analysis. We first observed acrosome formation during
spermatogenesis by immunofluorescence. The acrosome appeared
normal in Fam71f1~#=* mice until step 9; however, a swollen
acrosome was observed from around step 10 to step 11 (Fig. 4A,;
Fig. S5A). In contrast, we found that the position and morphology of
the Golgi apparatus appeared normal in Fam71fI=*~* mice
throughout all steps of spermatogenesis. The Golgi apparatus was
located close to the acrosome in steps 2-8 and migrated to the caudal
region after step 9 (Fig. 4A; Fig. S5A).

We next observed the early stages of acrosome formation in more
detail by transmission electron microscopy (TEM). Abnormal
swelling of the acrosome appeared around step 5 in Fam71f1~#~*
testis (Fig. 4B; Fig. S5B). A swollen acrosome remained evident in
the cauda epididymal spermatozoa by TEM and scanning electron
microscopy (SEM) observations (Fig. 4C,D). By contrast, no
differences were observed in the Golgi apparatus (Fig. 4B),
consistent with immunofluorescence staining (Fig. 4A; Fig. S5A).

Infertility of Fam71f1-4-“ males is rescued with a transgene

Given the unavailability of effective antibodies against FAM71F1,
we generated Tg mice expressing PA-tagged Fam71f] under the
testicular germ cell-specific Clgn promoter (Ikawa et al., 2001;
Watanabe et al., 1995) (Fig. S6A,B). Fam71f1~%~% males carrying a
Fam?71f1-PA transgene (—4/—4; Tg) were caged with wild-type

females for 2 months. We found that the infertility of Fam71f1~%~*
males was rescued with this transgene (Fig. S6C). Furthermore,
FAMT71F1-PA was detected in the testis but not in spermatozoa
by immunoblot analysis (Fig. S6D), suggesting that
FAM71F1 functions during spermatogenesis but not in mature
Spermatozoa.

Relationship between Fam71f1 and other globozoospermia-
related proteins

To investigate the cause of acrosome malformation in the Fam71f1
mutants, we examined the proteins known to be involved in
acrosome formation. Immunoblot analysis of Fam71f1*~% and
Fam?71f1~%~% testis lysates revealed that the amount of GOPC (Yao
et al., 2002) or ZPBP1 (Lin et al,, 2007) had not changed.
In contrast, some bands of SPACA1 (Fujihara et al., 2012)
disappeared in the Fam71fI~*~* testis (Fig. S7A). Further
analysis using lysates collected from the spermatozoa in the cauda
epididymis without incubation in a capacitation medium showed
more-apparent band shifts in Fam71f1~#~* mice (Fig. S7B). Given
that SPACA1 has been reported to be N-linked glycosylated
(Fujihara et al., 2012), we treated testis and sperm lysates with
peptide-N-glycosidase F (PNGase F). The band patterns became
comparable between Fam71f1"~* and Fam71f1=*~7 testis lysates
but not in sperm lysates after PNGase F treatment (Fig. S7C),
suggesting that N-linked glycosylation of SPACA1 was impaired in
the Fam71f1~#=7 testis. In contrast, treatment of testis and sperm
lysates with O-glycosidase did not affect the band patterns
(Fig. S7D). There were still multiple bands of SPACA1 after
PNGase F or O-glycosidase treatment, which might be because of
alternative splicing or other protein modification of SPACAIL. To
investigate the possibility that the change in the band size in
Fam71f1=%~% testis affects SPACA1 localization, we performed
immunofluorescence for SPACA1 in the testes. We found that the
localization of SPACA 1 was comparable between Fam71f1"/~* and
Fam71f1=#=% testis (Fig. S7E). Furthermore, we found no
interaction between FAM71F1 and SPACAI1 in the testis by
immunoprecipitation using the Tg line (Fig. S7F). These results
suggest that FAM71F1 does not function directly with SPACAI.
Rather, impaired SPACA1 processing could be a secondary effect of
abnormal acrosome formation.

FAM71F1 is localized to the Golgi apparatus and interacts
with RAB2A and RAB2B

In a previous study that analyzed Rab effectors comprehensively,
FAMT71F1 was identified as GARI-L1, which binds specifically to
RAB2B. The N terminus (28-207 a.a.) of FAM71F1 is proposed
to be the Rab-binding domain specific for RAB2B (Fukuda et al.,
2008) (Fig. S5A). No other functional domains, including
transmembrane domains (Phobius prediction) (Kéll et al., 2007),
were found in FAM71F1. Other GARI-L proteins and RAB2B have
been shown to have several functions in the Golgi apparatus, such as
in the maintenance of morphology and cytosolic DNA-induced IFN
response (Aizawa and Fukuda, 2015; Takahama et al., 2017).
Therefore, we examined the localization of FAM71F1 in cultured
cells by immunofluorescence. When we expressed HA-tagged
mouse FAM71F1 in COS-7 cells, FAM71F1 was colocalized with
the GM130-positive Golgi apparatus (Fig. 5B). Next, we
immunoprecipitated PA-tagged FAM71F1 using the mouse Tg
line and conducted mass spectrometry analysis to investigate the
interaction between FAM71F1 and RAB2B in the testis. Mass
spectrometry analysis detected RAB2B and additional proteins,
such as heat-shock proteins, that interact with FAM71F1-PA
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Fig. 4. Fam71f1-mutant spermatozoa exhibit a swollen acrosome. (A) Immunofluorescence staining of the acrosome and Golgi apparatus during
spermatogenesis using testis sections. In round spermatids around steps 7 to 8, the morphology of the acrosome was comparable to that of the control; by
contrast, in the elongated spermatids around steps 10 to 11, abnormal morphology of the acrosome was observed (arrowhead). The morphology and location of
the Golgi apparatus were comparable to those of the controls. Higher magnification images of the boxed areas are shown to the right. Nuclei are stained blue
(Hoechst), acrosomes green (lectin-PNA) and Golgi apparatus magenta (GM130). (B) TEM observation of the acrosome formation. Abnormal swelling of the
acrosome was observed from around steps 4 to 5 in round spermatids in Fam71f1~#=% mice (arrowheads). The morphology of the Golgi apparatus was
comparable to that of the control. Higher magnification images of the boxed areas are shown to the right. (C) TEM observation of mature spermatozoa in the cauda
epididymis. The acrosome was swollen and boundaries between the acrosomal cap and equatorial segment (arrowheads) were expanded in Fam7 1f1-mutant
spermatozoa. (D) SEM observation of mature spermatozoa extracted from the cauda epididymis. Boundaries between the acrosomal cap and equatorial segment
(arrowheads) were expanded in Fam71f1-mutant spermatozoa. Scale bars: 10 ym in A; 5 um in A (right); 3 um in D; 2 ym in B; 1 ym in B (right),C.

(Fig. 5C; Table S1). In addition to RAB2B, RAB2A-specific
peptide sequences were also found in this analysis (Fig. 5D).
Using pan-RAB2 antibodies that detect both RAB2A and
RAB2B (Fig. S8A), we confirmed using immunoprecipitation
that FAM71F1 interacts with RAB2A/B in the testis (Fig. 6A). No
differences were found in the amount of RAB2A/B between
Fam71f1"~* and Fam71f1~*~* testes with immunoblot analysis
(Fig. 6B). We then analyzed the localization of RAB2A/B in the
testis with immunofluorescence. RAB2A/B was localized in the
Golgi apparatus in the round spermatids and in the acrosome in
the elongating spermatids (Fig. 6C; Fig. S8B). No impairment was

observed in the localization of RAB2A/B in Fam71fl~%~* testis
(Fig. 6C). Considering that the acrosomal abnormality was found
around step 5 (Fig. 4B), RAB2A/B in the Golgi apparatus might
play roles in acrosome formation.

Using immunoprecipitation by expressing FLAG-tagged mouse
FAMT71F1 and PA-tagged mouse RAB2A or RAB2B in HEK293T
cells, we confirmed that FAM71F]1 interacts with both RAB2A and
RAB2B (Fig. 6D). Other GARI proteins are known to interact
with the GTP-bound active form of RAB2B (Aizawa and Fukuda,
2015; Fukuda et al., 2008; Takahama et al., 2017). Given that
constitutively active (CA) and constitutively negative (CN)
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Fig. 5. FAM71F1 is localized to the Golgi apparatus and interacts with RAB2A and RAB2B. (A) Domain structure of mouse FAM71F1. FAM71F1 contains a
RAB2B-binding domain (green). (B) Immunofluorescence of FAM71F1 and Golgi apparatus using COS-7 cells. HA-tagged mouse Fam71f1 was transiently

expressed. FAM71F1-HA colocalized with GM130-positive Golgi apparatus. Nuclei are stained blue (Hoechst), Golgi apparatus green (GM130) and FAM71F1-
HA magenta (HA). (C) The FAM71F1 proteome identified by immunoprecipitation-mass spectrometry analysis. Testis lysates from wild-type (+/+) or Fam71f1-PA
Tg (—4/-4; Tg) mice were immunoprecipitated using anti-PA antibodies and associated proteins were identified by mass spectrometry. Proteins either identified
only in PA-tagged Fam71f1 Tg mice (1-10) or proteins with a high ratio in the Tg immunoprecipitation are listed (11-13). The remaining mass spectrometry results
are shown in Table S1. Ratio=(—4/—4; Tg)/(+/+) (quantitative value). (D) Amino acid sequence of RAB2A and RAB2B. Peptide sequences of RAB2A and RAB2B
that were identified by mass spectrometry are indicated by colored boxes; common sequences in RAB2A and RAB2B are in orange; specific sequences in

RAB2A in magenta; and a specific sequence in RAB2B in green. Light-blue shading indicates amino acid residues common to both RAB2A and RAB2B. Scale

bar: 20 ym in B.

RAB2A/B protein states can be mimicked by point mutations
(Q65L for CA and S20N for CN, respectively) (Aizawa and
Fukuda, 2015), we co-expressed mouse FAM71F1 and CA or CN
forms of mouse RAB2A or RAB2B in HEK293T cells. With
immunoprecipitation and immunoblot analysis, we found that
FAMT71F1 interacts with the CA form of RAB2A/B but not with the
CN forms (Fig. 6E,F).

DISCUSSION
By generating mutant mice for Fam71f] and Fam71f2 with the
CRISPR/Cas9 system, we reveal that both genes are crucial for
acrosome formation and male fertility. Their phenotypes were
slightly different, with Fam71f1=#~* mice showing more severe
phenotypes resulting in male sterility. These results suggest
that FAM71F1 and FAM71F2 might play similar roles in
acrosome formation but that FAM71F1 is indispensable. We also
reveal that Fam7IfI-mutant spermatozoa exhibit impaired
acrosome reactions with abnormal localization of IZUMOL.
Impaired acrosome reactions have also been reported in other KO
mouse lines that exhibit abnormal acrosome morphology (Wang
etal., 2014).

In Fam71fI-mutant testis and spermatozoa, abnormal SPACA1
bands were observed by immunoblot analysis (Fig. S7B). Given that
we could not confirm a physical interaction between FAM71F1 and

SPACAL in the testis (Fig. S7F), abnormal SPACA1 processing
might result from a secondary effect of abnormal acrosome
formation. Although apparent differences in molecular weights of
SPACA1 were observed in spermatozoa between control and
Fam71f1~*~7 mice, slight abnormalities were already detected in
the testis, caused by abnormal N-linked glycosylation (Fig. S7C).
Fam?7If1 depletion might cause a functional abnormality of the Golgi
apparatus, in which protein glycosylation occurs (Stanley, 2011).
SPACAL is further processed when spermatozoa migrate in the
epididymis, which is impaired in Fam71f1~%~% mice (Fig. S7B).
Given that FAM71F1 was not detected in the mature spermatozoa
(Fig. S6D), this impairment in spermatozoa collected from the cauda
epididymis might also be a secondary effect of abnormal acrosome
formation. It is also possible that impaired N-linked glycosylation in
the testis affects SPACA1 processing in the epididymis.

We found that Fam71f] mutant spermatozoa show abnormal
swelling of the acrosome. Furthermore, immunoprecipitation
analysis revealed that FAM71F1 interacts with not only RAB2B,
but also RAB2A. Given that FAM71F]1 interacts with the active
forms but not the negative forms of RAB2A and RAB2B,
FAMT71F1 is probably involved in acrosome formation by
regulating the function of activated RAB2A and RAB2B. Several
studies indicate that RAB2 proteins regulate vesicle size (Kajiho
etal., 2016; Lorincz et al., 2017). In human breast cancer cell lines,
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Fig. 6. FAM71F1 interacts with the constitutively active form of RAB2A/B. (A) Immunoprecipitation of FAM71F 1-PA using anti-PA antibodies. Testis lysates
of wild-type (+/+) or Fam71f1-PA Tg (—4/-4; Tg) mice were used. FAM71F1-PA interacts with RAB2A/B. (B) Immunoblotting analysis for RAB2A/B using testis
lysates. The amounts of RAB2A/B were comparable between Fam71f1*~4 and Fam71f1-#-% mice. ACTB was used as a loading control.

(C) Immunofluorescence staining of RAB2A/B and the acrosome during spermatogenesis using testis sections. RAB2A/B was localized in the Golgi apparatus
until steps 7 to 8 and in the acrosome around step 10. No differences were found in the RAB2A/B localization between Fam71f1*-% and Fam71f1~#-% mice.
Higher magnification images of the boxed areas are shown in the top-left. Nuclei are stained blue (Hoechst), acrosomes green (lectin-PNA) and RAB2A/B
magenta. (D) Immunoprecipitation of FAM71F1-FLAG using anti-FLAG antibodies. Fam71f1-FLAG was transiently expressed with PA-Rab2a or PA-Rab2b in
HEK293T cells. FAM71F1-FLAG interacts with both PA-RAB2A and PA-RAB2B. (E) Immunoprecipitation of FAM71F1-FLAG using anti-FLAG antibodies. PA-
Rab2a (CA or CN) and Fam71f1-FLAG were transiently expressed in HEK293T cells. FAM71F 1 interacts with RAB2A (CA). (F) Immunoprecipitation of FAM71F 1-
PA using anti-PA antibodies. FLAG-Rab2b (CA or CN) and Fam71f1-PA were transiently expressed in HEK293T cells. FAM71F1 interacts with RAB2B (CA).
Tubulin was used as a loading control in D-F. Scale bar: 10 um in C. CA, constitutively active (Q65L); CN, constitutively negative (S20N).

the expression of constitutively active RAB2A increased the size of  when the abnormal acrosome formation was found (Fig. 4B; Fig.
RAB7-positive vesicles (Kajiho et al., 2016). In Drosophila, thereis ~ S8B), GTP-bound active RAB2A/B might be transported in Golgi-
only one RAB2, and the expression of constitutively active RAB2  derived vesicles to regulate their fusion with the acrosome vesicle.
results in increased autolysosome size (Lorincz et al., 2017). Given that FAM71F1 is localized in the Golgi apparatus when it is
This study suggests that active RAB2 is transported in Golgi- expressed in COS-7 cells (Fig. 5B), it might bind to active RAB2A/
derived vesicles to fuse with RAB7-positive vesicles, such as B in the Golgi apparatus and negatively regulate these two proteins
autophagosomes and late endosomes. Considering that the to form appropriately sized acrosomes.

acrosome is a RAB7-positive vesicle that derives from the Golgi In this study, we found that Fam?71f1 is essential for acrosome
apparatus (Ramalho-Santos and Moreno, 2001; Ramalho-Santos  formation and male fertility. Fam71f1 is conserved in humans, and
etal., 2001) and that RAB2A/B was localized in the Golgi apparatus  its dysfunction might lead to globozoospermia. Further analysis of
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the function of FAM71F1 and its relationship with membrane
trafficking-related proteins, such as RAB2A and RAB2B, will help
to understand the mechanism that regulates acrosome formation and
identify causative genes of globozoospermia.

MATERIALS AND METHODS

Animals

All mice used in this study were purchased from CLEA Japan or Japan SLC.
All mice were maintained under specific-pathogen-free conditions in a
temperature-controlled environment, under a 12-h light/12-h dark cycle and
with ad libitum feeding. All animal experiments were conducted in
accordance with the guidelines established by the Research Institute for
Microbial Diseases, Osaka University (Japan), and were approved by the
Animal Care and Use Committee of the Research Institute for Microbial
Diseases, Osaka University (#Biken-AP-H30-01). All gene-modified mice
generated in this study will be made available through either the RIKEN
BioResource Research Center (Ibaraki, Japan) or the Center for Animal
Resources and Development (CARD), Kumamoto University (Japan).

Comparison of amino acid sequences

Amino acid sequences of each protein were obtained from the NCBI Entrez
Protein database. The accession numbers of each amino acid sequence
used were as follows: mouse FAM71F1 (NP_001276592.1), human
FAM71F1 (NP_001269717.1), mouse FAM71F2 (NP_001094956.1),
human FAM71F2 (NP_001012457.3), mouse RAB2A (NP_067493.1) and
mouse RAB2B (NP_766189.1). Multiple sequence alignment was performed
using Clustal Omega (https:/www.ebi.ac.uk/Tools/msa/clustalo/) (Sievers
etal., 2011).

Isolation of RNA and RT-PCR

RNA was isolated and purified from multiple adult tissues of C57BL/6N
mice at different ages using TRIzol (15596018, Thermo Fisher Scientific)
according to the manufacturer’s protocol. Reverse transcription was
performed using purified RNA and the SuperScript III first-strand
synthesis system (18080051, Thermo Fisher Scientific). PCR was carried
out using KOD Fx Neo (KFX-201, TOYOBO). The primers for each gene
are listed in Table S2.

In silico expression analysis in spermatogenic cells

mRNA expression of Fam71f] and Fam71/2 in testicular germ cells was
analyzed by the Loupe Cell Browser 3.3.1 (10x Genomics) with previously
published single cell RNA-sequencing data (Hermann et al., 2018).

Generation of Fam71f1- and Fam71f2-mutant mice

Both Fam71f1- and Fam?71f2-mutant mice were generated by using the
CRISPR/Cas9 system. The gRNA design and off-target analysis were
performed using CRISPRdirect software (http:/crispr.dbcls.jp/) (Naito
et al.,, 2015). gRNA sequences of each gene are listed in Table S3.
Fertilized eggs were obtained from the oviducts of superovulated B6D2F1
females mated with B6D2F1 males. For Fam?71fI-deficient mice, a pX330
plasmid (42230, Addgene) carrying the target gRNA sequence was
microinjected into the pronuclei of zygotes at 5 ng/ul. For Fam71f2-
deficient mice, ribonucleoprotein complexes containing synthesized
CRISPR RNA (crRNA) (Sigma-Aldrich), frans-activating crRNA
(tractRNA) (TRACRRNAOSN-5SNMOL, Sigma-Aldrich) and CAS9
protein (A36497, Thermo Fisher Scientific) were introduced into
fertilized eggs using a NEPA21 super electroporator (NEPA GENE)
(Noda et al., 2019). The treated eggs were cultivated in potassium simplex
optimization medium (KSOM) to the two-cell stage and then transplanted
into the oviducts of 0.5 day pseudopregnant ICR females. The pups were
obtained by natural delivery or Cesarean section and mutant alleles were
confirmed by PCR and subsequent Sanger sequencing. Genotyping PCR of
subsequent generations was performed using KOD FX Neo. The primers for
each gene are listed in Table S2. For the Fam7IfI-mutant line, the PCR
product was digested by Rsal restriction enzyme to confirm the mutant
allele.

Generation of Fam71f1 transgenic mutant mice

The Fam71f1 transgene included C-terminal PA-tagged mouse Fam?7I1f]
cDNA with a rabbit polyA signal under the control of the mouse Cign
promoter (Fig. S5A). The linearized DNA was microinjected into the
pronucleus of fertilized eggs, cultivated to the two-cell stage and then
transplanted into the oviducts of pseudopregnant ICR females as mentioned
above. The presence of the Tg allele was verified by PCR. The primers used
are listed in Table S2.

In vivo male fertility check

Each control (Fam71f1"~* or wild-type) or mutant male was caged with
two or three 8-week-old B6D2F1 female mice for 2 months. Plugs and the
number of pups were checked every morning. At least three males were used
for each group.

Morphological analysis of testis and spermatozoa

Male mice (12-18 weeks old) were euthanized and testes and cauda
epididymis were dissected. Gross morphology of each testis was observed
using a SZX7 stereomicroscope system (Olympus). Cauda epididymal
spermatozoa were dispersed in PBS (14190144, Thermo Fisher Scientific)
and observed using a Nikon Eclipse Ti microscope connected to a Nikon C2
confocal module.

In vitro fertilization

In vitro fertilization was performed as described previously (Tokuhiro et al.,
2012). Cauda epididymal spermatozoa were dispersed in a drop of Toyoda,
Yokoyama, Hoshi (TYH) medium (Toyoda et al., 1971) covered with
paraffin oil for 2 h at 37°C under 5% CO, for capacitation. Eggs obtained
from the oviducts of superovulated females were placed in a TYH drop. To
remove the cumulus cells, eggs were treated with 330 pg/ml of
hyaluronidase (FUJIFILM Wako Pure Chemical Cor.) for 5 min. To
remove the ZP, eggs were treated with 1 mg/ml of collagenase (C1639,
Sigma-Aldrich) for 5 min. The capacitated spermatozoa were then added to
the drop containing cumulus-intact, cumulus-free, ZP-free eggs at a final
concentration of 2x10° spermatozoa/ml. After 8 h of insemination, the
formation of pronuclei was observed.

Sperm velocity analysis

Sperm velocity was analyzed as described previously (Miyata et al., 2015;
Morohoshi et al., 2020). Cauda epididymal spermatozoa were dispersed in a
drop of TYH medium. Sperm velocity was measured using the CEROS
sperm analysis system (software version 12.3; Hamilton Thorne
Biosciences) for Fam71f1 or CEROS II sperm analysis system (software
version 1.4; Hamilton Thorne Biosciences) for Fam71f2 at 10 min and 2 h
after incubation at 37°C under 5% CO,. More than 200 spermatozoa were
analyzed for each male.

Acrosome reaction analysis with IZUMO1 staining

Cauda epididymal spermatozoa were dispersed in a drop of TYH medium.
After 5min or 4 h incubation at 37°C under 5% CO,, anti-IZUMOI
antibodies, Alexa Fluor 488-conjugated secondary antibodies, and 10 pg/ml
of propidium iodide (PI) were added and incubated for 10 min. To induce
the acrosome reaction with Ca®" ionophore A23187, 20 uM A23187
(100106, MERCK) was added after 4 h incubation and incubated for 10 min
before [ZUMOI staining. An aliquot of the spermatozoa suspension was
then placed on a glass slide and observed under a BX-53 microscope
(Olympus). The antibodies and dilutions used are listed in Table S4.

Acrosome reaction analysis using Acr-EGFP transgenic mice

The rate of acrosome reaction was analyzed as described previously
(Nakanishi et al., 1999) The Fam?71fI-mutant line was crossed with B6D2
Tg mice carrying CAG/Su9-DsRed2, Acr3-EGFP (Red Body Green
Sperm; RBGS). Cauda epididymal spermatozoa were dispersed in a drop
of TYH medium. After 10 min or 4 h incubation at 37°C under 5% CO,,
10 pg/ml of PI was added to the drop and, subsequently, an aliquot of the
sperm suspension was placed on a glass slide; the acrosome reaction
was determined by observing EGFP signals while distinguishing viable
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cells with PI staining with a BX-53 microscope (Olympus). To induce
the acrosome reaction with Ca®" ionophore A23187, 20 uM A23187
(100106, MERCK) was added after 4 h incubation. After 10 min of
incubation, PI was also added and the acrosome reaction was analyzed as
described above.

Construction of expression plasmids

cDNAs encoding Fam71f1, Rab2a and Rab2b were amplified from mouse
testis (C57BL/6N). Fam71f] ¢cDNA was cloned into FLAG-tagged, PA-
tagged, or HA-tagged (C terminus) pCAG vectors that contain the CAG
promoter and a rabbit globin poly (A) signal (Niwa et al., 1991). Rab2a and
Rab2b cDNAs were cloned into the PA-tagged (N terminus) pCAG vector.
CA and CN mutants of Rab2a were generated using this amplicon by a KOD
plus mutagenesis kit (TOYOBO) following the manufacturer’s protocol.
pEF-FLAG-Rab2B (CA/CN) vectors (Aizawa and Fukuda, 2015) were
kindly provided by Dr Mitsunori Fukuda (Graduate School of Life Sciences,
Tohoku University, Tohoku, Japan). Primers used to construct these
plasmids are listed in Table S2.

Cell culture and transfection

HEK293T (Tiscornia et al., 2006) and COS-7 cells (RCB0539, RIKEN
BioResource Research Center) were cultured in DMEM (11995-065,
Thermo Fisher Scientific) supplemented with 10% fetal bovine serum
(S1560, Biowest) and 1% penicillin-streptomycin-glutamine (10378-016,
Thermo Fisher Scientific) at 37°C under 5% CO,. For HEK293T cells,
plasmid DNA were transiently transfected (Tiscornia et al., 2006) and
cultured for 48 h. For COS-7 cells, PEI MAX reagent (Polyscience) was
used for transient transfection, followed by culturing for 24 h.

Protein extraction from testis, spermatozoa and cultured cells
Testis, spermatozoa from cauda epididymis, and harvested cells were
suspended in lysis buffer [1% Triton X-100, 50 mM Tris-HCI pH 7.5,
150 mM NaCl] with protease inhibitor cocktail (25955, Nacalai Tesque)
and incubated for 1 h on ice. The lysate was centrifuged at 15,300 g for
I5min at 4°C. The obtained supernatants were subjected to
immunoprecipitation or SDS-PAGE for immunoblotting. PNGase F
(P0704S, New England Biolabs Japan) or O-glycosidase (P0733S, New
England Biolabs Japan) were used to treat testis and sperm lysates with
glycosidases, following the manufacturer’s protocol.

Immunoprecipitation and immunoblotting

The supernatants derived from testis, spermatozoa and cultured cells were
incubated for 1 h at 4°C with antibody-conjugated Dynabeads Protein G
(10009D, Thermo Fisher Scientific). After two or three washes with mild
buffer (40 mM Tris-HCI pH 7.5, 150 mM NaCl, 0.1% Triton X-100 and
10% glycerol), the immune complexes were eluted with sample buffer with
2-mercaptoethanol (for immunoblotting) or elution buffer (1858606,
Thermo Fisher Scientific, for mass spectrometry). Immunoblotting was
performed as previously described (Morohoshi et al., 2020). Antibodies
used are listed in Table S4.

Immunocytochemistry and immunohistochemistry

For staining fixed spermatozoa, spermatozoa collected from the cauda
epididymis were diluted in PBS, spread onto glass slides, and incubated at
37°C until dry. The samples were fixed with 4% paraformaldehyde in PBS
(hereafter 4% PFA) for 20 min at room temperature. After three 10 min
washes with 0.05% Tween 20 in PBS (hereafter PBS-T), the slides were
blocked with 5% BSA and 10% goat serum in PBS for 1 h at room
temperature and incubated with primary antibodies overnight at 4°C. After
three 10 min washes with PBS-T, the slides were incubated with secondary
antibodies or Alexa Fluor 488 conjugated-lectin PNA From Arachis
hypogaea (peanut) (L21409, Thermo Fisher Scientific) at room temperature
for 90 min, and then washed with PBS-T three times for 10 min each. To
stain the nucleus, the slides were incubated with Hoechst 33342 (1:10,000;
H3570, Thermo Fisher Scientific) for 5 min, washed with PBS-T three times
for 10 min each, and then mounted using Immu-Mount (9990402, Thermo
Fisher Scientific).

For staining testis sections, testes were dissected and fixed overnight at
4°C with 4% PFA. The samples were dehydrated, embedded in paraffin and
sectioned at a thickness of 5 um. Paraffin sections were rehydrated, boiled in
antigen retrieval buffer (1x citrate buffer, pH 6.0; ab93678, Abcam) for
15 min using a microwave. After two washes with ultrapure water and two
washes with PBS, the slides were blocked with 3% goat serum for 1 h
at room temperature and incubated with primary antibodies overnight
at 4°C. Subsequent steps were performed in the same way as for
staining fixed spermatozoa, except that PBS was used instead of PBS-T
for washing.

For staining COS-7 cells, cells on coverslips were fixed with 4% PFA for
10 min at room temperature. After three washes with PBS, the cells were
permeabilized with 0.1% Triton X-100 in PBS for 20 min, blocked with 1%
BSA for 1 h at room temperature, and incubated with primary antibodies
overnight at 4°C. Subsequent steps are performed in the same way as for
staining spermatozoa.

All samples were observed using a Nikon Eclipse Ti microscope
connected to a Nikon C2 confocal module. Fluorescence images were false-
colored and cropped using Fiji software (version 2.1.0, NIH). Antibodies
used are listed in Table S4.

Ultrastructural analysis using transmission electron microscopy
Testis and cauda epididymis samples were prepared as previously described
(Shimada et al., 2019). The ultrathin sections were observed using a JEM-
1400 plus electron microscope (JEOL) at 80 kV with a CCD Veleta 2Kx2K
camera (Olympus).

Ultrastructural analysis using scanning electron microscopy
Cauda epididymal spermatozoa were dispersed in a drop of TYH medium
and transferred to 2 ml round-bottom tubes containing PBS. After two
washes with PBS, spermatozoa were mounted on coverslips and fixed with
1% glutaraldehyde in PBS on ice. Subsequent specimens were prepared as
previously described (Shimada et al., 2021). The specimens were observed
using a S-4800 field emission scanning electron microscope (Hitachi).

Immunoprecipitation-mass spectrometry

Immunoprecipitated samples were subjected to mass spectrometry analysis
as previously described (Shimada et al., 2021). The resulting proteins were
identified using Mascot (version: 2.7.0, Matrix Science) by referring to
Scaffold_4.10.0 (Proteome Software). Human keratin peptides were
removed from the result.

Statistical analysis

Statistical analyses were performed using a two-tailed Student’s #-test (n>3)
using R (version 4.0.2) via RStudio (version 1.3.1073). Differences were
considered significant at *P<0.05, **P<0.01 and ***P<0.001. Data
represent the mean-+standard deviation (s.d.); error bars indicate s.d.
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Fig. S1. Similarity of amino acid sequences and expression patterns of Fam71fl and
Fam71f2.

(A) Amino acid sequence of FAM71F1 in Mus musculus and Homo sapiens. Dark purple indicates
matching sequences in both species. (B) Amino acid sequence of FAM71F2 in Mus musculus and
Homo sapiens. Dark purple indicates matching sequences in both species. (C) Fam71fl and
Fam71f2 expression during spermatogenesis in mice. Ud Spg, undifferentiated spermatogonia;
Al-A2 Sg, Al-A2 differentiating spermatogonia; A3-B Sg, A3- A4-In-B differentiating
spermatogonia; Prele Sc, preleptotene spermatocytes; Le/Zy Sc, leptotene/zygotene
spermatocytes; Pa Sc, pachytene spermatocytes; Di/Se Sc, diplotene/secondary spermatocytes;
Early St, early round spermatids; Mid St, mid round spermatids; Late St, late round spermatids.
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Fig. S2. Generation of Fam71fl or Fam71f2 knockout mice.

(A) Genotyping of Fam71f1 mutant mice. F1 and R1 primers in Fig. 1C were used and the PCR
product was digested with Rsal. The PCR product of the wild-type allele was cut into 155 bp and
183 bp products after Rsal treatment. (B) RT-PCR analysis for Fam71f1 expression in testes. F2
and R2 primers in Fig. 1C were used. Actb was used as a loading control. (C) Amino acid
sequences encoded by Fam71f1** and Fam71f1** alleles. The 4 bp deletion in the second exon
of Fam71f1 causes a S107Y mutation and a premature stop codon. (D) Genotyping of Fam71f2
mutant mice. F1-R1 and F2-R2 primers in Fig. 1E were used. F2 and R2 can amplify the KO
allele because of the large deletion. (E) RT-PCR analysis for Fam71f2 expression in testes. F3

and R3 primers in Fig. 1E were used. Actb was used as a loading control.
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Fig. S3. Testis gross morphology and sperm head morphology in Fam71fl and Fam71f2
mutant mice.

(A) Testis morphology of Fam71f1** and Fam71f1** mice. Scale bar, 5 mm. (B) Testis/body
weight of Fam71f1** and Fam71f1"** mice. Error bars represent S.D. n.s.; not-significant
(unpaired Student’s t-test). Number of males = 3 each. (C) Testis morphology of Fam71f2*/9516
and Fam71f2%16 mjce, Scale bar, 5 mm. (D) Testis/body weight of Fam71f2** and
Fam71f2°'%"9516 mice. Error bars represent S.D. n.s.; not-significant (unpaired Student’s t-test).
Number of males = 3 for Fam71f2*"**! and 5 for Fam71f2%'%% (E) Immunofluorescence
staining of the acrosome and mitochondria. More examples of abnormal acrosome morphology
(Fig. 2D) are shown. Hoechst (blue), nucleus; lectin-PNA (green), acrosome; TOM20 (magenta),
mitochondria. Scale bar, 5 um. (F) Immunofluorescence staining for [ZUMOI1 using fixed
Fam71f] mutant spermatozoa. IZUMO1 was abnormally spread over the head in Fam71f1 mutant
spermatozoa. Hoechst (blue), nucleus; 1ZUMOI1 (green). Scale bar, 5 pm. (G)
Immunofluorescence staining for [ZUMOI using fixed Fam?71f2 mutant spermatozoa. IZUMO1
signal was slightly expanded in Fam71f2 mutant spermatozoa. Hoechst (blue), nucleus; [ZUMO1
(green). Scale bar, 5 um.

cC
o
)
©
£
=
qg
£
>
©
i)
C
()
£
Q
o
o
=)
(0p)
.
)
C
Q
£
Q
o
()
>
()
(@]



Development: doi:10.1242/dev.199644: Supplementary information

A B
200 200
-
. =
100 - 00 -
° 150 150 R "
= 7 o = = © B l?“
£ 8 & § a0 B
£ i 100 g 100 5
o
% 50 o - —
@ < [ Q
= = = > 100
g 25 50 50
0 o 0 o
10 min 2h 10 min 2h 10 min 2h
O Fam7if1*< @ Fam71f1++ O Fam71if1+< O Fam71f1++
C D 200 300
° °
150 o
100 l 3 ° Jn: °
a 150 |9 o g oloas =
o — °| ‘E 200 o
T 75 ) T
< 8 g™ s
£ E 100 £ 3]
2 5 3 E 2
° % @ 100
2 < S w0
g ©
0 0 o 0
10 min 2h 10 min 10 min 2h
0O Fam71f2+%7¢ 0 Fam71f29%os16 O Fam71f2+#8 O Fam7 12955916

Acrosome reaction rate (%)

10 min 4h A23187
O Fam71f1++< O Fam71f1++

Fig. S4. Analyses of sperm motility and acrosome reaction.

(A) Percentage of motile spermatozoa in Fam71f1 mutant males. Error bars represent S.D. *p <
0.05 (unpaired Student’s t-test). Number of males = 4 each. (B) Velocity analysis of motile
spermatozoa in Fam?71f1 mutant males. VAP (average path velocity), VSL (straight line velocity),
and VCL (curvilinear velocity) were analyzed. *p < 0.05, **p < 0.01 (unpaired Student’s t-test).
Error bars represent S.D. Number of males = 4 each. (C) Percentage of motile spermatozoa in
Fam71f2 mutant males. No significant difference was found. Error bars represent S.D. Number
of males = 4 each. (D) Velocity analysis of motile spermatozoa in Fam?71f2 mutant males. No
significant differences were found. Error bars represent S.D. Number of males = 4 each. (E) The
acrosome reaction rates at 10 minutes and 4 hours after incubation in capacitation medium. After
4 hours incubation, Ca?* ionophore A23187 was added to induce the acrosome reaction. The
acrosome reaction was analyzed using Acr-EGFP transgenic mice. After 4 hours of incubation
and A23187 addition, the acrosome reaction rates were significantly lower in Fam71f1** mice
compared to those of Fam71f1** mice. Error bars represent S.D. ***p < 0.001 (unpaired
Student’s t-test). Number of males = 3 each.
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Fig. S5. Observation of the acrosome formation in Fam71f1*** mice.

(A) Immunofluorescence staining of the acrosome and Golgi apparatus during spermatogenesis
using testis sections. In round spermatids around step 2-6, the morphology of the acrosome was
comparable to that of the control. Hoechst (blue), nucleus; lectin-PNA (green), acrosome; GM130
(magenta), Golgi apparatus. Scale bar in low magnification, 10 um; high magnification, 5 um.
(B) TEM observation of the acrosome formation. More examples of abnormal acrosome swelling

arrowheads) around step 4-5 in Fam71f1"** mice (Fig. 4B) are shown. Scale bar, 1 um.
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Fig. S6. Generation of Fam71f1-PA Tg mice.
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(A) Schematic of the transgene. Fam71f1-PA is expressed under the Clgn promoter. Primers F1
and R1 are used for genotyping. (B) Genotyping of Fam71f1-PA Tg mice. F1 and R1 primers in
Fig. SBA were used. (C) Fertility of Fam71f1-PA Tg mice. Males of Fam71f1""* or Fam71f1**

with the transgene were mated with wild-type females and the number of pups born per plug was

counted. Error bars represent S.D. n.s.; not-significant (unpaired Student’s t-test). Number of
males = 3 each. (D) Immunoblotting analysis for FAM71F1-PA using HEK293T cells, testes, and
cauda epididymal spermatozoa. Fam?71f1-PA was transiently transfected in HEK293T cells for

positive controls. ACTB was used as a loading control.
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Fig. S7. Relationship between FAM71F1 and other globozoospermia-related proteins.

(A) Immunoblotting analysis of the proteins known to contribute to acrosome formation. Testis
lysates from Fam71f1"* or Fam71f1*** males were used to detect GOPC, ZPBP1, and SPACAI.
ACTB was used as a loading control. (B) Immunoblotting analysis of SPACA1 in testes and cauda
epididymal spermatozoa. ACTB was used as a loading control. (C) Immunoblotting analysis of
SPACALI in testes and cauda epididymal spermatozoa. Samples were treated with PNGase F.
ACTB was used as a loading control. (D) Immunoblotting analysis of SPACA1 in testes and cauda
epididymal spermatozoa. Samples were treated with O-glycosidase. ACTB was used as a loading
control. (E) Immunofluorescence staining for the acrosome and SPACA1 during spermatogenesis
using testis sections. Hoechst (blue), nucleus; lectin-PNA (green), acrosome; SPACA1 (magenta).
Scale bar, 20 um. (F) Immunoprecipitation of FAM71F1-PA using anti-PA antibody in Fam71f1-
PA Tg testis. SPACA1 was not detected by immunoblotting analysis.
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Fig. S8. Localization of RAB2A/B in the testis.

(A) Confirmation of RAB2A/B antibody. PA-Rab2a or PA-Rab2b was transiently transfected in
HEK293T cells. The RAB2A/B antibody reacts with both PA-RAB2A and PA-RAB2B. Tubulin
was used as a loading control. (B) Immunofluorescence staining of RAB2A/B during
spermatogenesis using testis sections. RAB2A/B was localized in the Golgi apparatus until step
7-8. Enlarged pictures are shown in the top-left corner. Hoechst (blue), nucleus; GM130 (green)
(upper panels), Golgi apparatus; PNA (green) (lower panels), acrosome; RAB2A/B (magenta).
Scale bar, 10 pm.

Table S1. Identified proteins by immunoprecipitation - mass spectrometry.

Click here to download Table S1
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http://www.biologists.com/DEV_Movies/DEV199644/TableS1.xlsx
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Table S2. Sequences of primers.

Method Target Strand Sequence (5'—3") Name in Fig.
RT-PCR Fam71f1 E ATGATGACATCAGTTICCACCTAGAAAGTC F2
R TATAGAGTTTCCTCCAGTTAGGGACAGCC R2
Fam71f2 F ATGAGTAAAATTAGGGGCCTCCCTCC F3
R GGGTCCCAACAAGTICTCTCC R3
Actb F CATCCGTAAAGACCTCTATGCCAAC
R ATGGAGCCACCGATCCACA
Genotyping Fam71f1 F AGTGCTGAGTGAAGAAACCC F1
R ATTTAACAGGTAGCCTCCCC R1
Fam71f1-PAtg F ATGATGACATCAGTTCCACCTAGAAAGTC F1
R TATAGAGTTTCCTCCAGTTAGGGACAGCC R1
Fam71f2 F CAGCAATGGTGATTGATGGG F1
R ATCCCACTGTATTIGTTICAGG R1
E GTCTTTAAACTCCTATCAGG F2
R CTGTGTAGCTCCTGTTTTIGG R2
Cloning Fam?71f1 F ATGATGACATCAGTTCCACCTAGAAAGTC
R TATAGAGTTTCCTCCAGTTAGGGACAGCC
Fam71f2 E ATGAGTAAAATTAGGGGCCTCCCTCC
R GGGTCCCAACAAGTICTCTCC
Rab2a F ATGGCGTACGCCTATCTCTTCAAGTAC
R TCAACAGCAGCCTCCCCCTGC
Rab2a (CA) F TTGGAGTCCTTTCGTTCTATCACACG
R CCCTGCTGTATCCCAGATCTGG
Rab2a (CN) E AACTGCTTATTGCTACAGTITACAG
R TTTACCAACACCTGTGTCGC
Rab2b E ATGACTTACGCTTATCTCTTCAAGTACATCATCATC
R

GCAGCAGCCAGAGTCAGGCC
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Table S3. Sequences of gRNA.

Target Name in Fig. | Sequence (5'—3")

Fam71f1
(Exon 2)

Fam71f2
(5'UTR)
Fam71f2
(3'UTR -
down stream
region)

gRNA CCTCCGTACCTTGCCTTCCC

gRNA 1 GCCCAACTCCAAGGTGTCGG

gRNA _2 AATGGAGTCCTCGTTGTTGG

Table S4. Antibodies used in this study.

Immunoprecipitation

Antigen Provider Catalog number Volume
PA tag FUJIFILM Wako Pure Chemical 016-25861 ! WL for Immunablot sample
2 pL for Mass spectrometry sample
FLAG tag (M2) Sigma-Aldrich F1804 0.6 uL
Immunoblotting
Antigen Provider or Reference Catalog number Dilution
PA tag FUJIFILM Wako Pure Chemical 016-25861 1;1000
FLAG tag MBL PM020 1;1000
o-Tubulin (B-5-1-2) Sigma-Aldrich T5168 1;2000
B-Actin (AC-15) abcam ab6276 1;5000
GOPC abcam ab37036 11000
Lin YN ef al, Mol Cell Biol., .
ZPBPI1 27:6794-805., (2007) 1;1000
Fujihara Y er al, Development,
PACAI 1:1
SPAC 139:3583-9., (2012) 1000
RAB2 Thermo fisher scientific PAS5-21962 1:;500
Rabbit 1gG (HRP conjugated) Jackson ImmunoResearch 111-036-045 1;5000
Mouse IgG (HRP conjugated) Jackson ImmunoResearch 115-036-062 1;5000
Rat 1gG (HRP conjugated) Jackson ImmunoResearch 112-035-167 1;5000
Goat IgG (HRP conjugated) Jackson ImmunoResearch 805-035-180 1,500
Immunocytochemistry (ICC) and Immunohistochemistry (IHC)
Antigen Provider or Reference Catalog number Dilution
HA tag MBL 561 1;1000
TOM20 (FL-145) Santa Cruz Biotechnology sc-11415 1:100
) Ikawa M er al, I Biol Chem., 1,500 (Fig. 4C)
1ZUMOI (KS64-125) 286:5639-46., (2011) 1:100 (Fig. 4D)
GM130 BD Biosciences 610822 1;1000
Fujihara Y er al, Development, .
SPACAL 139:3583-9, (2012) 151000
RAB2 Thermo fisher scientific PAS5-21962 1;100
. . . B 1;1000 (for ICC)
Rabbit 1gG (Alexa Fluor 546 conjugated)  Thermo fisher scientific A-11071 11200 (for IHC)
. _ ) 1;1000 (for ICC)
Mouse IgG (Alexa Fluor 488 conjugated)  Thermo fisher scientific A-11017 11200 (for IHC)
Mouse IgG (Alexa Fluor 546 conjugated) ~ Thermo fisher scientific A-11018 1;200
Rat IgG (Alexa Fluor 488 conjugated) Thermo fisher scientific A-11006 1;200
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