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RSPHGA is required for sperm flagellum formation and male

fertility in mice

Ferheen Abbasi'>*, Haruhiko Miyata’*, Keisuke Shimada', Akane Morohoshi'-2, Kaori Nozawa'-2*,
Takafumi Matsumura®-3, Zoulan Xu'-3, Putri Pratiwi' and Masahito lkawa?-234§

ABSTRACT

The flagellum is an evolutionarily conserved appendage used for
sensing and locomotion. Its backbone is the axoneme and a
component of the axoneme is the radial spoke (RS), a protein
complex implicated in flagellar motility regulation. Numerous diseases
occur if the axoneme is improperly formed, such as primary ciliary
dyskinesia (PCD) and infertility. Radial spoke head 6 homolog A
(RSPHBA) is an ortholog of Chlamydomonas RSP6 in the RS head
and is evolutionarily conserved. While some RS head proteins have
been linked to PCD, little is known about RSPHEA. Here, we show that
mouse RSPHGBA is testis-enriched and localized in the flagellum.
Rsph6a knockout (KO) male mice are infertile as a result of their short
immotile spermatozoa. Observation of the KO testis indicates that the
axoneme can elongate but is disrupted before accessory structures
are formed. Manchette removal is also impaired in the KO testis.
Further, RSPH9, another radial spoke protein, disappeared in the
Rsph6a KO flagella. These data indicate that RSPHEA is essential
for sperm flagellar assembly and male fertility in mice.

This article has an associated First Person interview with the first
author of the paper.

KEY WORDS: Radial spoke protein, Axoneme, Flagella,
Spermatozoa, CRISPR/Cas9

INTRODUCTION
While it was found that 15% of couples in the United States are
infertile (Thoma et al., 2013), there are few studies that elucidate the
causes of male infertility (Agarwal et al., 2015). Roughly half of
those 15% are attributed to male infertility and these men are
unable to have children without assisted reproductive technology.
The main categories of infertility include spermatozoa with
abnormal morphology (teratospermia), reduced sperm motility
(asthenospermia) and no or low sperm count (azoospermia or
oligospermia, respectively). Defects in the sperm flagellum can
cause these different types of infertility.

The flagellum is a thin, thread-like appendage that is
evolutionarily conserved from unicellular organisms to mammals
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(Carvalho-Santos et al., 2011) and is used for sensing and
locomotion. Mammalian spermatozoan flagella are highly
specialized to carry male genetic material into the female
reproductive tract and fertilize the oocyte. Internal cross-sections
show that the flagellum comprises a ‘9+2’ microtubule structure: a
bundle of nine microtubule doublets that surround a central pair of
single microtubules (Satir and Christensen, 2007). Called the
axoneme, this structure consists of macromolecular complexes such
as the outer and inner dynein arms and radial spokes (RSs)
(Fig. 1A).

First characterized in sea urchins (Afzelius, 1959), the RS is a
T-shaped protein complex that extends from the doublet
microtubules towards the central pair of single microtubules,
possessing an elongated ‘stalk’ that is bound to the doublet
microtubules and terminates at a bulbous ‘head’. Through
experiments on Chlamydomonas reinhardtii, much about the RS
proteins has been uncovered. Purification of the RS complex
resulted in the identification of 23 Chlamydomonas flagellar RS
proteins (Piperno et al., 1981; Huang et al., 1981; Yang et al., 2006).
RSs regulate flagellar motility, as elucidated by Chlamydomonas
mutant strains. Chlamydomonas mutants that lack the entire RS
become paralyzed and no longer possess the ability to propagate
(Witman et al., 1978). Additional mutant lines were found to further
understand the role of specific protein components within the RSs.
Chlamydomonas mutants pf-1 and pf-17, missing RSP4 and RSP9,
respectively, were deficient of all RS head proteins but not stalk
proteins, causing paralysis (Huang et al., 1981). The temperature-
sensitive mutant pf-26ts lacks RSP6, which is also localized in the
spoke head, and mutant Chlamydomonas was found to be paralyzed
when introduced into a restrictive temperature. Using these mutation
analyses, research related to RS head proteins and its impact on
mammalian systems have been explored. There are five RS head
proteins found in Chlamydomonas (RSP1, -4, -6, -9 and -10) and all
of these proteins are conserved in mice and humans (RSPHI, -4A,
-6A, -9 and -10B, respectively).

In mammals, mutations in RS head proteins have been linked to
primary ciliary dyskinesia (PCD) (Frommer et al., 2015). PCD is a
condition that shows abnormal cilia movement, often leading to
chronic respiratory tract infections and abnormally positioned
internal organs. Human patients with mutations in RSPH4A4 and
RSPHY9 had PCD due to abnormalities in the RS and central
microtubular pair (Castleman et al., 2009). Mouse knockout (KO)
models confirm that RSPH4A is essential for normal ciliary motility
(Shinohara et al., 2015). Loss-of-function mutations in RSPHI
showed a similar phenotype, with abnormal axoneme structures
such as defects in the RS and central pair of microtubules
(Kott et al., 2013; Knowles et al., 2014). In addition to ciliary
motility defects, PCD patients can be infertile because of abnormal
flagella. However, there is currently only one RS head KO mouse
model — Rsphl KO — that has been reported infertile. In this KO
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mouse line, spermatid formation was abnormal, as shown by
deformed heads and stunted flagellum formation (Tokuhiro et al.,
2008).

Another RSPH candidate gene related to male fertility is Rsph6a,
the ortholog of Chlamydomonas RSP6 (Curry et al., 1992; Eriksson
et al., 2001). Previous studies found that RSPH6A was specifically
expressed in the testes in humans but little is known about the role it
plays in the mammalian flagellar axoneme (Kott et al., 2013). Thus,
this study utilized the CRISPR/Cas9 system to generate an Rsph6a
KO mouse to uncover the function of RSPH6A.

RESULTS

RSPHG6A is an evolutionarily conserved testis-enriched
protein localized in sperm flagellum

RSPHO6A is an evolutionarily conserved protein present in many
eukaryotes, especially those that possess a flagellum. Sequence
alignment amongst species shows that RSPH6A is highly conserved
in eukaryotes such as Chlamydomonas, mice, rats and humans
(Fig. S1). BLAST protein analysis showed 30% identity and
40% positive matches between Chlamydomonas RSP6 and mouse
RSPH6A (89% query coverage with RSP6). Mouse RSPH6A
contains two coiled-coil domains that may be involved in protein-
protein interactions. In comparison, human and rat RSPH6A
contain one coiled-coil domain, but Chlamydomonas RSP6 does
not (SMART) (Letunic et al., 2015).

Quantitative RT-PCR reveals that Rsph6a is testis-specific in
humans (Kott et al., 2013). To determine the expression pattern
in mice, RT-PCR of Rspho6a as well as the other RS head genes in
multi-tissues from adult mice was conducted (Fig. 1B). This
analysis revealed that while Rsph6a is abundant in the testis, it also
has minimal expression in the lungs and thymus, in contrast with the
human expression pattern. Compared with other RS head genes,
Rspho6a is one that is strongly enriched in the testis. As mentioned
previously, Rsphl KO mice are male infertile (Tokuhiro et al., 2008)
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but our RT-PCR results show strong expression of Rsphl in the
lung, ovary, brain and testis (Fig. 1B). To examine RSPH6A protein
expression levels, we generated an antibody that recognized amino
acid residues 145-163. Western blot analysis confirmed RSPH6A
expression in the testis (Fig. 1C). In contrast, RSPHOA was not
detected in the lung or thymus. To verify temporal expression of
Rsph6a in relation to spermatogenesis, RT-PCR was performed
using postnatal testis (Fig. 1D). Rsphb6a is expressed starting from
postnatal day 18, which corresponds to the production of secondary
spermatocytes and round spermatids (Bellve et al., 1977). To
analyze RSPHOA localization in the spermatozoa, we conducted
immunofluorescence staining. We found that it was localized to the
entire flagellum (Fig. 1E). Further, RSPH6A dissolved in an SDS
buffer but not in a mild lysis buffer containing 1% Triton X-100,
suggesting that RSPH6A is anchored to the internal structure, but is
not strongly associated with the fibrous sheath like AKAP4
(Fig. 1F). These results are consistent with predicted localization
of RSPH6A in the RS.

RSPHG6A interacts with other RSPH proteins in

HEK293T cells

According to previous studies performed with Chlamydomonas RS
proteins, RSP6 interacts with RSP9 and RSP10 (Kohno et al.,
2011). To analyze the interaction between RS head proteins in
mammals, we conducted co-immunoprecipitation (co-IP) studies
using mouse recombinant RSPH proteins expressed in HEK293T
cells because RSPH6A could not be dissolved from the mature
spermatozoa using a mild lysis buffer (Fig. 1F) that is necessary for
co-IP. RSPH6A (variant 1 with 708 aa) was tagged with FLAG
while RSPH1 (301 aa), RSPH4A (716 aa), RSPH9 (276 aa) and
RSPHI0B (876 aa) were tagged with PA. We found that
immunoprecipitation with RSPH6A could pull down RSPHI,
RSPH4A, RSPH9 and RSPH10B, suggesting that RSPH6A can
bind directly to other RS head proteins (Fig. 2).

Fig. 1. Characterization of mouse Rsphé6a.

(A) Schematic drawing of the flagella axoneme
(end piece) and radial spoke structure. (B) The
expression of mouse Rsph genes in various
organs examined by RT-PCR. Rsph6a is
testis-enriched but weak expression is also detected
in the thymus and lung. p-actin was used as an
expression control. BR, brain; TH, thymus; LU, lung;
HE, heart; SP, spleen; LI, liver; KI, kidney; TE, testis;
QV, ovary; UT, uterus. (C) Western blot analysis of
RSPHB6A. RSPH6A was detected in the testis, but
not in the thymus or lung. GAPDH was detected as a
loading control, and acetylated tubulin as a marker
for stable microtubules including cilia and flagella.
(D) The expression of mouse Rsph6a on indicated
postnatal days in the testis was examined by RT-
PCR. Rsph6a begins expression at postnatal day
18. p-actin was used as an expression control.

(E) Immunofluorescence analysis of spermatozoa
from WT mice labeled with antibodies against
RSPHG6A (red). Fluorescence is seen along the
entire sperm flagella. (F) Fractionation of mouse
spermatozoa. RSPH6A was found in the
SDS-soluble fraction. SLC2A3, acetylated tubulin
and AKAP4 were detected as makers for Triton-
soluble, SDS-soluble and SDS-resistant fractions,
respectively.
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input IP: FLAG Fig. 2. Interaction of RS head proteins. RSPHG6A interaction with
RSPH1-PA: - + - - - oo -+ - - Fo- - - other RS head proteins was examined by co-immunoprecipitation
RSPH4A-PA: - - + - - o+ - - o4 - - R, of the RSPHBA-FLAG and RSPH-PA complex using anti-FLAG
RSPHO9-PA: - - - + - - + - - -+ - e antibody-conjugated beads. Input: whole cell lysate from
RSPH10B-PA: - - - + - - -+ - - + - - -+ transfected cells. IP: immunoprecipitation with FLAG-conjugated
RSPHBA-FLAG: - - - - - L o+ o+ o+ beads. The left lower panel shows o-tubulin as a loading
(kDa) - 7 control. RSPHGA can bind to all other RS head proteins in
100 - - e T L HEK293T cells.
50 - LB o : - PA
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: — -
= :
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Generation of Rsph6a mutant mice using CRISPR/Cas9 To confirm that the RSPH6A protein was deleted in Rsph6a™#"*
To uncover the role of Rsph6a in vivo, we produced an Rsph6a mice, we performed western blot analysis using the RSPH6A
mutant mouse via zygotic injection of a CRISPR/Cas9-expressing antibody. A strong band at ~110kDa was present in the
plasmid. There are two transcriptional variants of Rsph6a as found  heterozygous testis but disappeared in the Rsph6a™**# mutants
via in silico analysis (UCSC Genome Browser). To ensure that both  (Fig. 3E). There was another band at ~90 kDa in both Rsph6a*#""
variants are mutated, we designed a guide RNA (gRNA) in the and Rsph6a*#"* testes. This band may be a shorter form of an
shared exon 1 (Fig. 3A). We inserted the target gRNA sequence into  Rsph6a variant (variant 2, Fig. 3A). However, the predicted
the pX330 plasmid, which also contains the humanized Cas9 molecular weight of variant 2 is 51 kDa and the band around
sequence, and microinjected 5 ng/ul of the plasmid into the 90 kDa may be non-specific. In spermatozoa, there were two bands
pronuclei of fertilized oocytes (Mashiko et al., 2013). Of the 127  strongly expressed at ~120 kDa in the Rsph6a**"" sample, but
fertilized oocytes that were injected, 75 two-cell embryos were those were absent in the Rsph6a*#*# mutant sample (Fig. 3E).
transplanted into the oviducts of four pseudopregnant female mice  Because only one RSPH6A signal was detected in the testis and the
and 11 pups were born. Two of the eleven pups had mosaic band sizes were different between the testis and spermatozoa, there
mutations, and one was caged with two wild-type (WT) femalesto may be RSPH6A modifications that occur in the epididymal
obtain the next generation. Subsequent mating resulted in a KO  spermatozoa.

mouse with a 4 bp insertion (Rsph6a*#*?). This insertion was

confirmed by PCR and sequencing analysis (Fig. 3B) as well as  Fertilizing ability of Rsph6a*#*4 mutant male mice

Mscl digestion (Fig. 3C). The 4 bp insertion resulted in a frameshift ~ Heterozygous mutant pairs produced 26% homozygous offspring
mutation of P67S with a premature stop codon introduced 13 amino (10 out of 34 pups in 4 litters), suggesting that homozygous mice are
acids later (Fig. 3D). not embryonically lethal. Rsph6a*#"# mice were viable and had

< < Fig. 3. Generation of Rsph6a mutant
'&‘&\I“N‘ D:N“ D«\xb‘ mice using the CRISPR/Cas9 system.

W x fud (A) Structure of the Rsph6a and CRISPR/

Cas9 targeting scheme. Rsph6a has two

variants and both were targeted in exon

1. Black underline indicates gRNA

D 1 67 80 708  sequence. Red characters indicate PAM

WT MG--HWPQR--GDE--D¥* (protospacer adjacent motif) sequence.
—m— (B) Wave pattern sequence of
. Rsph6a*#*4 MG--HWSAT--SR* Rsph6a in WT and Rsph6a*#** mice.
[TACCCCACTGGCCACAGAGGTCCAGCCTGGT!

A C
variant 1 F—~+—" —#Ht+— 1

500 bp -
variant 2 ﬂ/\l/\—l/\l/\l} =90.59=

(C) Genotyping Rsph6a*#*4 mice by Mscl
digestion. The Mscl recognition site
B MSCI (5’-TGGCCA-3’) was disrupted due to the
N{( M"D‘ ANﬂ Al"b‘ 4 bp insertion. In WT mice, the PCR
(kDa) PLE x ad product was cut into two similar-sized
sequences (resulting in one band of ~250

130 - =3 bp) after Mscl digestion. (D) The 4 bp
wTt /\/ /\A/\/\/\/\/ \/\ /\ Z\/\/ \ 100-| REFHEA insertion in the first exon in Rsph6a*¥*4

CACTGG C CACAGAGGT 75 - mice caused a P67S mutation resulting
100 -

in a premature stop codon introduced 13
75 -
rephaa-< || /LA W\Z\M A
'sph6a §iiti ) AN

amino acids later. (E) Protein expression
of RSPHBA in Rsph6a”’"*# and
CACTGGTCTGC CACAG
+4 bp

testis sperm

Rsph6a*#** testis and cauda epididymal
CBB spermatozoa. Coomassie Brilliant Blue
(CBB) staining shows equal loading.
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no particular problems at first glance. To test the fertility of male
mice, individual Rsph6a™**? males as well as WT controls were
cohabitated with WT females for 2 months. While the controls sired
pups continuously, the three Rsph6a”#*# males were sterile despite
the formation of 13 copulatory plugs in total (Fig. 4A). Because
there were no differences in litter size or sperm motility between WT
and heterozygous males (Fig. S2A,B), either WT or heterozygous
males were used as the control for further phenotypic analysis.

Rsph6a*#*4 mice exhibit abnormal sperm tail formation

There are many causes of male infertility, such as spermatogenic
defects or impaired fertilization ability once the spermatozoa
come into contact with the egg. To narrow down the possibilities,
we examined spermatogenesis in Rsph6a*#*? males. Gross
examination of the testis revealed little difference in morphology
(Fig. 4B) or weight (Fig. 4C). However, periodic acid-Schiff (PAS)
staining on testis sections showed that the lumen of the seminiferous
tubules in Rsph6a™** testes lacked elongated sperm tails (stage
VII-VIII) while spermatogonia and spermatocyte development were
comparable to those of the control (stage II-111) (Fig. 4D), indicating
that there is a defect in tail formation of elongating spermatids.
Further, stage IX seminiferous tubules should not contain any
elongated spermatids as they should have been released in the stage
prior. However, retained elongated spermatids were frequently
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observed in stage IX tubules in Rsph6a***# males (Fig. 4D).
In addition, nuclear condensation was impaired as abnormal head
shapes were observed in stage XII tubules in Rsph6a***?
mice (Fig. 4D).

Histological evaluation of the epididymis showed that while the
cauda epididymis of heterozygous mice was filled with mature
spermatozoa, the homozygous mutants lacked the same level of
sperm content (Fig. 5A). When mature spermatozoa were obtained
from the cauda epididymis and observed (Fig. 5B), they exhibited
shorter tails at an average of length of 24.6+22.9 um (Fig. S3) and
misshapen heads, and were completely immotile (Movies 1 and 2).
In addition, cell debris that resembled spermatogenic cells was seen
in the epididymal fluid. Taken in conjunction with testis results,
infertility can be attributed to abnormal sperm tail and head
formation, which may lead to spermiation failure and the production
of immotile spermatozoa.

Generation and phenotypic analysis of Rsph6a ‘large
deletion’ mice

To reaffirm that this phenotype was solely a result of the Rsph6a
mutation via the 4 bp insertion and not due to any off-target
mutations, we engineered mutant mice that had a large deletion
(LD) using different gRNAs to that used for the 4 bp insertion. This
deleted region also included the antigen region in exon 1 to confirm

ph6a:4+455 %) FRsph
'sphb6a G |

Fig. 4. Fertilizing ability and testicular structure of Rsph6a*#*# mutant male mice. (A) Number of litters born per plug detected. N=3 males each for WT

and Rsph6a*#*# mated with two WT females per male. **P<0.01, Student’s t-test. (B) Testes of Rsph6a*#"T and Rsph6a*#** mice. (C) Testicular weights of

Rsph6a*#WT and Rsph6a*¥** mice were not significantly different (P=0.64, Student’s t-test). N=3 males each for Rsph6a*#"T and Rsph6a*¥*4. (D) PAS
staining of testicular sections. Lower panels are magnified images of the boxes indicated in the figures above. Development of normal spermatocytes

(red arrowheads) and spermatids (black arrowheads) can be seen in stage II-lll tubules in both control and mutant mice. In stage VII-VIII seminiferous tubules of

Rsph6a*#"WT mice, properly elongated spermatid tails are present in the lumen (white arrowheads), but similar elongated flagella are missing in Rsph6a*¥*4
tubules. Sections of Rsph6a*#"T show no mature elongated spermatids remaining in the stage IX tubules but they are retained in Rsph6a*#*# mice (red arrows).
Stage Xl tubules of Rsph6a*#"T mice have normal, hook-shaped heads (black arrows) whereas Rsph6a*#*# Xl tubules have abnormal, club-shaped

heads (white arrows).
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Rsph6at Wi

Fig. 5. Histological evaluation of the epididymis and spermatozoa. (A) PAS staining of cauda epididymis in Rsph6a*#"" and Rsph6a*#** mice.

(B) Observation of spermatozoa obtained from cauda epididymis. Rsph6a*¥"" spermatozoa possessed full-length flagella and normal head shapes,

while Rsph6a*#*# spermatozoa had truncated flagella and abnormal head shapes. (C) Immunofluorescence analysis of spermatozoa from control

and mutant mice labeled with antibodies against TOM20 (red). TOM20 (mitochondria) localizes to the midpiece of control spermatozoa. Fluorescence in
Rsph6a*#** mouse spermatozoa was undetectable (black arrowhead) or spotty (white arrowhead). (D) Immunofluorescence analysis of spermatozoa from
control and mutant mice labeled with antibodies against CABYR (red). The fibrous sheath protein was localized along the principal piece of control spermatozoa.
Signal in Rsph6a*¥** mouse spermatozoa was undetectable (black arrowhead) or spotty (white arrowhead).

if the second set of bands in the testis western blot were truly
non-specific (Fig. 3E). We designed two gRNAs, one 50 bp
upstream of the antigen region and one in exon 4 of variant 1 (exon 3
of variant 2), and purchased them as CRISPR RNA (crRNA)
(Fig. S4A). The two crRNAs were electroporated along with the
CAS9 protein and trans-activating RNA (tractrRNA) into 168
fertilized oocytes. Of the surviving oocytes, 151 were transplanted
into the oviducts of six pseudopregnant female mice and 47 pups
were born. Of the 47 pups, four (two male, two female) received the
heterozygous LD mutation. Subsequent mating resulted in a mutant
mouse with homozygous LD alleles (Rsph6a“P*P). This deletion
was verified by PCR (Fig. S4B) and sequencing analysis. In the
LD mutant mice, 12,068 bp were deleted, including amino acids
122-542 of variant 1 and 122-289 of variant 2.

Similar to the Rsph6a™#"7 western blot results, a strong band
appeared at ~110 kDa in the Rsph6a*”"" testis but disappeared in
the Rsph6a™P"P (Fig. S4C). The extra set of bands at ~90 kDa
were still present in both the Rsph6a™”"" and Rsph6a™P"P testis,
leading us to conclude that they were in fact non-specific. To
corroborate the histological phenotype of spermatozoa, mature
spermatozoa from the cauda epididymis were observed (Fig. S4D).
Indistinguishable from Rsph6a*#*¥ mutant spermatozoa, the large
deletion mutants exhibited shorter tails, misshapen heads and
immotility. Therefore, we concluded that the phenotype is attributed
to the mutation of Rsph6a.

Mitochondrial and fibrous sheath formation were abrogated

To analyze the structure of the flagella, we performed
immunostaining using various flagella protein antibodies. To
confirm that the RSPH6A protein was deleted in the mutant mice,
immunofluorescence analysis using the RSPH6OA antibody was

conducted and, as expected, the signal was lost in the Rsph6a KO
spermatozoa (Fig. S5A). To check if the mitochondrial sheath
localized in the midpiece and the fibrous sheath localized in the
principal piece were formed in the mutant spermatozoa, we stained
the spermatozoa collected from the cauda epididymis using
antibodies against TOM20 (outer mitochondrial membrane
protein) and CABYR (fibrous sheath protein) (Young et al.,
2016). While TOM20 clearly stained the mitochondrial sheath in
the control spermatozoa, the TOM20 signal disappeared or was
mislocalized in stunted flagella (Fig. 5C), indicating that the
abnormality in tail formation occurs before the completion of
mitochondrial sheath formation. To further understand the extent
of the damage to the flagella, we also conducted immunostaining
of CABYR, and found that the signal was not observed or was
uneven (Fig. 5D). These results indicate that the formation
of mitochondrial and fibrous sheaths is disrupted due to the
deletion of RSPH6A.

Manchette removal is disrupted in the Rsph6a*#*4 mice

It is well understood that manchette formation and removal is
important for the correct formation of sperm heads (Zhang et al.,
2009; Lehti et al., 2013; Lehti and Sironen, 2016; Liu et al., 2015;
Dunleavy et al., 2017). Because spermatozoa from Rsph6a****
mice had abnormal heads, we checked manchette formation with
immunofluorescence using the anti-a-tubulin antibody to detect any
defects. We found that while manchette formation was normal,
removal (or caudal movement of the manchette) was atypical
(Fig. 6), resulting in the club-shaped heads that were also observed
in the testis sections (Fig. 4D, stage XII). Abnormal head
morphology may be due to the perinuclear rings tightening in
unusual places during manchette removal.
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Fig. 6. Inmunofluorescence of a-tubulin in Rsph6a*#"T™
and Rsph6a*#*4 mice. Immunofluorescence analysis

Rsph6a*¥WT Rsph6a*4*4

Additionally, we examined the localization of RSPH6A in the
spermatids using immunofluorescence (Fig. S5B). In the spermatid
before manchette formation, RSPH6A was already localized in the
flagellum, before accessory tubules are formed. We also found
strong RSPHOA signals in the cytosol, but it was still found in the
KO, suggesting that the signal in the cytosol was non-specific. We
also saw RSPH6A signals in the manchette in both the heterozygous
and KO, suggesting that fluorescence in the manchette was also
non-specific. Because specific RSPH6A signal was not observed in
the manchette, RSPH6A may not be directly involved in manchette
removal. Rather, manchette removal may be impaired because the
tail formation was disrupted.

Ultrastructural analysis of the spermatozoa from

Rsph6a*#*4 mice

To further analyze defects in spermiogenesis, we observed the testis
using transmission electron microscopy. We confirmed that
manchette formation was normal even in the ultrastructure of
Rsph6a**+* KO mouse testis (Fig. 7A,B). Further, intact axonemes
that were not surrounded by mitochondrial or fibrous sheaths were
observed in Rsph6a*#*# KO testis (out of 18 axonemes examined,
18 axonemes exhibited intact 9+2 patterns; N=2 KO mice),
suggesting that the axoneme can start forming normally (Fig. 7C,

of spermatids from control and mutant mice labeled with
antibodies against o-tubulin (green). a-tubulin localizes to the
manchette of both control and Rsph6a*#*4 mouse spermatids.
Head elongation is shown progressively from left to right based
on nuclear and manchette shapes. White arrow indicates
abnormal caudal movement of the manchette. Hoechst
staining (blue) indicates the nucleus.

D). Yet, when we looked at the axoneme surrounded by the
mitochondrial sheath, we found disrupted 942 patterns (out of 28
axonemes examined, 28 axonemes exhibited defects in both doublet
microtubules and central pair; N=2 KO mice) in addition to
disrupted mitochondrial localization (Fig. 7E-G, Fig. S6), which
was consistent with immunostaining observation of TOM?20
(Fig. 5C). These results suggest that the axoneme can elongate
properly but is disrupted before the mitochondrial sheath is formed.

RSPH9 was not incorporated into the flagellum in the Rsph6a
KO spermatozoa

To understand the localization patterns of other RSPHs in the
Rsph6a™¥** KO, we analyzed RSPH9 via immunofluorescence
and western blot. We chose RSPH9 because we have an RSPH9
antibody that recognizes mouse recombinant RSPH9 (Fig. S7A).
In spermatids, we found that RSPHO is localized in the tail similarly
to RSPH6A, but the signal decreased in the KO (Fig. 8A),
suggesting that RSPH9 cannot be incorporated properly into the tail.
An RSPH9 signal was also detected in the manchette of the
heterozygous spermatid and did not decrease in the KO. However, it
should be noted that there is a possibility that the signal in the
manchette was merely non-specific. Western blot analysis showed
that RSPH9 decreases in the KO testis and disappears in mature KO

Fig. 7. Ultrastructural analysis of the Rsph6a KO
testicular spermatozoa. There is no difference in
manchette formation (A,B: stage X) or axoneme
structures that are not surrounded by mitochondrial or
fibrous sheath (C: stage VI; D: stage VI) between control
and Rsph6a*#*4 mutant spermatozoa. However,
compared with control mice (E: stage VIII), axoneme
structures surrounded by a mitochondrial sheath and
mitochondrial sheath formation were disrupted in
Rsph6a*#** mutant mice (F,G: stage VIII).

M, manchette.
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Fig. 8. RSPH9 localization in control and Rsph6a KO
mice. (A) Immunofluorescence analysis of spermatids
from control and Rsph6a*#*# mutant mice labeled with
antibodies against RSPH9 (red). RSPH9 signal was seen
along the flagellum in Rsph6a*#"T mice. In contrast, the

IIII .

Rsph6a*4/WT

signal decreased in the flagella of Rsph6a*#** mutant
mice. o-tubulin (green) stains both manchette and
flagellum. Hoechst staining (blue) indicates the nucleus.

- RSPH9

W/o 1st Ab, Rsph6a*#"T mouse spermatids processed

without RSPH9 antibody staining. (B) Protein expression
- acetylated  of RSPHO in Rsph6a"""** and Rsph6a*#** testis and
tubulin cauda epididymal spermatozoa. Acetylated tubulin signal

Rsph6a*¥+4

w/o 15t Ab

n decreased in the KO spermatozoa because the tail was
short. In contrast, RSPH9 signal disappeared in the
Rsph6a*#** spermatozoa. CBB staining confirms
equal loading.

r CBB

spermatozoa (Fig. 8B), confirming our initial immunofluorescence
results that RSPH9 cannot be incorporated into the flagella.
Disappearance of RSPH9 in the flagellum of the Rsph6a™***
KO mature spermatozoa was then corroborated with
immunofluorescence (Fig. S7B). In contrast to the testis, RSPH9
signal did not decrease in the lung (Fig. S7C), suggesting that
RSPHY can be incorporated into the cilia. Because Rsph4a, a
paralog of Rsphoa, is strongly expressed in the lung (Fig. 1B),
RSPH4A may play similar roles in the cilia.

Spermatozoa from Rsph6a*#*# mice can produce viable
offspring with ICSI

While Rsph6a*#+# KO male mice are infertile due to short, immotile
tails, we investigated if the nuclei can still produce viable embryos
and attempted to rescue the phenotype using intracytoplasmic
sperm injection (ICSI). Ninety-four WT oocytes were injected
with the spermatozoa obtained from Rsph6a™#*# cauda epididymis
and we found that 72 formed two-cell embryos, implying that KO
spermatozoa can activate eggs. The embryos were transplanted into
pseudopregnant female mice and four heterozygous mice were born.
These results indicate that the infertility phenotype shown by
Rsph6a™#*# males can be rescued via ICSI and the nuclei of KO
spermatozoa have the ability to produce viable pups.

DISCUSSION

Rsph6a is an evolutionarily conserved gene, present in many
eukaryotes including Chlamydomonas, mice, rats and humans. In
this study, we showed that Rsph6a is expressed mainly in the mouse
testis with little expression in the thymus and lungs. In the testis,
Rspho6a is first detected during the haploid phase of spermatogenesis
when secondary spermatocytes begin to appear at about postnatal day
18. Using the CRISPR/Cas9 system, we obtained a mouse that
contained a 4 bp insertion in the coding region of Rsph6a and this led
to the absence of RSPH6A in mature spermatozoa. Rsph6a™#+¥ male
mice did not sire any pups due to flagellar deformation, and the
spermatozoa were fully immotile. To confirm the phenotype, we also
engineered Rsph6a large-deletion mice and found that these mice
exhibited the same characteristics. Although Rsph6a KO
spermatozoa exhibit abnormal flagellum formation, we cannot
exclude the possibility that RSPH6A may also function in mature
spermatozoa, as it was shown that RSPH6A is more phosphorylated
during sperm capacitation (Paudel et al., 2018).

Misshapen sperm heads were also observed in Rsph6a*#*# mice.

Using immunofluorescence and ultrastructural analysis, we found
that manchette formation was normal but removal was not. Abnormal
manchette removal can lead to the perinuclear ring tightening the
nucleus incorrectly, resulting in club-shaped heads. This atypical
manchette removal may be a secondary effect due to impaired tail
formation because we could not detect a specific RSPH6A signal in
the manchette. Further research is required to see if there is an
interaction between manchette removal and tail formation.

Electron microscope (EM) data suggest that the 9+2 axoneme
structures that are not surrounded by mitochondrial or fibrous sheath
are normal but become disorganized as the flagellar formation
process continues. Mitochondrial sheaths are misshapen and do
not form properly. Immunofluorescence data confirm this, as
mitochondrial protein TOM20 and fibrous sheath protein CABYR
signals are undetectable or spotty. Without RSPH6A, sperm flagellar
elongation may become unstable. As the axoneme is the important
backbone for flagella, if the radial spoke is damaged, the axoneme
may not be able to stabilize and elongation stops before proper
mitochondrial and fibrous sheath formation. It is noteworthy that
absence of Rsph4a, a paralog of Rsph6a, in mouse node cilia confers
ultrastructural instability of the axoneme (Shinohara et al., 2015).

Co-IP analysis shows that RSPH6A interacts with RSPHI,
RSPH4A, RSPH9 and RSPH10B in HEK293T cells. Further, we
revealed that RSPH9 was depleted in the Rsph6a*#** flagella,
suggesting that the interaction of RSPH6A and RSPHY is important
to incorporate RSPHY into the flagella. Further research about
RSPH protein interactions may give clues as to how the radial spoke
is assembled and incorporated into the sperm flagella. RSPHI is a
strong candidate that is associated with RSPH6A and RSPH9 during
flagellar formation because Rsphl KO mice have a similar
phenotype to that of Rsph6a™*# mice. It was found that Rsphl
mutant mice could develop normally until spermiogenesis step 9,
but the rearrangement of mitochondria as well as flagellum and head
formation was disturbed (Tokubhiro et al., 2008).

In addition to Rsph 1, there are other short-tailed sperm phenotypes
elucidated by KO mouse models. Another RS protein, DNAJB13, is
the homolog of Chlamydomonas RSP16 located in the RS stalk.
Dnajb13 KO mice exhibit hydrocephalus and KO spermatozoa are
immotile as a result of flagellar defects (Oji et al., 2016). The
Dnajb13 KO phenotype was similar to that of Rsph6a™#** mice, as
spermatozoa in both mutants had short tails. Mutations in DNAJB13
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in humans have also been found and, as in the KO mouse model,
spermatozoa had truncated flagellum and abnormal head
morphology, suggesting that the disruption of the RSs in humans
can also cause abnormal tail formation (El Khouri et al., 2016). In
addition to RS proteins, there are axonemal proteins that when
mutated exhibit abnormal sperm tail formation, such as IQCG (nexin-
dynein regulatory complex) (Li et al., 2014), proteins in the central
pair of microtubules [SPEF2 (Lehti et al., 2017), SPAG6 (Sapiro
etal., 2002) and HYDIN (Oura et al., 2018)], and also proteins in the
dynein arms [MNS1 (Zhou et al., 2012) and CCDC63 (Young et al.,
2015)]. Similar phenotypes observed in the mutant lines of different
axonemal components suggest that there may be a quality-control
mechanism that triggers abortion of sperm tail formation when the
axoneme structure is defective. Alternatively, it is possible that each
component may play a distinct role in tail formation. Further
experimentation is necessary to fully understand the molecular
mechanism behind the role of RSPH6A in forming the flagellum.
In summary, our results show that Rsph6a is essential for male
fertility due to its role in sperm flagellum formation in mice. Clinical
research reports that human spermatozoa with short tails or stumps
(also called multiple morphological abnormalities of the flagella or
MMAF) were found almost 25 years ago (Baccetti et al., 1993)
but the genes that were thus far revealed associated with MMAF
account for only one-third of cases (Dong et al., 2018). Elucidating
the interactions between the RS head proteins may give us a
better understanding of the mechanism involved in sperm flagella
formation and may lead us to better treatment for affected individuals.

MATERIALS AND METHODS

Animals

WT B6D2F!1 or ICR mice were purchased from CLEA Japan (Tokyo,
Japan) or Japan SLC (Shizuoka, Japan). All animal experiments were
approved by the Animal Care and Use Committee of the Research Institute
for Microbial Diseases, Osaka University.

Antibodies

Antibodies against a-tubulin (#T5168), acetylated tubulin (#T7451) and
FLAG (M2, #F1804) were purchased from Sigma-Aldrich (St Louis, MO,
USA). AKAP4 antibody (#611564) from BD Biosciences (San Jose,
CA, USA), CABYR antibody (#12351-1-AP) from Proteintech (Rosemont,
IL, USA), FLAG antibody (#PM020) from MBL (Nagoya, Aichi, Japan),
PA antibody (#016-25861) from FUJIFILM Wako Pure Chemical (Osaka,
Japan), RSPH9 antibody (#HPA031703) from Atlas Antibodies (Bromma,
Sweden), and TOM20 antibody (#sc-11415) and GAPDH antibody (#sc-
25778) from Santa Cruz Biotechnology (Santa Cruz, CA, USA) were used.
Rabbit polyclonal antibody was produced by immunization with mouse
RSPH6A polypeptide (C plus REDEIFSQDTQHGPYLRDD). Produced
RSPHO6A antibody was purified using the RSPH6A polypeptide and
SulfoLink coupling resin (Thermo Fisher Scientific, San Jose, CA, USA).
Antibody against SLC2A3 (Fujihara et al., 2013) was described previously.

RT-PCR

RNA was prepared from multiple adult tissues and from the testes of ICR
mice at different ages using TRIzol (#15596018, Thermo Fisher Scientific)
according to the manufacturer’s protocol. The obtained RNA was
immediately reverse transcribed to cDNA with SuperScript III first-strand
synthesis system (#18080051, Thermo Fisher Scientific) using an oligo (dT)
primer. The amplification conditions for the subsequent PCR were 1 min at
94°C, followed by 35 cycles of 94°C for 30 s, 65°C for 30 s and 72°C for
30 s, with a final seven-minute extension at 72°C. The primers used are
listed in Table S1 (primer #1-#12).

Immunofluorescence
Spermatozoa collected from the cauda epididymis were diluted in PBS,
spread onto microscope slides and incubated at 37°C until dry. The samples

were fixed with 4% paraformaldehyde in PBS for 20 min. The slides were
subsequently fixed with 100% methanol at —30°C for 3 min. After two
10 min washes with PBS, the slides were blocked with 5% BSA and 10%
goat serum diluted in PBS for 1 h at room temperature. Then, the slides were
incubated with anti-RSPH6A (1:100), anti-TOM20 (1:25), anti-CABYR
(1:200), anti-RSPH9 (1:50), anti-acetylated tubulin (1:500) or anti-a-
tubulin (1:1000) diluted in blocking solution for 3 h at room temperature and
then washed with PBS three times for 10 min each. After incubation with
Alexa Fluor 488 or Alexa Fluor 546-conjugated secondary antibody (1:200)
(Thermo Fisher Scientific) at room temperature for 90 min, the slides were
washed with PBS three times for 10 min each. To stain the nucleus, the
slides were incubated with Hoechst 33342 (1:5000) (#H3570, Thermo
Fisher Scientific) for 15 min, washed with PBS three times for 10 min each
and then mounted. Slides were viewed with an Olympus BX-50 or BX-53
microscope (Tokyo, Japan).

Mouse sperm protein fractionation

Sperm protein fractionation was performed as described previously with
modifications (Cao et al., 2006). Spermatozoa were suspended in 1% Triton
X-100 lysis buffer (50 mM NaCl, 20 mM Tris-HCI, pH 7.5, protease
inhibitor mixture) and incubated for 2 h at 4°C. The sample was centrifuged
at 15,000 g for 10 min to separate the Triton-soluble fraction (supernatant)
and the Triton-resistant fraction (pellet). The pellet was resuspended in 1%
SDS lysis buffer (75 mM NaCl, 24 mM EDTA, pH 6.0) and incubated for
1 h at room temperature. The sample was centrifuged at 15,000 g for 10 min
to separate SDS-soluble fraction (supernatant) and SDS-resistant fraction
(pellet). The pellet was dissolved in sample buffer (66 mM Tris-HCI, 2%
SDS, 10% glycerol and 0.005% Bromophenol Blue) and boiled for 5 min.

Immunoblotting

Immunoblot analysis was performed as described previously (Yamaguchi
et al., 2006). Protein lysates were resolved by SDS/PAGE under reducing
condition (with 5% 2-mercaptoethanol) and transferred to PVDF membranes.
After blocking with 10% skimmed milk, blots were incubated with primary
antibodies overnight at 4°C and then incubated with secondary antibodies
conjugated to horseradish peroxidase (1:10,000) (Jackson ImmunoResearch,
West Grove, PA, USA). Antibodies used: anti-RSPH6A 1:1000; anti-
acetylated tubulin 1:1000; ant-GAPDH 1:500; anti-SLC2A3 1:500; anti-
AKAP4 1:5000; anti-PA 1:1000; anti-FLAG (#PM020) 1:500; anti-o-tubulin
1:10,000; and anti-RSPH9 1:200. The detection was performed using an ECL
plus western blotting detection kit (GE Healthcare, Little Chalfont, UK). For
Coomassie Brilliant Blue (CBB) staining, a Rapid Stain CBB Kit (#30035-
14, Nacalai Tesque, Kyoto, Japan) was used.

Generation of RSPH recombinant proteins

To understand the interaction of RSPH proteins in HEK293T cells,
expression plasmids were designed. Rsphl, Rsph4a, Rsph9 and Rsphl0b
were amplified from mouse testis cDNA, digested with EcoRI, HindIII or
Xbal and ligated into PA-tagged (C-terminus) pCAG vectors that contain
the CAG promoter and a rabbit globin poly(A) signal (Niwa et al., 1991).
Rsph6a was ligated into a FLAG-tagged (C-terminus) pCAG vector. The
primers used to amplify each gene are listed in Table S1 (primer #13-#22).
Rsph6a and other Rsph vectors were cotransfected into HEK293T cells
(Tiscornia et al., 2006), cultured for 24 h and then collected into 1.5 ml
tubes. After centrifugation and removal of supernatant, 100 ul lysis buffer
(1% Triton X-100, 50 mM NaCl, 20 mM Tris-HCI, pH 7.4, protease
inhibitor mixture) was added to each tube and rotated at 4°C for 30 min.
The tubes were subsequently centrifuged for 15 min at 15,000 g and the
supernatant was used for immunoprecipitation.

Co-immunoprecipitation

Protein lysates (supernatants) were incubated with FLAG (M2) antibody-
conjugated Dynabeads Protein G (#10003D, Thermo Fisher Scientific)
for 60 min at 4°C. The samples were then washed three times with
PBS containing 40 mM Tris-HCI (pH 7.4), 150 mM NaCl, 0.1% Triton
X-100 and 10% glycerol. The protein complexes were eluted with
sample buffer containing 5% 2-mercaptoethanol before SDS-PAGE and
immunoblot analysis.
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gRNA design
Potential gRNA and PAM sites were found using the online source
CRISPRdirect (Naito et al., 2014). gRNAs with fewer off-target sites
were designed.

Plasmid and oligonucleotide preparation

Plasmids expressing hCas9 and gRNA were prepared by ligating
oligonucleotides into the Bbsl site of pX330 (Cong et al., 2013) (http:/
www.addgene.org/42230/). The pCAG-EGxxFP target plasmid was
prepared as previously described (Mashiko et al., 2013) (http:/www.
addgene.org/50716/). The primers used for the pPCAG-EGxxFP construction
are in Table S1 (primer #23-#30). The gRNA target sequence for the 4 bp
insertion was 5'-GGCTGGACCTCTGTGGCCAG-3'". The gRNA target
sequences for large deletion were 5'-TAGACTCCAGTTGTTCTAAG-3’
(exon 1) and 5'-GAAGGCAGACGAGGCAATGG-3’ (exon 4 of variant 1).

gRNA reporter assay

Confirmation of gRNA/Cas9 cleavage activity was performed by
transfecting HEK293T cells with pCAG-EGxxFP and pX330 plasmids, as
previously reported (Mashiko et al., 2013).

Pronuclear injection for the 4 bp insertion

Superovulation-induced B6D2F1 female mice were mated with B6D2F1
males, and fertilized eggs were collected from the oviduct. The pX330
plasmid containing the target gRNA sequence was 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, and the two-cell-
stage embryos were transferred into the oviducts of pseudopregnant ICR
females. The pups obtained were genotyped by PCR and then subsequently
confirmed by Sanger sequencing.

Electroporation for the large deletion

Superovulation-induced B6D2F1 female mice were mated with B6D2F1
males, and fertilized eggs were collected from the oviduct. Ordered crRNAs
(Sigma-Aldrich), tracrRNA (#TRACRRNAO5N-5NMOL, Sigma-Aldrich)
and CAS9 protein (#B25640, Thermo Fisher Scientific) were incubated at
37°C for 5 min to make the CRISPR/Cas9 complex (16 ng/ul crRNA plus
tractRNA, 40 ng/ul CAS9). The obtained complex was electroporated
into fertilized oocytes using a super electroporator NEPA21 (NEPA GENE,
Chiba, Japan) (poring pulse, voltage: 225 V, pulse width: 2 ms, pulse
interval: 50 ms, and number of pulses: +4; transfer pulse, voltage: 20 V,
pulse width: 50 ms, pulse interval: 50 ms, and number of pulses: £5). The
eggs were cultivated in KSOM (Ho et al., 1995) overnight, and the two-cell-
stage embryos were transferred into the oviducts of pseudopregnant ICR
females. The pups obtained were genotyped by PCR and then subsequently
confirmed by Sanger sequencing.

Genotyping of subsequent generations

PCR analysis of genomic DNA was performed for Rsph6a mutant mice
using the same primer sets as those used for the construction of pCAG-EGxxFP.
Direct Sanger sequencing of PCR products was then performed. Rsph6a*#*?
mutant mice had a deletion of an Mscl site, enabling faster genotypic analysis
via PCR and subsequent enzyme digestion. Two sets of primers were used
to genotype Rsph6a™”"P (Fig. S4A, Table S1): one that amplified about 450 bp
in exon 3 of variant 1 to check the WT allele (primers ¢ and d) and one that
only amplified 320 bp if the LD allele is present (primers a and b).

+4/+4

In vivo male fertility tests

Three sexually mature Rsph6a male mice were caged with two 8-week-
old B6D2F1 female mice each for 2 months, and plugs were checked every
morning. For controls, 3 WT and heterozygous mice were used. The number
of pups was counted on the day of birth.

+4/+4

Protein extraction, testis histology, and sperm morphology

and motility

To extract proteins from testis, thymus, lung or spermatozoa for western
blotting, tissues or spermatozoa were homogenized in lysis buffer

containing 6 M urea, 2 M thiourea and 2% sodium deoxycholate and then
centrifuged with the supernatants before being collected. For testis
histology, testes were fixed in Bouin’s solution and were processed for
paraffin embedding. Five micrometer paraffin sections were stained with
periodic acid-Schiff (PAS) and then counterstained with Mayer hematoxylin
solution (#193-08445, #131-09665, FUJIFILM Wako Pure Chemical).
Cauda epididymal spermatozoa were dispersed in TYH (Toyoda et al.,
1971) and observed under a phase contrast microscope (Olympus BX-50 or
BX-53 microscope) to assess morphology and motility.

Sperm velocity analysis

Sperm velocity was analysed as described previously (Miyata et al., 2015).
Cauda epididymal spermatozoa were suspended in TYH medium (Toyoda
etal., 1971). Sperm velocity was measured using the CEROS sperm analysis
system (software version 12.3; Hamilton Thorne Biosciences, Beverly, MA,
USA) at 10 min and 2 h after incubation. More than 200 spermatozoa were
analyzed for each male.

Manchette staining

Germ cells including spermatids were squeezed out from the seminiferous
tubules onto slide glasses and air-dried at 37°C. The samples were fixed
with 4% paraformaldehyde in PBS for 15 min and washed with PBS three
times for 5 min each. The samples were then permeabilized with 0.1%
Triton X-100 for 15 min, washed with PBS three times for 5 min each, and
blocked with 5% BSA and 10% goat serum diluted in PBS for 1 h at room
temperature. Reactions with antibodies were performed as described above.

Electron microscopy analysis of the sperm flagellum

To understand the ultrastructure of sperm flagella, testis samples were
prepared for transmission electron microscopy analysis as previously
described (Inoue et al., 2011). Sections were examined using a JEM-1400
plus electron microscope (JEOL, Tokyo, Japan) at 80 kV.

Intracytoplasmic sperm injection (ICSI)

ICSI was performed as previously reported (Kimura and Yanagimachi,
1995). Mature oocytes were collected from superovulated B6D2F1 mice
13—15 h after injection of human chorionic gonadotropin (hCG). After
treatment with hyaluronidase to remove the cumulus oocyte complex,
oocytes were placed in fresh KSOM medium at 37°C under 5% CO, in air
until subjected to ICSL. Mutant sperm heads were separated from the tail by
applying a few piezo pulses, then injected into a mature oocyte using a
piezo manipulator (PrimeTech, Ibaraki, Japan) (Kimura and Yanagimachi,
1995). The following day, two-cell embryos were counted and transferred to
pseudopregnant females. Pups were genotyped at birth.

Statistics
Statistical analyses were performed using Student’s #-test (two-tailed).
Differences were considered significant at P<0.05 (*) or highly significant at
P<0.01 (**). Error bars shown as standard deviation (s.d.) if not indicated
otherwise.
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Figure S1. Sequence similarity of RSPHG6A proteins in various organisms.
three species. Light blue indicates a match among two species.
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Figure S2. Litter size/sperm motility.

(A) Litter sizes. N = 3 males each for WT and Rsph6a*#WT, mated with 2 WT females
per male. There is no significant difference (P = 0.13). (B) Sperm motility analyzed with
computer-assisted sperm analysis system. VAP, VSL, or VCL indicates average path
velocity, straight line velocity, or curvilinear velocity, respectively. N = 3 males each for
WT and Rsph6a*#WT. There are no significant differences. [P = 0.91 (% motile, 10 min),
0.66 (% motile, 120 min), 0.10 (VAP, 10 min), 0.95 (VAP, 120 min), 0.19 (VSL, 10 min),
0.74 (VSL, 120 min), 0.88 (VCL, 10 min), and 0.87 (VCL, 120 min)].
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Figure S3. Average flagellar length in Rsph6a*#WT and Rsph6a*#** mice.

The average flagellar length in Rsph6a*4*4 #1 mouse was 25.4 + 23.2 um, and 23.9
23.1 um in Rsph6a*¥*+4 #2 mouse. Rsph6a*#"T mouse had an average flagellar length of
113.5 % 2.6 um. N =25 each for one mouse. Data are shown as a box-and-whisker plot.
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Figure S4. Generation and phenotypic analysis of Rsph6a large deletion mice.

(A) Structure of the Rsph6a and CRISPR/Cas9 large deletion targeting scheme. Two
gRNA were designed: one 50 bp upstream of the antigen region and one in exon 4.
Maroon overline indicates gRNA sequence. Red characters indicate PAM sequence.
Primers a-d were used for genotyping as indicated. (B) Genotyping Rsph6alP’LP mice by
PCR. Two sets of primers were used for genotyping. PCR of primer ¢ and d, which
amplified DNA in the 3rd exon of variant 1, produced a strong band in WT and
heterozygous mice but not in the LD. Amplification with primer a and b resulted in about
320 bp band in the LD and heterozygous but not in WT mice. (C) Protein expression of
RSPHG6A in Rsph6a-P’WT and Rsph6alP/LD testis and cauda epididymal spermatozoa.
CBB staining was used as loading control. (D) Observation of spermatozoa obtained
from cauda epididymis.
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Figure S5. Immunofluorescence of RSPH6A in Rsph6a*#WT and Rsph6a*#/*4 mice.
(A) Immunofluorescence analysis of spermatozoa from control and mutant mice labeled
with antibodies against RSPH6A (red). Fluorescence was seen along the sperm flagella
in the control. In contrast, in the flagella of Rsph6a mutant mice, RSPH6A was
undetectable. (B) Localization of RSPH6A (red) in spermatids using
immunofluorescence. Before manchette formation (left panels), RSPH6A was already
localized in the flagellum. In the spermatids with manchettes (right panels), RSPHE6A
was detected in the manchette of both Rsph6a*#WT and Rsph6a*4** mice, suggesting that
this signal is non-specific. a-tubulin stains the manchette and flagella (green). Hoechst
staining (blue) indicates the nucleus. W/o 1st Ab indicates Rsph6a*#WT mouse
spermatids that were processed without RSPH6A antibody staining.
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Figure S6. Ultrastructural analysis of axoneme and mitochondria in Rsph6a KO
testicular spermatozoa.
Examples of disrupted axoneme and mitochondrial sheath structures in the Rsph6a*4/+4

mice.
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Figure S7. Protein expression and immunofluorescence of RSPHO.

(A) Western blot analysis of recombinant RSPH9-PA obtained from transfected
HEK293T cells using anti-RSPH9 and anti-PA antibodies. GAPDH was used as loading
control. (B) Immunofluorescence of Rsph6a*#WT and Rsph6a*#+4KO mature
spermatozoa labeled with antibodies against RSPH9 (red). RSPH9 signal was seen along
the sperm flagella in the control. In contrast, RSPH9 is undetected in KO spermatozoa.
a-tubulin (green) stains flagella. Hoechst staining (blue) indicates the nucleus. (C)
Protein expression of RSPH9 in the lungs and thymus of Rsph6a*#WT and Rsph6a*++4
mice. Acetylated tubulin and GAPDH were used as loading controls.
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Table S1. List of primers.
Primer Figure Gene name Attached Sequence (5’ to 3’)
# restriction
enzyme
site
1 - GGGAGTGGGCTGATGACCAGAGG
1B Rsphl
2 - CGTATCTGTGAGGCGATATTCACCGTG
3 - GCCAGTGAAGCAGCCCAGAGT
1B Rsph4a
4 - CAGCACCTTCCAAATGTCCCTGG
5 - CCTGAGAGACGACCCCTCCCT
1B, 1D Rsph6a
6 - CCATTCCCACTGCATGGTGCG
7 - CTCAGCCCTGACCGTCGGGC
1B Rsph9
8 - CTTCAAAGGTCCGATTGACATGGGTGAC
9 - CCGCTCTCCCTCCTCCATTTCTGAT
1B Rsph10b
10 - AAAGCCTTCTCCCTCATACAGTCCACG
11 - AAGTGTGACGTTGACATCCG
1B, 1D B- actin
12 - GATCCACATCTGCTGGAAGG
13 Hindlll AAGCTTGCCGCCATGTCGGACCTGGGCTCTGAGG
Rsphl
14 EcoRI GAATTCATCCTGGAGGTCTGACGGTTCTTCATC
15 Hindlll AAGCTTGCCGCCATGGAAAACTCTACCTCTCTGAAACAAGAAAA
Rsph4a
16 EcoRI GAATTCGTCCTCATCGTCCTCATCTTCATCTTC
17 Xbal TCTAGAGCCGCCATGGGGGAACCACCGCC
2 Rsph6a
18 EcoRI GAATTCTCAGTCCTCCAGGTCTTCATCCTC
19 Xbal TCTAGAGCCGCCATGGACGCCGACAGCCTCTTGT
Rsph9
20 EcoRI GAATTCCAGCATGAAGGGCAAGTCCATGTTCTTC
21 Xbal TCTAGAGCCGCCATGGTGAAAGAAAAGAAAAAAGCGGACAAGAAAGG
Rsph10b
22 Hindlll AAGCTTCTTCTTCTTCTTCTTGCCAGGGCTGG
23 EcoRI GAATTCCAGGCAGGGTCCAGGATAGG
3A, 3C Rsph6a
24 BamHI GGATCCCCTGGCTGAATATCTCATCC
25 Rsph6a Nhel GCTAGCGCCCTTAGGCTACACGCCAGG (primer a)
26 exon 1 EcoRI GAATTCTGCAGCTCATGCTGGTCCGC
27 S4A, Rsph6a Nhel GCTAGCGCGCATAACTGGGGCAGCCT
28 S4B exon 4 (or 3) EcoR| GAATTCGATGCTCGGATGGCGGGCT (primer b)
29 - AGCTTCCGAATCTTCCTGGC (primer c)
Rsph6a
30 - AAGGGCGGATAGCTGATGAC (primer d)
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ﬁ supp-2.mpd

-00:08

Movie 1. Sperm motility of Rsph6a*¥WT mice.

B supp-3.mp4a

Movie 2. Sperm motility of Rsph6a*¥+* mice.

C
9
]

©

£

e
NS
£

o

|

©
-+

C

()

£
Q

Qo

o

>
(%]

[ ]

()

(O]

C
2

(O]
(%]
ko)
O
G

o
©

C

-
>

O
=


http://movie.biologists.com/video/10.1242/jcs.221648/video-1
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