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The motor domain of testis-enriched kinesin KIF9 is
essential for its localization in the mouse flagellum
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Abstract: Kinesin is a molecular motor that moves along microtubules. Testis-enriched kinesin KIF9 (Kinesin family
member 9) is localized in the mouse sperm flagellum and is important for normal sperm motility and male fertility;
however, it is unclear if the motor domain of KIF9 is involved in these processes. In this study, we substituted
threonine of the ATP binding motif in the KIF9 motor domain to asparagine (T100N) in mice using the CRISPR/
Cas9 system, which is known to impair kinesin motor activity. T1T00N mutant mice exhibit reduced sperm maotility
and male fertility consistent with Kif9 knockout mice. Further, KIF9 was depleted in the spermatozoa of T100N
mutant mice although the amounts of KIF9 were comparable between wild-type and T100N mutant testes. These
results indicate that the motor domain of KIF9 is essential for its localization in the sperm flagellum.
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Introduction

Fertilization is the union of two gametes, spermatozoa
and eggs. To fertilize eggs, spermatozoa need to travel
a long distance in the female reproductive tract and pen-
etrate the zona pellucida, an extracellular matrix that
surrounds the eggs. Sperm motility plays critical roles
in these processes and impaired sperm motility could
lead to male infertility, a condition called asthenozoo-
spermia [1]. The motility apparatus of spermatozoa is
the axoneme, which is the ‘9+2’ microtubule arrange-
ment that consists of a central pair (CP) of two singlet
microtubules surrounded by nine outer microtubule
doublets [2, 3]. Outer and inner dynein arms are attached
to the outer microtubule doublets and slide neighboring
doublets to induce axoneme bending. In addition, the
axoneme contains the radial spokes that extend from the
outer microtubule doublets toward the CP and the nexin-
dynein regulatory complex that links the outer microtu-

bule doublet to the adjacent doublet.

Kinesin is a molecular motor that moves along micro-
tubules. Forty-five kinesins have been identified in hu-
mans, which compose the kinesin superfamily of proteins
(KIFs) [4]. KIF9 is evolutionarily conserved and is local-
ized in the flagellum [5]. In unicellular flagellates,
Chlamydomonas, KLP1 (Chlamydomonas ortholog of
KIF9) is localized in the CP of the axoneme and regulates
flagellar motility [6, 7]. In mice, KIF9 is testis-enriched
and deletion of Kif9 results in male subfertility due to
impaired sperm flagellar motility [5]. Although KIF9
function in regulating flagellar motility seems to be con-
served evolutionarily, it is still unclear if the motor activ-
ity of KIF9 is involved in the regulation of motility.

Previously, it has been time-consuming and costly to
introduce amino acid substitutions using homologous
recombination in embryonic stem cells and generating
chimeric mice; however, the emergence of genome edit-
ing technology makes it possible to substitute amino

(Received 5 May 2021 / Accepted 11 August 2021 / Published online in J-STAGE 15 September 2021)

Corresponding authors: H. Miyata. email: hmiya003@biken.osaka-u.ac.jp

M. Tkawa. email: ikawa@biken.osaka-u.ac.jp

Supplementary Videos: refer to J-STAGE: https://www.jstage.jst.go.jp/browse/expanim

@@@@ This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial No Derivatives
AECETE (by-nc-nd) License <http://creativecommons.org/licenses/by-nc-nd/4.0/>.

©2022 Japanese Association for Laboratory Animal Science



http://creativecommons.org/licenses/by-nc-nd/4.0/

MUTATION IN KIF9 MOTOR DOMAIN

acids in a short period of time with relatively low costs
[8—10]. In this study, we substituted the critical amino acid
of the KIF9 motor domain in mice using the CRISPR/
Cas9 system.

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 (#Biken-AP-
H30-01). Mice were purchased from CLEA Japan (To-
kyo, Japan) or Japan SLC (Shizuoka, Japan).

Egg collection for genome editing

CARD HyperOva (0.1 ml, Kyudo, Saga, Japan) was
injected into B6D2F1 female mice, followed by human
chorionic gonadotropin (hCG) (five units, ASKA Phar-
maceutical, Tokyo, Japan) injection 48 h later. Fertilized
eggs were collected from the oviduct of superovulated
females that were mated with B6D2F1 males.

Amino acid substitution of KIF9 in mice
Electroporation was performed as described previ-
ously [10, 11]. Oligonucleotide and crRNA/tracrRNA/
Cas9 ribonucleoproteins (tractRNA: #TRACRRNAO5N-
SNMOL, Sigma-Aldrich, MO, USA , and CAS9 protein:
#A36497, Thermo Fisher Scientific, MA, USA) were
electroporated into the fertilized eggs using a super elec-
troporator NEPA21 (NEPA GENE, Chiba, Japan). The
oligonucleotide and gRNA sequences were (5°-)
CATATTTTGAAATGTTTGCAGGTACCATCATGTGT-
TACGGGCAGACAGGAGCTGGAAAAAACTACAC-
CATGACAGGGGCAACGGAGAATTACAAGCACC-
GCGGAATTCTCCC (-3”) (oligonucleotide) and (5°-)
TGTCATGGTGTATGTCTTGC (—3’) (gRNA). The eggs
were cultivated in potassium simplex optimization me-
dium (KSOM) [12] and the two-cell-embryos were trans-
ferred into pseudopregnant ICR females the next day.
Genotyping was performed with PCR and subsequent Alul
digestion or Sanger sequencing. The primer sequences
used for genotyping were (5°-) GCATGTTGGGGATAT-
GAGG (-3’) (Fw) and (5’-) CAGTTCACTT-
GAGGGCTGG (-3’) (Rv). Kif9T!00NWT mice (B6D2-
Kif9em3 (TI00N) Osby are being processed for deposition to
the RIKEN BioResource Research Center (#RBRC11496),
Japan and Center for Animal Resources and Development
(CARD) (#3140), Kumamoto University, Japan.

Fertility of male mice
Sexually mature wild-type (WT) or knockout (KO)
male mice were caged individually with three six-week-

old female mice for two months. The numbers of pups
and copulation plugs were counted every morning.

Analysis of sperm motility and morphology

Spermatozoa from the cauda epididymis were sus-
pended in a 100 4L drop of TYH medium [13] and in-
cubated at 37°C under 5% CO,. For observing sperm
morphology, spermatozoa were placed on MAS coated
glass slides (Matsunami Glass, Osaka, Japan) and ob-
served using an Olympus BX53 microscope (Tokyo,
Japan). For analyzing sperm motility, spermatozoa were
collected from the top of the drop after 10 or 120 min
incubation and were analyzed using the CEROS II sperm
analysis system (software version 1.5; Hamilton Thorne
Biosciences, Beverly, MA, USA). For analyzing sperm
flagellar waveforms, spermatozoa were observed with
an Olympus BX-53 microscope equipped with a high-
speed camera (HAS-L1, Ditect, Tokyo, Japan) [5, 14].
The motility was videotaped at 200 frames per second
or 50 frames per second. Waveforms were traced using
the sperm motion analyzing software (BohBohsoft, To-
kyo, Japan) [15].

Immunoblot analysis

Testis and spermatozoa were homogenized in a lysis
buffer containing 6 M urea, 2 M thiourea, and 2% so-
dium deoxycholate, and then centrifuged at 15,000 g for
15 min to collect supernatant samples. Samples were
subjected to SDS-PAGE followed by western blotting.
Blots were blocked with 10% skim milk, incubated with
primary antibodies overnight at 4°C, and incubated with
secondary antibodies conjugated to horseradish peroxi-
dase (1:10,000, #805-035-180, #115-036-062, or #111-
036-045, Jackson ImmunoResearch, West Grove, PA,
USA) for 120 min at room temperature. Primary antibod-
ies used: goat anti-KIF9 1:100 (#SC99958, Santa Cruz
Biotechnology, Dallas, TX, USA); mouse anti-acety-
lated tubulin 1:1,000 (#T7451, Sigma-Aldrich); rabbit
anti-DNAHS 1:500 (#ab121989, Abcam, Cambridge,
UK); rabbit anti-DNAH17 1:500 (#HPA024354, Atlas
Antibodies, Bromma, Sweden); rabbit anti-DNAI2
1:1,000 (#17533-1-AP, Proteintech, Rosemont, IL,
USA); rabbit anti-DNALI1 1:1,000 (#17601-1-AP, Pro-
teintech); rabbit anti-GASS8 1:500 (#HPA041311, Atlas
Antibodies); rabbit anti-RSPH9 1:500 (#HPA031703,
Atlas Antibodies). Immunoreactive proteins were de-
tected by an ECL western blotting detection kit (GE
Healthcare, Little Chalfont, UK).

Immunofluorescence analysis
Immunofluorescence was conducted as described pre-
viously [11, 16]. Germ cells including spermatids were
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squeezed out from the seminiferous tubules onto glass
slides and air-dried at 37°C. The samples were fixed with
4% paraformaldehyde in PBS for 15 min. After washing
with PBS three times for 5 min each, the samples were
blocked with 5% BSA and 10% goat serum in PBS for 1
h at room temperature. The slides were incubated with
rabbit anti-KIF9 antibody (1:50, #HPA 022033, Atlas An-
tibodies) and mouse anti-acetylated tubulin antibody
(1:500, #T7451, Sigma-Aldrich) overnight at 4°C and
washed with PBS three times for 10 min each. After in-
cubation with Alexa Fluor 488 and Alexa Fluor 546-con-
jugated secondary antibody (1:200, #A11070 and
#A 11018, Thermo Fisher Scientific) at room temperature
for 90 min, the slides were washed with PBS three times
for 10 min each. The slides were then incubated with
Hoechst 33342 (1:5,000) (#H3570, Thermo Fisher Scien-
tific) for 15 min, washed with PBS three times for 10 min
each, and observed with an Olympus BX53 microscope.

Statistical analysis
Two-tailed Student’s ¢ test was used for statistical
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P<0.001 (***). Error bars are standard deviation. At least
3 mice of each genotype were used for each experiment.

Generation of Kif9 T100N mutant mice

KIF9 possesses a motor domain at the N-terminus,
which contains an ATP binding motif (Fig. 1A). To ana-
lyze the function of the motor domain, we substituted
threonine of the ATP binding motif to asparagine in mice
using the CRISPR/Cas9 system. This mutation generates
rigor kinesin that can bind to microtubules but cannot
move [17, 18]. We electroporated a crRNA/tracrRNA/
Cas9 ribonucleoprotein and a single-stranded oligonucle-
otide containing the T100N mutation into fertilized eggs.
Several silent mutations were introduced to prevent the
mutated region from being recut by the ribonucleoprotein
and to generate the sequence recognized by the restric-
tion enzyme Alul (Fig. 1B). Of the 90 eggs that were
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Fig. 1. Generation of Kif9 T100N mutant mice. (A) The functional domain of KIF9. There is an ATP binding mo-
tif in the motor domain. (B) CRISPR/Cas9 targeting scheme. The gRNA was designed to target Exon 4.
Primers (Fw, Rv) used for genotyping are shown. Mutated nucleotides and the substituted amino acid are
shown in red. (C) Genotyping of Kif9T0NT100N mice with PCR and subsequent Alul digestion. (D) Wave
pattern sequence of Kif9T/00NTI00N mice. Mutated nucleotides are underlined.
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electroporated, 86 two-cell embryos were transplanted
into the oviducts of three pseudopregnant female mice.
Thirty pups were born and 6 pups had the T100N muta-
tion. By subsequent mating, we obtained mice with the
T100N mutation, which was confirmed by PCR and Alul
digestion (Fig. 1C) as well as Sangar sequencing analy-
sis (Fig. 1D). No overt abnormalities were found in
Kif9T100N/TI00N mice consistent with Kif9 KO mice [5].
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Kif9T100N/T100N mice exhibit impaired male fertility
and sperm motility

To examine male fertility, Kif9" 7" or Kif9T!00N/TI100N
male mice were mated with WT females for two months.
The average number of pups obtained per plug of
Kif9TI00N/TI0O0N males was significantly lower than that
of Kif9" "I males (Fig. 2A). To examine the cause of

impaired male fertility, we observed the morphology of
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Fig. 2. Kif9T!00NTI00N mice exhibit impaired male fertility and sperm motility. (A) Number of pups born per plug detected.
(B) Observation of spermatozoa obtained from the cauda epididymis. No overt abnormalities were found in Kif9T/00V
T100N mice. (C) Percentage of motile spermatozoa, VAP (average path velocity), VSL (straight-line velocity), and
VCL (curvilinear velocity) were analyzed. n=5 males each for Kif9"7"T and Kif9T!00NTI00N mice. (D) Flagellar
waveforms were analyzed 120 min after incubation. The motility was videotaped at 200 frames per second. Single
frames throughout one beating cycle were superimposed.
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spermatozoa obtained from the cauda epididymis, but
no abnormalities were found in Kif97!00N/T100N mice (Fig.
2B). We then analyzed sperm motility using a computer
assisted sperm analysis system. Although no differences
were observed in the percentage of motile spermatozoa,
there were significant differences in the velocity param-
eters such as average path velocity (VAP), straight-line
velocity (VSL), and curvilinear velocity (VCL) both 10
and 120 min after incubating spermatozoa in a capacitat-
ing medium (Fig. 2C). Further analysis of sperm flagel-
lar motility using a high-speed camera showed that the
majority of spermatozoa from Kif97/0NT100N mice bent
only to the side of the hook (pro-hook stall) (Fig. 2D)
(the number of pro-hook stall=65, the number of anti-
hook stall=0, the number of spermatozoa without stall=8
out of 73 spermatozoa examined, number of males=3),
which caused the circular motion of spermatozoa in
Kif9T100N/TIO0N mice (Supplementary Videos 1 and 2).
The spermatozoa with pro-hook stall were also observed
in Kif9 KO mice [5]. These results indicate that sperm
motility and male fertility are impaired in Kif97!00N/T100N
mice consistent with Kif9 KO mice.
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KIF9 with the T100N mutation cannot be localized
in the sperm flagellum

Because the amino acid substitution could lead to
decreased amounts of targeted protein [19], we examined
the amount KIF9 with immunoblotting. In the testis, no
clear differences were observed in the amount of KIF9,
indicating that a comparable amount of KIF9 was pro-
duced in Kif9"""T and Kif9T100N/TI0ON testis (Fig. 3A).
In contrast, KIF9 was hardly detected in the spermatozoa
of Kif9T100N/TI00N mice (Fig. 3A), suggesting that KIF9
with the T1I00N mutation cannot be localized in the
sperm flagellum. To confirm this idea, we analyzed KIF9
localization with immunofluorescence in developing
spermatids that were squeezed out of the seminiferous
tubules of the testis. Although we detected KIF9 signal
in the cytoplasm, no KIF9 signal was found in the sperm
flagella that were stained with anti-acetylated tubulin
antibody in Kif9T100N/TI00N mice (Fig. 3B). These results
indicate that the T100N mutation impairs KIF9 transport
into the flagellum. We then analyzed if other axonemal
proteins can be transported into the flagellum in Kif9!0V
T100N mjce. In contrast to KIF9, the amounts of DNAHS,
DNAH17, DNAI2 (outer dynein arm) [20-22], DNALII
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Fig. 3. KIF9 is depleted in the spermatozoa of Kif9T!00N'TI00N mice, (A) Protein expression of KIF9 in testis and cauda
epididymal spermatozoa. Acetylated tubulin is a loading control. (B) Immunofluorescence analysis of spermatids
from Kif9" "7 and Kif9T!00N/TI00N mice labeled with antibodies against KIF9 (green) and acetylated tubulin (red).
Hoechst staining (blue) indicates the nucleus. (C) Western blotting analysis of axonemal proteins. The amount of
analyzed proteins in the testis and spermatozoa were comparable between Kif9" "1 and Kif9T!00N/TI00N mice.
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(inner dynein arm) [22], GAS8 (nexin-dynein regula-
tory complex) [16], and RSPH9 (radial spoke) [11] in
spermatozoa were comparable between Kif9" "7 and
Kif9T100N/TI00N mice (Fig. 3C).

Intraflagellar transport (IFT) is a bidirectional move-
ment of cargos along microtubules that is essential for
cilia and flagellum formation. In mouse testes, deletion
of IFT components results in impaired flagellar forma-
tion and short sperm tails [23, 24]. Kinesin is responsible
for the anterograde transport of IFT, which moves cargos
from the flagellar base to the tip [25]. In this study, we
reveal that mutation of the KIF9 motor domain impaired
its localization in the flagellum (Fig. 3A). In developing
spermatids, KIF9 with the TI00N mutation was de-
tected in the cytoplasm, but not in the elongating axo-
neme (Fig. 3B), suggesting that the mutated KIF9 cannot
be transported into the flagellum. One possibility for this
defect is that KIF9 may use its own motor activity to
move along microtubules in an elongating flagellum.
However, it should be noted that the involvement of
KIF9 in transporting molecules during spermiogenesis
may be partial and other kinesins may play more critical
roles because phenotypes of Kif9 KO mice were milder
than those of other IFT mutants that exhibit short fla-
gella [5, 23, 24]. This idea is supported by the fact that
the amount of other axonemal proteins in the spermato-
zoa did not decrease in Kif9T!00NTI00N mice (Fig. 3C).
Another possibility is that the motor activity of KIF9
may be important to move to the flagellar base and
other kinesins transport KIF9 into the elongating axo-
neme rather than KIF9 using its own motor activity to
move along elongating axoneme. KIF3A is known to be
involved in IFT [25], which deletion results in severe
impairments in sperm flagellar formation in mice [26],
and may be involved in transporting KIF9 into the flagel-
lum.

As consistent with Kif9 KO mice, Kif9T/00NTI00N mjce
exhibited impaired sperm motility associated with asym-
metric flagellar bending and reduced male fertility. These
results indicates that the motor domain of KIF9 is im-
portant for normal sperm motility and male fertility. It
was shown that KIF9 can be localized to the CP of the
axoneme and interacts with HYDIN, a component of the
CP, that is thought to function in switching the bending
direction by regulating dynein arm activity [5, 27]. Be-
cause KIF9 with the T100N mutation cannot be localized
in the flagellum, it remains to be determined whether
KIF9 in the CP utilizes its motor activity to regulate
HYDIN and sperm motility in addition to regulating its

localization in the flagellum.

In this study, we reveal that the motor domain of KIF9
is essential for the localization of KIF9 in the flagellum
by substituting a critical amino acid using the CRISPR/
Cas9 system. Further analysis to understand how KIF9
works in regulating flagellar motility may help us to
understand the etiology of asthenozoospermia. Because
there is no culture system that produces fully functional
spermatozoa in vitro, amino acid substitutions on an
organismal level using the CRISPR/CAS9 system is a
powerful tool to understand the function of specific do-
mains in sperm motility and male fertility.
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