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CABYR is essential for fibrous sheath integrity and progressive

motility in mouse spermatozoa

Samantha A. M. Young'2, Haruhiko Miyata?, Yuhkoh Satouh®, Robert John Aitken?, Mark A. Baker' and

Masahito Ikawa?3*

ABSTRACT

Ca?*-binding tyrosine-phosphorylation-regulated protein (CABYR) has
been implicated in sperm physiological function in several in vitro
studies. It has also been implicated as a potential cause of and
diagnostic tool in asthenozoospermic human males. CABYR is known
to be localized to the fibrous sheath, an accessory structure in the
flagellar principal piece. Utilizing the CRISPR-Cas9 technology, we
have knocked out this gene in mice to understand its role in male fertility.
Cabyr-knockout male mice showed severe subfertility with a defect in
sperm motility as well as a significant disorganization in the fibrous
sheath. Further, abnormal configuration of doublet microtubules was
observed in the Cabyr-knockout spermatozoa, suggesting that the
fibrous sheath is important for the correct organization of the axoneme.
Our results show that it is the role of CABYR in the formation of the
fibrous sheath that is essential for male fertility.

KEY WORDS: Spermatozoa, Knockout, CRISPR-Cas9, CABYR,
Fibrous sheath

INTRODUCTION

Spermatozoa are unique and highly specialized cells. They
comprise a head region, where the paternal genetic information is
stored, and the flagellum, which propels the cell towards its ultimate
destination, the oocyte. The flagellum is made up of four segments:
the connecting piece directly adjacent to the head; the midpiece
containing the mitochondrial gyres wrapped around the axoneme;
the principal piece, which is enclosed by the fibrous sheath; and a
short end piece (Eddy et al., 2003; Li et al., 2011). The principal
piece makes up about three quarters of the flagellum and is largely
responsible for forming the flagellar beat, the wave-like pattern that
propels spermatozoa towards to the oocyte (Eddy et al., 2003; Li
et al., 2011). Within the principal piece exists a unique cytoskeletal
structure known as the fibrous sheath. The fibrous sheath surrounds
the axoneme and outer dense fibres, and contains two longitudinal
columns that are connected by closely organized semicircular
transverse ribs. The fibrous sheath is believed to regulate the degree
of flexibility, flagellar motion and shape of the flagellar beat during
the lifespan of a sperm cell (Eddy et al., 2003). The main structural
components of the fibrous sheath come from two proteins of the
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A-kinase anchoring family (AKAPs), which includes AKAP3 and
AKAP4 (Fiedler et al., 2013). As such, the fibrous sheath acts as a
scaffold for several signalling and/or metabolic pathways (Li et al.,
2010). For example, many glycolytic enzymes are found along the
fibrous sheath that enable local energy production for sperm
motility (Li et al., 2011; Nakamura et al., 2013; Bunch et al., 1998;
Krisfalusi et al., 2006; Westhoff and Kamp, 1997; Feiden et al.,
2007).

In addition to glycolytic enzymes, another protein bound to the
fibrous sheath is the Ca*'-binding tyrosine-phosphorylation-
regulated (CABYR) protein (Naaby-Hansen et al., 2002). The
importance of this protein first came to light when studies
demonstrated that CABYR becomes phosphorylated during sperm
capacitation (Naaby-Hansen et al., 2002). Capacitation is the
biochemical process sperm undergo after ejaculation, within the
female reproductive tract and is necessary for fertilization to take
place (Yanagimachi, 1994). This first report was followed by papers
that defined the specific phosphorylated peptides of CABYR that
are involved in tyrosine phosphorylation during sperm capacitation
(Ficarro et al., 2003), and by mapping of the Ca?*-binding domain
to a particular region of CABYR (Kim et al., 2005). Ca>" is known
to play an essential role in both capacitation and sperm motility
(Navarrete et al., 2015; Ho and Suarez, 2003).

Although a role for CABYR during capacitation is plausible,
the expression profile of CABYR strongly suggests that this
protein is likely to play another role in the development of the
fibrous sheath. During spermiogenesis, whereupon a round cell is
converted into a sperm cell, up to 16 different steps have been
classified (Meistrich et al., 2003). During stages 14-16, the
development of the fibrous sheath occurs. It is at step 14 that
CABYR is first detected in the developing flagella (Li et al.,
2010). Furthermore, CABYR is still present in step-16 spermatids
when the fibrous sheath is complete (Li et al., 2010; Sakai et al.,
1986). This suggests that CABYR is strongly linked to the
development of the fibrous sheath during spermatogenesis.
Indeed, the N-terminal domain of CABYR (residues 12—48) has
high homology to the Rllo. domain of protein kinase A (PKA)
(Sen et al., 2003). This region is known as the R2D2 domain
(Colledge and Scott, 1999; Sen et al., 2003), and several other
proteins also have this motif (Hanlon Newell et al., 2008; Kim
et al., 2005; Li et al., 2010). Through this R2D2 domain, CABYR
has been shown to bind to the main protein structural components
of the fibrous sheath, AKAP3 and AKAP4.

Nevertheless, despite the binding evidence and data on staging
and temporal expression during spermiogenesis that suggest
CABYR could be involved in the development of the fibrous
sheath, to date, no definitive evidence has been found to confirm
this. As such, this study utilized the genetic technology of the
CRISPR—Cas9 system to generate a Cabyr-knockout (KO) mouse
line. Spermatozoa derived from this line demonstrate the
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importance of CABYR in the correct formation and structure of the
fibrous sheath.

RESULTS

Generation of Cabyr-KO mice

We found seven Cabyr splice variants by using an in silico search
(www.ensembl.org) (Fig. 1A). The single guide RNA (sgRNA)
target was designed in exon 2 because that exon contains the initial
methionine and is shared by all of the transcripts (Fig. 1A,B). Cabyr-
KO mice were generated by microinjecting oocytes with 5 ng/ul of
pX330 plasmid that expressed both sgRNA and Cas9 protein
(Mashiko et al., 2013). Of the 149 fertilized oocytes that had been
injected, 117 were transplanted into the oviducts of pseudopregnant
females and nine pups were born. Of these nine pups, one male
mouse possessed a mutation that was mosaic. Insertion of the
mosaic pup genome into a pBluescript cloning vector allowed us to
determine the changes to the alleles — a 17-bp insertion, a 135-bp
deletion and a 1-bp insertion. This mosaic mouse was caged with
two wild-type (WT) females for approximately three months to
expand the colony, but no pups were born. Superovulated females
were then mated with this male mouse and the spermatozoa were
flushed from the uterus. The morphology and motility of the
spermatozoa appeared to be normal when viewed by performing
conventional microscopy. One epididymis was then collected for
in vitro fertilization (IVF). However, no fertilized oocytes were
obtained. Therefore, we decided to use the remaining epididymis to
perform intracytoplasmic sperm injection (ICSI). Through ICSI, 11
pups were born, 6 out of 11 were WT, and 5 out of 11 were
heterozygous (1 out of 5 had a 1-bp insertion, 2 out of 5 had a 135-bp
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Fig. 1. CABYR isoforms and CRISPR-Cas9 strategy. (A) Isoforms of
CABYR in the mouse. Closed bars indicate translated exons, open bars
indicate untranslated exons. Grey bars indicate isoforms degraded through
nonsense-mediated decay (NMD). (B) Forward (Fw) and reverse (Rv) primers
surrounding the sgRNA-target region (black arrows); PAM sequence shown in
red. Blue arrowhead indicates site of Cas9 digestion, underlined region
indicates sgRNA-target sequence. (C) Sequence analysis of WT (top row)
versus KO (bottom row), 17-bp insertion indicated by open bracket.
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deletion and 2 out of 5 had a 17-bp insertion). The mice with the 17-
bp insertion were bred to obtain homozygous mice (Cabyr™!7*17
KO mice; Fig. 1C). The 17-bp insertion resulted in a premature stop
codon in exon 3 (also transcribed in all splice variants) and the
production of a CABYR protein that was only 60 amino acids in
length. The obtained Cabyr*!”"!7 KO mice were viable and showed
no overt abnormalities.

Confirmation of deletion of CABYR in the KO mouse line

In order to demonstrate that CABYR was absent in the Cabyr-KO
spermatozoa, immunoblotting was performed (Fig. 2A). As shown, a
strong band of approximately 86 kDa was present in the
heterozygous sample but absent in the KO sample. Other bands,
including 50-kDa and 30-kDa isoforms (Li et al., 2010), were not
detectable in the Cabyr-KO sample. Immunocytochemical analysis
confirmed previous reports (Naaby-Hansen et al., 2002) that
CABYR is localized to the principal piece of the sperm tail
obtained from heterozygous mice. Further, we could not see any
signal in the spermatozoa obtained from the Cabyr-KO mice
(Fig. 2B), indicating that CABYR is absent in the KO
spermatozoa. It should be noted that sperm morphology appeared
normal in the Cabyr-KO mice under conventional microscopy.
Further analysis of the subcellular localization of CABYR with
super-resolution imaging revealed multiple and separated lines of
signals observed in the principal piece, which is consistent with the
previous findings (Naaby-Hansen et al., 2002; Li et al., 2010) that
showed the location of CABYR in the fibrous sheath (Fig. 2C). To
determine if the loss of CABYR affected the two major structural
components of the fibrous sheath, we performed immunoblots using
antibodies against AKAP3 and AKAP4 (Li et al., 2011). In both
cases, the amount of these proteins remained unchanged in the
Cabyr-KO spermatozoa (Fig. 2D).

Male fertility analysis

Breeding of Cabyr-KO males with WT females for a period of 3
months demonstrated severe subfertility (Fig. 3A). From three
months of mating, only a single pup was born that was sired by a
Cabyr-KO male. This indicated that although the spermatozoa
looked morphologically normal, there were still defects causing
this fertility phenotype. In vitro analysis showed a significant loss
in the ability of the KO spermatozoa to fertilize in IVF assays of
oocytes both with an intact cumulus cell layer (cumulus-intact)
and with the cumulus cell layer removed (cumulus-free)
(Fig. 3B). Although several other gene-KO mouse lines have
been generated whose spermatozoa cannot bind to the zona
pellucida, an extracellular matrix surrounding the oocyte (Ikawa
et al,, 2010; Fujihara et al., 2014; Okabe, 2013), Cabyr-KO
spermatozoa could still bind to the zona pellucida (Fig. 3C;
Fig. S1A). Further, when the zona pellucida was removed, KO
spermatozoa continued to fuse with the oocyte (Fig. 3D),
suggesting that knockout of Cabyr does not affect sperm—egg
interaction at the oolemma. Taken together with the results using
cumulus- and zona-intact eggs, these findings indicate that
knockout of Cabyr impairs the ability of spermatozoa to
penetrate the zona pellucida but not sperm—egg binding and
fusion. Consistent with this idea, Cabyr-KO spermatozoa can
undergo the acrosome reaction (Fig. S1B,C) that is a prerequisite
for sperm—oocyte membrane fusion (Inoue et al., 2011a).

Motility analysis
Motility is one of the most important aspects of the ability of a
spermatozoan to fertilize an oocyte (Suarez et al., 1993; Miyata
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et al., 2015). Owing to the location of CABYR (Fig. 2B), we
hypothesized that the fertility defect is be due to impaired sperm
motility. We analyzed sperm motility using computer-assisted
spermatozoa analysis (CASA). In Toyoda, Yokoyama and Hoshi
(TYH) medium (Toyoda et al., 1971), which induces capacitation,
the Cabyr-KO spermatozoa had significantly lower total
(percentage of motile cells) and progressive (percentage of cells
moving forward) motilities (Fig. 4A,B). Similar defects were
observed when the spermatozoa were incubated in non-capacitating
medium (Fig. S2A), suggesting that capacitation signalling was not
the cause of the defects. The KO spermatozoa also had significantly
lower average path velocity (VAP), straight line velocity (VSL)
and curvilinear velocity (VCL) at both 10 min and 120 min
of incubation (Fig. 4C, Movies 1, 2). The occurrence of
hyperactivation, a qualitative change in the mode of sperm
motility during capacitation, was also significantly lower in the
KO mice after 2 h (Fig. S2B), which could be caused by impaired
basal motility because sperm motility is even lower in non-
capacitating medium (Fig. S2A). These data indicated that motility
defects were the most likely cause of the failure of spermatozoa to
penetrate the zona pellucida.

- BASIGIN

Tyrosine and PKA phosphorylation

CABYR is phosphorylated on tyrosine as well as on serine and
threonine residues during capacitation, which is thought to be
involved in the capacitation process (Ficarro et al., 2003; Kim et al.,
2005; Naaby-Hansen et al., 2002). To investigate if impaired
capacitation is associated with poor sperm motility, we assessed
both PKA activity and the phosphorylation status of tyrosine
residues, as hallmarks of the capacitation process. According to this
analysis, there were no apparent differences in the profile of PKA-

Fig. 2. Confirmation of knockout of Cabyr. (A) Immunoblot
analysis of CABYR in Cabyr heterozygote (+/Cabyr*"”; HET)
and homozygote (Cabyr*'”*7;, KO). (B) Immunostaining
analysis of CABYR using spermatozoa from HET and KO mice.
Green, CABYR,; blue, nuclear staining. (C) Super-resolution
images of CABYR expression in the principal piece (PP) of WT
spermatozoa. Two examples are shown. (D) Immunoblot
analysis of AKAP3 and AKAP4 expression in Cabyr HET and KO
spermatozoa. Basigin as control.

phosphorylated substrates (Fig. SA) at either 10 min or 120 min of
incubation in TYH medium. Furthermore, we did not observe any
clear differences in phosphorylation of tyrosine residues by western
blotting (Fig. 5B). This was confirmed by immunostaining for
tyrosine residue phosphorylation (Fig. 5C); although the Cabyr-KO
spermatozoa did seem to exhibit weaker signals, the difference
between fertile heterozygous samples and severely subfertile
homozygous samples was not significant at any time point
investigated (Fig. 5D). These results suggest that CABYR is not
absolutely necessary for PKA substrate phosphorylation and
subsequent phosphorylation of tyrosine residues.

Fibrous sheath integrity

To investigate the cause of the motility defect, we examined the
ultrastructure of mature cauda epididymal spermatozoa (Fig. 6A—F).
As a result of transmission electron microscopic analysis, we found
that the fibrous sheath was specifically disorganized in the Cabyr-
KO spermatozoa with fibres unwound and increased cytosolic space
between the axoneme and the plasma membrane (Fig. 6B). Further
analysis of cross sections of the principal piece revealed that the
transverse ribs of the fibrous sheath were preferentially disrupted or
expanded and that these were significantly different to those of
controls (P<0.05; Fig. 6C and D). In contrast, the fibrous sheath
adjacent to doublet microtubules 3 and 8, where the longitudinal
columns of the fibrous sheath are located (Eddy et al., 2003), was
not missing; however, it should be noted that the structure did not
seem to be normal compared to that of the control (Fig. 6C). Also, in
the medial section of longitudinally lying flagella, containing ribs or
longitudinal columns, the disruptions were observed in the ribs but
not in the longitudinal columns (0 out of 22 flagella examined;
Fig. S3A). Such abnormalities of the fibrous sheath ribs were further
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Fig. 3. Fertility analysis of Cabyr-KO mice. (A) Litter size is shown as the
number of pups per litter, two WT females were caged with each male. The
average litter size was 8.4+2.7 vs 0.06+0.3 (HET versus KO; meants.d.). The
number of plugs counted is shown above the graph. (B) IVF using cumulus-
intact (C+) and cumulus-free (C—) oocytes. The average percentages of
oocytes that reached the two-cell stage when incubated with HET or KO
spermatozoa were (meanzs.d.): C+, 75.4%+14.0 vs 0%+0 (HET versus KO);
C—, 53.3%+15.8 vs 4.9%+5.3 (HET versus KO). The number of oocytes
analyzed is shown above the graph. Black line above x-axis (KO, C+) indicates
zero fertilized oocytes. (C) The zona-pellucida-binding assay is represented by
the number of spermatozoa bound to the zona pellucida of WT oocytes, 97+40
vs 93137 (HET versus KO). The number of oocytes analyzed is shown above
graph. (D) Zona-pellucida-free fusion is represented by the fusion index, which
was 1.92+0.74 vs 1.46+0.71 (HET versus KO; meanzs.d.). The number of
oocytes analyzed is shown above graph. Fusion index, fused spermatozoa per
oocyte. Each experiment used three HET and three KO males. *P<0.05,
**P<0.01 (Student’s t-test). Error bars are meants.d.

confirmed by a significantly higher frequency of vertically aligned
ribs in the lateral sections of longitudinally lying flagella (Fig. S3B,C).

In addition to the abnormalities in the fibrous sheath, the
disorganized axonemal structure in both the proximal and distal
regions of the principal piece were observed in Cabyr-KO
spermatozoa (black arrows in Fig. 6C). These abnormalities,
defined as more or fewer doublet microtubules than in the 9+2
organization of the axoneme, tended to be more frequent in the
distal region of KO spermatozoa compared to in the same region of
controls, and the number of abnormalities increased along the
length (Fig. 6E; Fig. S4). Occasionally, we observed an increased
tendency of extra doublet microtubules located outside of the
fibrous sheath to form (white arrows in Fig. 6C,F). In contrast, no
structural abnormalities were observed in the midpiece (Fig. 6E),
suggesting that the microtubule extension from the centriole occurs
normally, even in Cabyr-KO mice.

DISCUSSION

This study utilized the CRISPR—Cas9 genetic manipulation
technology to knockout Cabyr in mice. The N-terminus of the
protein (the second exon) was targeted successfully, and homozygous
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Cabyr-KO mice were severely subfertile. Although there were no
problems with zona-pellucida binding or fusion with the plasma
membrane of the egg in IVF, there were significant defects in the
motility of Cabyr-KO spermatozoa that could cause impaired zona
pellucida penetration. The fibrous sheath of the Cabyr-KO
spermatozoa was severely disrupted, and the organization of the
axoneme in the principal piece of the flagellum was clearly
compromised. These data indicate that CABYR is an essential
structural component of the fibrous sheath and that abnormal fibrous
sheath formation in the Cabyr-KO spermatozoa leads to impaired
sperm motility and severe male subfertility. It would be interesting
to analyze if Ca®'-binding and/or phosphorylated properties of
CABYR are involved in the formation of the fibrous sheath. This
could be done by mutating specific regions of CABYR with the
CRISPR—Cas9 system (Wang et al., 2013; Young et al., 2015).

There are several proteins that have been identified that are
localized in the fibrous sheath. Apart from AKAP3 and AKAP4, the
other most notable of these are the proteins containing an R2D2
domain. CABYR is one of four proteins known to have this domain.
Knockout studies analysing two more of these proteins, Ropporin 1
(ROPN1), as well as a similar protein, Ropporinl-like (ROPNIL),
indicated defects in the integrity of the fibrous sheath (double KO)
exhibiting thinning of the principal piece and a loss of AKAP3
(Fiedler et al., 2013). Unfortunately, there was no further investigation
of the ultrastructure of these spermatozoa so it is unclear whether the
integrity of the fibrous sheath remained intact. The Ropnl Ropnll
double KO mouse line exhibits a complete failure in fertilization
(Fiedler et al., 2013). The fourth R2D2-domain-containing protein,
SPA17 has not yet been knocked out, although it too can bind to
AKAP3 (Lea et al., 2004) and is localized to the fibrous sheath
(Chiriva-Internati et al., 2009), indicating that knockout might
potentially result in a phenotype similar to that upon loss of
CABYR. Combined with our current data on CABYR, it appears that
at least three of the four proteins containing the R2D2 domain appear
to be essential for the correct formation of a fibrous sheath.

In addition to the proteins containing the R2D2 domain, the
protein fibrous sheath CABYR binding (FSCB) is localized in the
fibrous sheath and interacts with ROPN1 and ROPNIL (Zhang
etal., 2016). As the name suggests, FSCB binds directly to CABYR
(Lietal., 2007), and research has shown that it is phosphorylated by
PKA and that it binds to Ca®", placing it firmly in the centre of
sperm motility pathways (Liu et al., 2011; Zhang et al., 2016). In
light of the findings of this research, FSCB would be a very
promising candidate for future research, and with the speed and ease
of the CRISPR—Cas9 system, it should not take too long to discover
the function in vivo.

One of the important proteins within the fibrous sheath is
AKAP4. Given that CABYR resides in the fibrous sheath, it stands
to reason that a reduction in AKAP4 could also help to explain the
lack of motility. Indeed, when 4kap4 is knocked out, there is a large
reduction in the size and integrity of the fibrous sheath (Miki et al.,
2002), which is similar to that seen in the Cabyr-KO mice.
However, motility of the 4kap4-KO spermatozoa was more severely
compromised than that seen in the Cabyr-KO spermatozoa, with no
forward progressive motility and less than 10% of spermatozoa
showing any motility (Miki et al., 2002). In addition, 4kap4-KO
spermatozoa exhibited shortened flagellum, and the end piece was
sometimes curled or splayed apart into fine filaments (Miki et al.,
2002). In our analysis, we saw no effect on AKAP4 in terms of the
amount of protein present (Fig. 2D). In addition, although AKAP4
undergoes PKA-dependent phosphorylation on serine and tyrosine
residues, the lack of CABYR did not appear to impact on these
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Fig. 4. Motility analysis of Cabyr-KO mice.
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signalling pathways. Therefore, these results suggest that CABYR is
not necessary for the correct organization of AKAP4.

Previous work has indicated that CABYR is localized to the
fibrous sheath, over its entire surface, including the inner and outer
surfaces of the ribs and LCs (Naaby-Hansen et al., 2002; Kim et al.,
2005). Our study revealed that disrupted structures were observed in
the ribs but not in the longitudinal columns (Fig. 6; Fig. S3). It has
been reported that the longitudinal columns are formed before the
ribs (Sakai et al., 1986), and loss of CABYR from the cytoplasm
occurs slightly later than AKAP4, a major component of the entire
fibrous sheath (Li et al., 2010). Combining these facts together
indicates that CABYR is involved in a step of rib formation and/or
stabilization that occurs after basic organization of the longitudinal
columns has been established.

One of the most fascinating features of the Cabyr-KO
spermatozoa was the incorrect doublet microtubule localization
(Fig. 6C-F). However, although we observed displacement of the
doublet microtubules, the accessory components (including the
outer and inner dynein arms or radial spokes) of these doublet
microtubules, as well as those in central pair apparatus, appeared to
have normal morphology. In another animal model, the enolase 4
(Eno4)-KO mouse, impairment of the fibrous sheath has been noted
(Nakamura et al., 2013), and the Eno4-KO mice also showed
disrupted axonemes; however, no statistical analysis was given for
that and additional doublet microtubules outside the fibrous sheath
have not been described (Nakamura et al., 2013). Thus, given both
the Cabyr- and Eno4-KO mice display poor fibrous sheath formation
and lack (or, in the case of Cabyr-KO, show additional) doublet
microtubules, we suggest that the correct formation of the fibrous
sheath is important for axoneme placement or stability. In contrast,
no abnormalities were observed in the axoneme of Akap4-KO
spermatozoa. These results suggest that the integration of CABYR
into the fibrous sheath is necessary for the proper formation and/or
maintenance of the axoneme, but not AKAP4. Without the correct

formation of these essential structures (fibrous sheath and/or
axoneme), the Cabyr-KO spermatozoa have poor progressive
motility, severely reducing their fertilizing ability.

Given the uniqueness of this model, we questioned whether a lack
of CABYR possibly accounts for a failure of fertilization in humans.
Male factor infertility is very common, affecting 1 in 20 men of
reproductive age (Aitken et al., 2014). However, the precise
mechanisms underlying defects are still unknown and are likely to
involve several genes. In one case study, two men have been
reported to have defects in the fibrous sheath of their spermatozoa
(Escalier and Albert, 2006). Much like our Cabyr model, normal
sperm motility in both of these men was extremely low (5% and
<5%, respectively) (Escalier and Albert, 2006). Of particular note,
the transmission electron microscopy analysis of their sperm
flagella demonstrated that additional axonemal microtubules were
present unusually between the plasma membrane and the fibrous
sheath, very much like that seen in the Cabyr model. Another study
has found the expression of a testis-specific isoform of CABYR to
be greatly reduced in asthenozoospermic (impaired motility) men
(Shen et al., 2015). Hence, it is plausible that a defect in or a lack of
CABYR underpins some forms of human male infertility.

MATERIALS AND METHODS

Animals

All animal experiments were approved by the Animal Care and Use
committee of the Research Institute for Microbial Diseases, Osaka University.

Off-target analysis

Potential off-target sites were found using free software, Bowtie (http:/
bowtie-bio.sourceforge.net/index.shtml), with rules that have been outlined
previously (Mali et al., 2013; Wang et al., 2013; Yang et al., 2013). Twelve
to 14 bases preceding the protospacer adjacent motif (PAM) sequence with
AGG, GGG, CGG and TGG were aligned with the mouse genome (mm9;
University of California Santa Cruz). sgRNAs with fewer off-target sites
were designed.
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Fig. 5. Analysis of phosphorylated PKA substrates and
phosphorylated tyrosine residues. (A) Immunoblot of
phosphorylated PKA substrates (p-PKA substrate).
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Spermatozoa were incubated in capacitation medium (TYH)
and proteins were extracted from the spermatozoa at 10 min
(un-capacitated) and 120 min to assess changes in p-PKA
substrate. (B) Immunoblot of phosphorylated tyrosine
residues (p-Tyr) in un-capacitated (10 min) versus
capacitated (120 min) spermatozoa. (C) Immunolocalization
of phosphorylated tyrosine residues in un-capacitated

(10 min) versus capacitated (120 min) spermatozoa. Green,
tyrosine phosphorylation; blue, nuclear staining. (D) Counts
of strong phosphorylated tyrosine residue signals at the
indicated time points over a 120-min incubation in TYH
medium. We analyzed the spermatozoa from four HET and
four KO males. The total number of spermatozoa examined is
shown above the graph. Error bars are meanzs.d.
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Plasmid and oligonucleotide preparation

The plasmids expressing hCas9 and sgRNA were prepared by ligating
oligonucleotides into the Bbsl site of pX330 (http:/www.addgene.org/
42230/; Cong et al., 2013). The pCAG-EGxxFP target plasmid was prepared
as previously described (http:/www.addgene.org/50716/; Mashiko et al.,
2013). The sgRNA sequence target was 5'-GGCCTCAAGACTCTGCTT-
GA-3’ (sgRNAT).

sgRNA validation assay
Validation of sgRNA (CRISPR) cleavage activity was performed by
transfecting HEK293T cells, as previously reported (Mashiko et al., 2013).

Pronuclear injection

B6D2F1 female mice were induced to superovulate and mated with B6D2F1
males, and fertilized eggs were collected from the oviduct. The pX330
plasmids were injected into one of the pronuclei at 5 ng/ul. The injected eggs
were cultivated in potassium simplex optimization medium (kSOM) (Ho
et al., 1995) overnight, then two-cell stage embryos were transferred into
the oviducts of pseudopregnant ICR females. The pups obtained were
genotyped by performing PCR and subsequent sequence analysis.

Genotyping of subsequent generations

PCR analysis of genomic DNA was performed for Cabyr using the
following primer sets: Cabyr forward (plus EcoRV restriction enzyme
sequence) 5'-AAGATATCTGTGCATTAGTAAGCAGTGG-3’, reverse
(plus BamHI restriction enzyme sequence) 5'-AAGGATCCTGACGA-
CCCTGCTGAAGTGG-3'. Direct sequencing of PCR products was then
performed. Restriction enzyme sites were added because these primers were
used for pCAG-EGxxFP plasmid construction. The Cabyr*?7 allele had an
insertion of the HindIlII site, allowing for fast analysis of the genotype by
PCR and subsequent enzyme digestion.
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Intracytoplasmic sperm injection

ICSI was performed as previously reported (Inoue et al., 2005). In brief,
mature oocytes were collected from superovulated B6D2F1 mice 13—15 h
after injection of human chorionic gonadotropin. After hyaluronidase
treatment to remove the cumulus oocyte complex, oocytes were placed in
fresh Chatot, Ziomek and Bavister (CZB) medium at 37°C under 5% CO, in
air until subjected to ICSI. Each sperm head was separated from the tail by
applying a few piezo pulses, then injected into an oocyte using a piezo
manipulator (PrimeTech, Ibaraki, Japan) (Kimura and Yanagimachi, 1995).
The next day, two-cell embryos were counted and transferred to
pseudopregnant females. Pups were genotyped at birth.

In vivo and in vitro male fertility tests

Sexually matured Cabyr-KO male mice were caged with 2-month-old B6D2F1
female mice for 3 months, and the number of pups was counted at the day of
birth. IVF analysis was performed as previously reported (Inoue et al., 2005).

For zona-pellucida-binding assessment, the cumulus layer was removed
from the oocytes through treatment with 330 pg/ml hyaluronidase (Sigma-
Aldrich). The cumulus-free oocytes were incubated with 2x10°
spermatozoa/ml for 30 min at 37°C under 5% CO,. Cells were then
treated with 0.04% paraformaldehyde to halt sperm movement and observed
under a differential interference contrast microscope. To count the number
of spermatozoa that had bound to the zona pellucida, the sperm heads were
stained with Hoechst 33342 nuclear stain and observed under a fluorescence
microscope (excitation with ultraviolet light).

The zona-pellucida-free fusion assay was performed as previously
reported (Inoue et al., 2005), with some minor changes. In brief, the zona
pellucida was removed using 1 mg/ml collagenase (Sigma-Aldrich). Zona-
pellucida-free oocytes were then pre-loaded with Hoechst 33342 through
incubation in TYH medium containing the dye (1 pg/ml) for 10 min, then
washed thoroughly. Spermatozoa were added to a concentration of 2x103
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Fig. 6. Ultrastructural analysis of the flagellum of Cabyr-KO cauda epididymal spermatozoa. (A) Schematic drawing of the internal structure of mature
mouse spermatozoon. Proximal and distal regions of the principal piece were defined as having 5-9 and 0—4 outer dense fibres, respectively. Longitudinal
columns are located adjacent to doublet microtubules 3 and 8 (indicated in the cross section of the proximal principal piece). (B) Longitudinal view and (C) cross
section of a principal piece. Black arrowheads indicate disrupted fibrous sheaths (FSs). White asterisks indicate expanded cytosolic regions. Black arrows
indicate absence of doublet microtubules. White arrows indicate extra double microtubules outside of the fibrous sheath. Doublet microtubules 3 and 8 are
indicated. (D) Quantification of the morphological analysis of fibrous sheaths. There were significant differences between control and KO with regards to expanded

ribs, disrupted ribs and normal fibrous sheath at both proximal and distal regions (P<0.05, Student’s t-test). WT and HET were used as Ctrl. (E) Quantification of

abnormal axonemal structures (AX). Abnormal axonemes were defined as having more or fewer than nine doublet microtubules (MTs). *P<0.05 (Student’s t-test).
(F) Analysis of axonemes with extra doublet microtubules. The number of flagellar sections analyzed are shown above the graph. Error bars are meants.d.

spermatozoa/ml. After 30 min of incubation, the eggs were fixed with
0.25% glutaraldehyde then observed under a fluorescence microscope
(excitation with ultraviolet light).

Immunoblot analysis
Immunoblot analysis was performed as described previously (Inoue et al.,
2008). Samples were subjected to sodium dodecyl sulphate polyacrylamide

gel electrophoresis (SDS-PAGE) under reduced conditions followed by
western blotting. For CABYR staining, anti-CABYR polyclonal antibody
(1/200, 12351-1-AP, ProteinTech); for phosphorylated tyrosines, anti-
phosphorylated-tyrosine antibody clone 4G10®, horseradish peroxidase
(HRP) conjugate (1/2000, 16-105, Merck Millipore); for phosphorylated
PKA substrates, P-PKA-substrate RRXS/T antibody (1/1000, 100G7E, Cell
Signaling); for AKAP3, anti-AKAP3 polyclonal antibody (1/1000, 13907-1-
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AP, ProteinTech); for AKAP4, anti-AKAP82 monoclonal antibody (1/5000,
611564, BD Transduction Laboratories). Immunoreactive proteins were
detected by using an ECL western blotting detection kit (GE Healthcare).

Immunolocalization of CABYR

The spermatozoa that had been prepared from cauda epididymis were
incubated in a drop of TYH medium for 2 h at 37°C under 5% CO, and then
spotted onto slides, air dried, fixed with 4% paraformaldehyde for 5 min and
washed in PBS for 5 min. Nonspecific-protein-binding sites were blocked
with 5% bovine serum albumin (BSA) in PBS with 0.1% Tween 20 at room
temperature for 1 h. The slides were then incubated with anti-CABYR
antibody (as above) or anti phosphotyrosine 4G10® Platinum (1/200, 05-
1050X, Millipore) at 4°C overnight. Next, slides were incubated in the dark
with Alexa-Fluor-488-conjugated anti-rabbit IgG (for CABYR) or anti-
mouse IgG (for phosphorylated tyrosines) (Invitrogen) at room temperature
in 5% BSA in PBS with 0.1% Tween 20. After being washed, the slides were
mounted in PBS. The stained cells were observed under a fluorescence
microscope. A FV-OSR system (Olympus, Tokyo, Japan) was used for
super-resolution microscopy.

Acrosome reaction

To assess spontaneous acrosome reaction rates, the spermatozoa that had
been prepared from cauda epididymis were incubated in a drop of TYH
medium for 2 h at 37°C under 5% CO, and then spotted onto slides, air
dried, fixed with 4% paraformaldehyde for 10 min and washed in PBS for
5 min. Nonspecific-protein-binding sites were blocked with 5% BSA in
PBS with 0.1% Tween 20 at room temperature for 1 h. The slides were then
incubated at 4°C overnight with anti-IZUMOI antibody that was established
in our laboratory (1/500, #125, Ikawa et al., 2011). Next, slides were
incubated in the dark with Alexa-Fluor-488-conjugated anti-rat IgG
(Invitrogen) at room temperature in 5% BSA in PBS with 0.1% Tween
20. After being washed, the slides were mounted in PBS containing Hoechst
33342 nuclear stain. The stained cells were observed under a fluorescence
microscope. The acrosome reaction rate was calculated by counting the
percentage of cells displaying IZUMOI located throughout the complete
sperm head, indicating the acrosome reaction had taken place.

Sperm motility analysis

Spermatozoa were collected from the cauda epididymis and suspended in
TYH or non-capacitating medium (Chavez et al., 2012). Sperm motility was
then measured using the CEROS sperm analysis system (software version
12.3; Hamilton Thorne Biosciences, Beverly, MA). The analysis setting
described previously (Goodson et al., 2011) was used. Sperm motility was
also analyzed with an Olympus BX-53 microscope equipped with a high-
speed camera (HAS-L1, Ditect, Tokyo, Japan). Hyperactivated cells were
counted as those showing the classic figure eight movement after 10 min
and 120 min of incubation in TYH medium.

Electron microscopy analysis of the fibrous sheath

For ultrastructural analysis of sperm flagella, cauda epididymal samples
were prepared for transmission electron microscopy analysis as previously
described (Inoue et al., 2011b). One wild-type and two heterozygous males
were examined as control group, whereas the KO group contained three
KO males. All males were matured, and it should be noted that no difference
was observed between wild-type and heterozygous spermatozoa. Ultrathin
sections were prepared with a thickness of 70 nm and then examined using a
JEM-1011 electron microscope (JEOL) at 80 kV. For the quantification of
vertically aligned fibrous sheath ribs in lateral-longitudinal sections of
principal pieces, flagella sections longer than 3 um were examined whether
they contained vertically aligned ribs or not. Numbering of doublet
microtubules and evaluation of flagellar internal structures was performed
as previously described (Nakamura et al., 2013).

Statistical analysis

Statistical analyses were performed using Student’s #-test. Differences were
considered significant at P<0.05 (*) or highly significant at P<0.01 (**) and
P<0.001 (***). Error bars are s.d.
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Fig. S1. Zona-binding ability and acrosome reaction of Cabyr KO spermatozoa. A) Differential interference
contrast images of ZP binding. B) Immunostaining of IZUMO1 shows acrosome reacted (white asterisk) versus
unreacted cells. C) Quantification of acrosome reacted spermatozoa. Number of spermatozoa counted is
shown above graph.
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Fig. S2. Motility analysis of Cabyr KO spermatozoa. A) Motility of spermatozoa when incubated in
capacitating and non-capacitating media. Males: 4 for HET and 4 for KO. More than 200 spermatozoa were
analyzed for each male. B) Hyperactivation analysis of Cabyr KO spermatozoa. Males: 3 for HET and 3 for KO.
100 spermatozoa per male were assessed for hyperactivated motility.
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Fig. S3. Ultrastructural analysis for longitudinal sections for principal piece of Cabyr KO spermatozoa. A) Medial
sections defined by central pair (CP) microtubules (MTs). Rib medial sections exhibit the CP of single MT thickness
and two ODFs. LC medial sections passing through doublet MTs 3 and 8 exhibit the CP of two singlet MTs
thickness and no ODF. No disruption was observed in LC of Cabyr KO spermatozoa (22 fine LCs out of 22 sections
examined). B) Lateral-longitudinal sections that do not exhibit CP MT. Ribs ran in a transverse direction in the
control (HET). In contrast, ribs running in a vertical direction were observed in the KO. White arrows indicate
vertically aligned ribs. C) Analysis of the flagella for vertically aligned ribs. The number of flagellar sections
analyzed are indicated above the graph.
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Fig. S4. Ultrastructural analysis of cross sections of the axoneme in the principal piece of Cabyr KO
spermatozoa. Distribution of the axoneme with different numbers of doublet microtubules in the proximal and
distal regions. Abnormal axonemes defined as more or less than 9 doublet microtubules are summarized for
Fig. 6E.
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Supplementary Movie 1. Spermatozoa of Cabyr KO mice at 10 min incubation in TYH media. Movie is shown at
1/5th speed.

Supplementary Movie 2. Spermatozoa of Cabyr HET mice at 10 min incubation in TYH media. Movie is shown
at 1/5th speed.
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