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Abstract

Chromosomal instability during cell division frequently causes cell death or malignant transformation. Orderly chromosome congression at the metaphase
plate, a paramount process to vertebrate mitosis and meiosis, is controlled by a number of molecular regulators, including kinesins. Kinesin-8 (Kif| 8A)
functions to control mitotic chromosome alignment at the mid-zone by negative regulation of kinetochore oscillation. Here the authors report that
disrupting Kifl 8a function results in complete sterility in male but not in female mice. Histological examination reveals that Kifl 8a™" testes exhibit severe
developmental impairment of seminiferous tubules. Testis atrophy in Kif/ 8a™~ mice is caused by perturbation of microtubule dynamics and spindle pole
integrity, leading to chromosome congression defects during mitosis and meiosis. Depletion of KIFI8A via RNAi causes mitotic arrest accompanied by
unaligned chromosomes and increased microtubule nucleating centers in both GC-1 and Hela cells. Prolonged depletion of KIFI8A causes apoptosis due
to perturbed microtubule dynamics. Further studies reveal that KIFI8A silencing results in degradation of CENP-E and BubR 1, which is accompanied by
premature sister chromatid separation. KIFI8A physically interacts with BubR | and CENP-E, and this interaction is modulated during mitosis. Combined,
the studies indicate that KIFI8A is essential for normal chromosome congression during cell division and that the absence of KIFI8A function causes

severe defects in microtubule dynamics, spindle integrity, and checkpoint activation, leading to germinal cell aplasia in mice.
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Introduction

It has been estimated that male infertility accounts for up to
7% of infertility in human couples.' Given a limited number
of treatment options for most male infertility cases, efforts
have been directed to searching for its genetic basis. Exten-
sive research in the past has identified genes whose func-
tions are essential for spermatogenesis,” the process by
which male spermatogonia develop into mature spermato-
zoa. Spermatogenesis is a highly organized cyclic process
that includes the mitotic proliferation of spermatogonia, the
meiotic division that gives rise to the maturation of sperma-
tids, which in turn develop into motile spermatozoa. Chro-
mosomal abnormalities, including Klinefelter syndrome
(XXY), specific translocations, and Y chromosome micro-
deletions, are well-described cases of male infertility.**
Point mutations in genes coding for androgen receptor
(AR), follicle-stimulating hormone (FSH), and cystic fibro-
sis transmembrane conductance regulator (CFTR) are
responsible for spermatogenesis failure.”® These represent
a few well-established gene defects associated with male
infertility. Recently, mouse genetic studies have revealed
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that gene products affecting chromatin structures play an
essential role in regulating male fertility. For example, abla-
tion of mouse JHDM2A, a JmjC-domain-containing his-
tone demethylase 2A, causes defects in spermatogenesis by
affecting packaging and condensation of sperm chromatin.’
In addition, deficiency in Sirtl, a member of the sirtuin
family of deacetylases, markedly compromises spermato-
genesis but not oogenesis. '’

KIF184 encodes a molecular motor protein of the
kinesin-8 family."""* It is essential for chromosome congres-
sion during mitosis and meiosis because it regulates proper
assembly and positioning of the spindles.'"""* During mitosis
and meiosis, the spindle is a microtubule-based structure that
controls the proper partitioning of chromosomes or sister
chromatids. Microtubules facilitate chromosomal congres-
sion to the metaphase plate before their accurate segregation
at the onset of anaphase. Before all chromosomes are aligned
at the equator, chromosomes oscillate along the mid-zone,
which appears to be a necessary step for proper alignment of
paired chromosomes or sister chromatids and for attachment
by the spindles. Microtubules that coordinate chromosome
congression and segregation are dynamic by elongating or
shortening at the plus end. During mitosis, KIF18A is con-
centrated at the plus ends of microtubules, facilitating micro-
tubule depolymerization as a loss of its function results in the
formation of elongated microtubules."” KIF18A reduces the
amplitude of preanaphase oscillations and negatively con-
trols the movement of chromosomes toward the spindle poles
during anaphase.'> Mitotic regulators, including CENP-E
and SGOI, also affect chromosome alignment and segrega-
tion because disruption of their functions causes the appear-
ance of unaligned chromosomes and induces chromosome
missegregation.'*"”

Mammalian spermatogenesis is a classic adult stem
cell-dependent process. It is supported by constant self-
renewal (division) and differentiation of the spermatogonial
stem cell compartment. Given that Drosophila Klp67A, a
kinesin-8 family member, is essential for mitotic division
and male meiosis,'® we studied Kif18a function through the
mouse genetic approach. We observed that disruption of
Kif18a function causes infertility only in male mice, which
was accompanied by severe testis atrophy. Extensive in
vivo and in vitro studies revealed that KifI8a” depletion
caused impaired microtubule dynamics and spindle pole
integrity, leading to compromised chromosome congres-
sion during mitosis and meiosis.

Results
Disruption of Kifl8a Causes Testis Atrophy in Mice
Through transgenic knockout mouse approaches, we

obtained two independent lines of mice deficient in Kif18a
(one approach shown in Supplementary Fig. S1). Genotype

analyses of live births revealed that heterozygotes and
homozygotes with a mutation at the Kif/8a locus were
capable of surviving to term. Newborn Kif/8a”~ mice had
no gross abnormalities in major organs examined except for
undersized testes in male mice. Eight weeks after birth,
Kifl8a™" testes were markedly underdeveloped compared
with that of the wild-type and Kif18a"~ mice (Fig. 1A). Tes-
tes in wild-type and Kif/8a" mice grew at the faster rate
than the whole body did during the first 8 weeks, resulting
in a net increase in the testis/body weight ratio; however,
Kifl8a™" testes grew at a significantly slower rate, leading
to a net decrease in the testis/body weight ratio (Fig. 1B).
Kif18a”~ mutant male mice were unable to give rise to off-
spring, although these mice were capable of producing
plugs (Supplementary Fig. S2A). The reproductive defect
caused by the Kifl8a mutation was rather specific to male
mice because Kif/8a”~ female mice were fertile and gave
live pups at a rate slightly lower than that of wild-type mice
(Supplementary Fig. S2A).

Histological analyses confirmed that Kif/8a” testes
exhibited severe developmental defects. At week 1, Kifl8a™
testes had relatively normal seminiferous tubules that were
single cell layered (Fig. 1C). Mitotic spermatogonial cells
were observed in both wild-type and Kif/8a ™ testes. Starting
from week 2, Kifl8a™ testes started to show developmental
retardation. Whereas seminiferous tubules of wild-type testes
contained multilayered spermatocytes, Kifl8a” testes
remained largely single cell layered. At week 4, the growth
arrest of Kif/8a™~ seminiferous tubules became more evi-
dent. A majority of inner seminiferous tubules were single
cell layered with vacuolated, degenerative changes in the
luminal side. Focal Leydig cell hyperplasia was visible. At
week 8, degenerative seminiferous tubules became atrophic
coupled with Leydig cell hyperplasia in the stroma. In con-
trast, Kifl8a~~ epididymis was rather normal compared with
that of the wild-type one (Fig. 1D). Likewise, Kif/8a"~ ova-
ries exhibited no apparent histological defects (Fig. S2B),
consistent with the fact that female Kif/8a” mice were fer-
tile (Supplementary Fig. S2A).

Mitotic and Meiotic Defects in
Kifl 8a™~ Mouse Testes

During the first week of testis development, spermatogonial
cells in seminiferous tubules were marked by a high rate of
proliferation. Severe atrophy of Kifl8a™ testes implicated
their growth impairment. As Klp67A, a Drosophila ortho-
log of mammalian Kif18A, plays an essential role in mito-
sis,'® we reasoned that KIF 1 8a deficiency would compromise
expansion of the stem cell compartment of seminiferous
tubules in mice. Supporting this notion, the number of sem-
iniferous tubules in KifI8a™ testis was indeed significantly
smaller than that of the wild-type testis (Fig. 2 A and B).
Moreover, the average number of cells per tubule section
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Figure |. Disruption of Kifl8a causes testis atrophy and germ cell aplasia. (A) Morphologies of representative testes from 8-week-old mice of various
genotypes. (B) Testes of individual mice, as well as their bodies, of various genotypes were weighed during various stages of development (weeks 1, 2,4,
8,and 12).The testes/body weight ratios were calculated for wild-type mice (wt), heterozygotes (+/-), and homozygotes (—/-). (C) Sections of wt and
KifI8a™ testes at different developmental stages were stained with H&E. Representative images are shown. (D) Sections of wt and Kif/8a™~ epididymis
at week 4 were stained with H&E, and representative images are shown.



Mammalian Kifl8a functions in vivo and in vitro / Liu et al. 29

B E 2 Weeks

a

=R= 200+
o2 |
= )

o @

S 2 1007
=

= O £
&

n 0-

Wt Kif18a~-

1

0
8
6
4|
2
0

O Wt

Wit /
i B Kif18a™"

OIKif18a™~

-
o
s

)
=

# of Cells/Tubule

—I—I

2 Weeks

&

Whole GO0/G1 S G2/M

D
=
X
S
o
o
O

o
=2
i

o
o
=
.

(&)

m
-

Week

W Kif18a™"

O
=

(o0}
o

T
®
(o 0]
~—
= 1
~

1 T 1

m ('

Pro Meta Ana 'Unél_igneg

of spermatogonial cells (%)
K=Y
o

Various mitotic chromosomes
o
|

Figure 2. Mitotic defects in Kif/ 8a”~ mouse testes. (A) Representative sections of wt and Kif/ 8a”~ at week 2 were stained with H&E. (B) Seminiferous

tubules were counted from 6 random fields of each wt or Kifl8a™"~ testis. The data were summarized from 3 independent mice. (C) Cells in each
seminiferous wt or Kif/8a™~ tubule were counted from 6 random fields of each testis. The data were summarized from 3 independent mice. (D)
The c-Kit-positive cells isolated from wt or Kifl 8a™" testes were subjected to the DNA content analysis by flow cytometry. Representative results
are shown. (E) Representative wt and Kifl 8a™~ seminiferous tubules at week | are presented. Arrowheads denote mitotic cells with unaligned
chromosomes. (F) Mitotic cells in week | wt or Kifl 8a™ seminiferous tubules were examined under microscope. Cells of various mitotic stages or
with unaligned chromosomes were quantified.
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was also greatly reduced in Kif78a mutant testis (Fig. 2 A
and C). To further confirm the role of Kif18a in supporting
stem/progenitor cell proliferation in the testes, c-Kit-positive
cells isolated from individual testes of Kif/8a” and wild-
type mice at week 1 were subjected to cell cycle analysis by
flow cytometry. The total number of c-Kit-positive cells
was significantly decreased in Kifl8a™ testes compared
with that of wild-type ones (Fig. 2D). Whereas a significant
number of wild-type c-Kit-positive cells were active in the
cell cycle, only a small fraction of KifI8a™ cells were in S
and G,/M stages (Fig. 2D). Further histological analysis
revealed that active mitotic cells were easily visible in
wild-type seminiferous tubules at week 1 and that most of
them were in the metaphase stage (Fig. 2 E and F). How-
ever, significantly fewer mitotic cells were present in age-
matched KifI8a™~ seminiferous tubules; those cells in
mitosis exhibited abnormal chromosome congression man-
ifested as the presence of unaligned chromosomes (Fig. 2 E
[arrows] and F). Taken together, these results indicate
mitotic defects caused by the absence of Kif18a function in
the testis compartment.

At week 4, wild-type testes contained spermatocytes of
various developmental stages, forming multilayered semi-
niferous tubules (Fig. 3 A and B). However, a majority of
age-matched Kif/8a~~ seminiferous tubules remained sin-
gle cell layered and contained few, if any, spermatocytes. A
majority of Kifl8a” seminiferous tubules contained no
actively dividing cells (Fig. 3A). At week 6, a few seminif-
erous tubules in the periphery of KifI8a™ testes contained
cells morphologically similar to spermatids but with multi-
ple nuclei (Fig. 3C, arrows), suggesting a dysregulated mei-
otic process in Kifl8a~ testes that failed to yield haploid
spermatozoa. This was also consistent with the observation
that Kifl8a”~ epididymis only contained nonmotile sperma-
tids, many of which were bi-nucleated (Fig. 3D, arrows).
Flow cytometry analysis revealed that more than 50% of
testicular cells isolated from week 8 testes of Kif/8a” mice
remained diploid, whereas a majority of these cells isolated
from wild-type testes were haploid (Fig. 3E). Together,
these results strongly suggest a crucial role of Kif7/8a in
mouse spermatogenesis by regulating meiosis.

To understand the differential effect of Kif/8a on the
development of testes and ovaries in mice, we examined its
expression in various mouse organs. As expected, adult tes-
tes contained the highest level of Kifl8a, which was
detected as 2 discrete mRNA species. The longer form, des-
ignated as Kifl8a-L, was about 3.8 kb. The shorter one,
designated as Kifl8a, was about 3.5 kb (Fig. 3 F and G).
Kif18a mRNA was undetectable until about 3 weeks after
birth (Fig. 3G), and this was correlated with meiotic divi-
sion that gave rise to spermatocytes. Kif/8a mRNA expres-
sion was testis specific and temporally controlled (Fig. 3 F
and G; Supplementary Fig. S3A), whereas Kif18a-L mRNA
was present at various levels in testes and several other
organs, including thymus, spleen, and ovaries (Fig. 3F and

Supplementary Fig. S3A). Further studies revealed that a
high level of Kifl8a was detected in wild-type but not
Kifl8a™" testes (Supplementary Fig. S3 B and C).

KIFI18A Depletion Causes Spindle Pole and
Chromosome Congression Defects

To elucidate the cellular and molecular basis by which KIF18A
controls cell division, we first examined the consequence of
Kif18a depletion in the mouse spermatogonial cell line GC-1.
Whereas Kifl8a localized to kinetochore and mid-zone areas
during mitosis, its depletion via RNAI caused a chromosome
congression defect characterized by the presence of unaligned
(lagging) chromosomes (Fig. 4 A and B). Kifl8a depletion
also caused the formation of extra y-tubulin foci that were capa-
ble of nucleating microtubules (Fig. 4 C and D). Moreover,
compared with those of the wild-type, bipolar meiotic spindles
and the metaphase plate were largely absent from KifI8a ™ tes-
tes (Supplementary Fig. S4A). These results suggest that
deregulated microtubule dynamics may be partly responsible
for chromosome congression defects.

To determine whether human KIF18A functioned in the
same way as the mouse counterpart, we studied HeLa cells
depleted of KIF18A via RNAi. KIF18A depletion caused
significant mitotic arrest that was evidenced by the forma-
tion of rounded-up cells (Fig. 4E). As expected, SGOI1
depletion also induced mitotic arrest. RNAi-mediated
depletion of KIFI8A in HeLa cells was confirmed by
immunoblotting (Fig. 4F). Again, the absence of KIFI18A
function resulted in the formation of multiple spindle poles
in mitotic cells as well as defective chromosome congres-
sion characterized by the presence of unaligned chromo-
somes (Fig. 4 G and H). Consistent with these observations,
multiple spindle poles were also detected in Kif/8a™ testes
after staining with the antibody to NuMA (Supplementary
Fig. S4B, arrow), a spindle pole—specific marker.

KifI 8A Depletion-Induced Mitotic
Arrest Leads to Apoptosis

Time lapse confocal microscopy confirmed that KIF18A
depletion induced a prolonged mitotic arrest, during which
distorted spindle microtubules, multiple microtubule nucle-
ation centers, and spindle pole rotation were observed
(Fig. 5A). The prolonged mitotic arrest frequently leads to
mitotic catastrophe, a specialized case of apoptosis. HelLa
cells transfected with KIF184 siRNA for more than 24 h
exhibited the morphology of typical apoptosis (Fig. 5B).
Consistent with a role of KIF18A in microtubule dynamics
by limiting elongation of spindle microtubules,? KIF184-
depleted cells struggled during mitosis, resulting in
elongated, bundled spindle microtubules during mitotic
catastrophe (Fig. 5C, arrow). Apoptosis induced by KIF18A
depletion was confirmed by the appearance of p89 (Fig. SD),
a PARP-1 cleavage product due to caspase-3 activation.'



Mammalian Kifl8a functions in vivo and in vitro / Liu et al. 31

w
10X

Multi-layer

w
% 2007 [[] Mono-layer
5] =
o 100 o
|
=
F o #
Wt  Kif18a™-
F GEFL3

o
=
F18a"" Kif18a-L»
= Wit Kif18a iffba -

1N 2N 285 [N R RS

: G T o

N ©

2N 4N 4N - =
A | Kif18a-Ls| ww ww w»

Kif18a™
Fluorescence Intensity : 5 BaS

Event counts

Figure 3. Meiotic defects in Kifl 8¢~ mouse testes and tissue-specific expression of Kifl 8a. (A) Wt and Kif/ 8a~~ seminiferous tubules at week 4

were stained with H&E. Representative tubules are shown. (B) Seminiferous tubules with monolayer or multilayers of cells were counted from wt or
Kifl8a™" testes.The data were summarized from 6 individual testes. (C) H&E-stained wt (1) and Kifl8a™" (Il) seminiferous tubules at week 6.Arrows
denote the spermatids with multiple or bi-nuclei. (D) H&E-stained wt and Kifl 8™~ epididymis. Arrows denote the nonmotile bi-nucleated spermatozoa.
(E) Testicular cells isolated from wt and Kifl 8a™"~ testes at week 6 were stained with propidium iodide and subjected to DNA content analysis by flow
cytometry. (F) Equal amounts of total RNA isolated from various mouse organs were subjected to Northern blotting analysis using Kif/ 8a cDNA

as a probe. Br, Th, Sg, He, Lu, Li, Sp, Ki, Sm,Te, Ep, and Ov stand for brain, thymus, salivary glands, heart, lung, liver, spleen, kidney, small intestine, testes,
epididymis, and ovaries, respectively. (G) Equal amounts of total RNA isolated from wild-type testes of various developmental stages (days 17-22) were
subjected to Northern blotting using Kif/ 8a cDNA as a probe. Kif|8a-L stands for the large form of Kifl 8a transcript.
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Figure 4. KIFI8A depletion causes spindle pole and chromosome congression defects in vitro. (A) Mouse spermatogonial GC-| cells transfected with Kifl8a
or luciferase (Luc) siRNA for 24 h were fixed and stained with antibodies to KIFI8A (green) and CREST (red). DNA was stained with 4’6’-diamidino-
2-phenylindole (DAPI; blue). Representative results are shown. (B) Cells at various mitotic stages or with unaligned/misaligned chromosomes were
summarized from GC-1 cells transfected with Kifl 8a or luciferase siRNA.The data were summarized from 3 independent experiments. (C) GC-I cells
transfected with Kifl 8a or luciferase siRNA for 24 h were fixed and stained with antibodies to c-tubulin (green) and y-tubulin (red). DNA was stained
with DAPI (blue). Representative images are shown. (D) GC-1 cells transfected with Kif/ 8a or luciferase siRNA for 24 h were fixed and stained with
antibodies to o-tubulin (green) and y-tubulin (red). Mitotic cells with multiple spindle poles were summarized from 3 independent experiments. (E)
Hela cells transfected with KIFI8A or luciferase siRNA for 24 h were examined under a light microscope. Representative images are shown. (F) Equal
amounts of proteins from Hela cells transfected with KIFI8A or luciferase siRNA for 24 h were blotted for KIFI8A and B-actin. (G) Mitotic cells of
various stages or with unaligned/misaligned chromosomes were counted from Hela cells transfected with KIF/8A or luciferase siRNA for 24 h.The data
were summarized from 3 independent experiments. (H) Hela cells transfected with KIF/8A or luciferase siRNA for 24 h were fixed and stained with
antibodies to o-tubulin (green) and y-tubulin (red). Mitotic cells with multiple spindle poles were summarized from 3 independent experiments.
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The enhanced apoptosis was also recapitulated in mouse
Kifl8a” testes. Terminal deoxynucleotidyl transferase—
mediated dUTP-biotin nick end labeling (TUNEL) staining
revealed that a significant number of cells in Kif/8a"~ semi-
niferous tubules underwent apoptosis, but this did not occur
in the wild-type (Fig. SE). Together, these results indicate
that KIF18A is essential for both mitosis and meiosis and that
the absence of its function leads to apoptosis.

KIF18A Interacts with BubR| and CENP-E and
Regulates Their Functions

KIF18A accumulates as a gradient on kinetochore microtu-
bules during mitosis.'*"> To study whether spindle check-
point components or kinetochore-associated proteins were
regulated by KIF18A, we examined the subcellular localiza-
tion of BubR1 and CENP-E in KIF18A-depleted cells.
BubR1, a major spindle checkpoint component, was acti-
vated and concentrated at the kinetochores before the ana-
phase onset (Fig. 6A). KIF18A knockdown abolished BubR 1
signals on chromosomes aligned at the metaphase plate;
however, these signals were high on unaligned kinetochores
clustered at spindle pole regions (Fig. 6A). CENP-E, a motor
protein also having a role in spindle checkpoint control,”
was highly enriched at the kinetochores during mitosis.
KIF18A depletion caused the disappearance of CENP-E
from the kinetochores (Fig. 6B). Subcellular localization of
other mitotic regulators and motor proteins, including Aurora
B, survivin, and Eg5, was apparently affected as well,
although their levels were not significantly changed as the
result of KIF18A silencing (Supplementary Fig. S5).

To further confirm a role for KIF18A in regulating BubR 1
and CENP-E, both rounded-up and adherent cells transfected
with KIF184 siRNA or SGO! siRNA were collected for
lysate preparation. Western blot analyses showed that deple-
tion of KIF18A, but not of SGOI, caused degradation of
CENP-E in both rounded-up and adherent cells (Fig. 6C).
Silencing KIF18A, but not SGOI1, also led to a greatly
reduced level of BubR1 in rounded-up but not adherent cells.
In contrast, Mad2, another important player in the spindle
checkpoint,” was not affected by KIF18A depletion. Like-
wise, neither Aurora B nor Eg5 levels were negatively
affected by the loss of KIF18A function. In fact, Aurora B
and Eg5, as well as cyclin B, were upregulated in rounded-up
cells, consistent with the fact that they were mitotic. More-
over, KIF18A depletion for 24 h had already caused the
appearance of the PARP-1 cleavage product (p89).

As BubR1 and CENP-E are important components of
the spindle checkpoint,”** we then examined the sister
chromatid cohesion in cells depleted of KIF18A. Different
from normal mitotic cells and those induced by Taxol treat-
ment, more than 50% of mitotic cells induced by KIF18A
depletion contained sister chromatids that were prematurely

separated (Fig. 7 A and B), strongly suggesting a signifi-
cantly weakened spindle checkpoint due to the absence of
KIF18A function. To further understand the role of KIF18A-
mediated degradation of BubR1 and CENP-E, experiments
were carried out in which both interphase and mitotic cell
lysates were immunoprecipitated with the KIF18A anti-
body or with a control IgG, followed by immnoblotting for
BubR1, as well as for KIF18A. BubR1, but not Eg5, was
co-immunoprecipitated with KIF18A; more BubR1 was
brought down from the mitotic lysates than the interphase
ones by the KIF18A antibody (Fig. 7C). KIF18A also inter-
acted with CENP-E; in contrast to BubR1, less CENP-E
was brought down by the KIF18A antibody during mitosis
(Fig. 7D). Thus, our studies demonstrate that KIF18A phys-
ically interacts with both BubR1 and CENP-E and that their
interactions are regulated during cell cycle progression.

Discussion

In this report, we demonstrate that a targeted disruption of
Kifl8a causes complete infertility in male mice, which is
correlated with a severe developmental defect in the semi-
niferous tubules. Female mice are fertile, although they
may exhibit a feature of hypofertility (Supplementary
Fig. S2A). Given the histology of Kif/8a” seminiferous tubules
as well as overall atrophy of the testes, Kif/8a mutant male
mice can be described as a case of germinal cell aplasia.
Infertility in men is a major problem, affecting a significant
percentage of couples of reproductive age. To date, treat-
ment of male factor infertility has been largely unsuccessful
because of unknown genetic factors. The human K/F'/84 gene
localizes to chromosome 11, where structural abnormalities
are linked to defective spermatogenesis and male infertility
in clinics.*** Given that relatively little is known about
defects in molecular motor function in male reproductive
failure in mammals, this study is of high significance in
terms of helping us understand the molecular defects that
are associated with male infertility and provides appropri-
ate strategies for future clinical intervention.

Kif18a directly participates in mitotic expansion of sper-
matogonial cells and their differentiation (meiosis) during
testis development and maturation. Kifl8a is not only
highly expressed in testes but also localizes to male germ
cells, including spermatogonia, spermatocytes, and sperma-
tids. The function of Kifl8a in mice is highly specific.
Kif18a mutation primarily affects the fertility of male but
not female mice. Furthermore, Kif/ 8a-null male mice grow
relatively normally and exhibit defects in testes but not in
other organs. The temporal and tissue-specific manifesta-
tions of Kifl8a function as revealed by the mouse genetic
study can be explained by its tightly regulated expression.
KIF17B, a testis-specific kinesin,*® localizes to chromatoid
bodies that are thought to act as male germ cell-specific
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images are shown. (C) Hela cells transfected with KIF/8A,SGOI, or luciferase siRNA for 24 h were collected and lysed. Hela cells treated with
VP16 overnight were also used for lysate preparation. Equal amounts of proteins from various treatments were blotted for KIFI8A, CENP-E, BubR1,
Aurora B, Eg5, cyclin B, Mad2, PARP-1, and B-actin. R and A denote rounded-up cells and adherent cells, respectively. Arrow p-BubR | denotes the
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apparatuses for storing and processing transcripts.”’ There-
fore, it would be also interesting to examine potential func-
tional interactions between KIF18A and KIF17p.

KIF18A plays a major role in regulating chromatid con-
gression during mitosis in vitro. This is likely due to per-
turbed microtubule dynamics. KIF18A is enriched at the
plus end of kinetochore microtubules. It is conceivable that
KIF18A depletion would significantly affect the integrity of
the kinetochores. We have demonstrated that KIF18A
depletion also disrupts the integrity of spindle poles during

mitosis. This is not surprising because recent studies show
that kinetochore or spindle checkpoint components also
have centrosomal functions.®** The defective kinetochores
and spindle poles due to a lack of KIF18A function would
have a severe consequence on chromosome congression
and segregation. Supporting this, more than 50% of cells
that are depleted of KIF18A contain unaligned/misaligned
chromosomes. Failed chromosome congression causes
a lengthy mitotic delay, eventually leading to mitotic
catastrophe.
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KIF18A physically and functionally interacts with
spindle checkpoint components BubR1 and CENP-E, thus
regulating the spindle checkpoint integrity. At the cellular
level, the BubR1 signal is absent from or greatly reduced
at the kinetochores of chromosomes congregated at the
mid-zone. More strikingly, CENP-E is undetectable in
KIF18A-depleted mitotic kinetochores. At the molecular
level, BubR1 and CENP-E, but not Mad2, Eg5, and Aurora
B, are significantly downregulated after KIF18A depletion,
indicating that KIF18A is essential for stabilization of
CENP-E and BubR1 at the kinetochores. Supporting this
notion, several early studies have shown that deregulated
CENP-E function leads to chromosome congression
errors,'”" phenotypically resembling KIF18A depletion.
One scenario to explain the regulation of CENP-E and
BubR1 by KIF18A is that these checkpoint components are
cargos of the molecular motor or that a major cargo mole-
cule of KIFI8A plays an important role in controlling
BubR1 and CENP-E stability. During mitosis, the kineto-
chore components, including BubR 1, are highly dynamic.*'
It is conceivable that KIF18A maintains a constant supply
of BubR1 and CENP-E at the kinetochores, which are
essential for spindle checkpoint activation until the ana-
phase entry. Our observation that BubR1 and CENP-E
physically interact with KIF18A is consistent with this pos-
sibility. Homozygous deletion of BubR1 results in embry-
onic lethality.”® Given that KifI8a expression appears to be
confined to testes during development (Fig. 3 F and G; Sup-
plementary Fig. S3A), it is likely that KIF18A protein may
interact with BubR1 and CENP-E and regulate their stabil-
ity via the unique domain encoded by Kif/8a mRNA.

Although the molecular mechanism by which KIF18A
depletion causes instability of BubR1 and CENP-E remains
unclear, the motor protein may keep BubR1 and CENP-E
confined to the kinetochores during early mitosis, thus pre-
venting the access of negative regulator(s). Alternatively,
KIF18A may ship an unknown factor that positively regu-
lates or stabilizes these checkpoint proteins at the kineto-
chores. For example, among KIF18A, cargos can be a factor
that regulates CENP-E and BubR1 sumoylation because
both proteins are shown to be sumoylated.*® In fact, CENP-
E sumoylation is critical for the maintenance of its activ-
ity.”” It is conceivable that sumoylation stabilizes CENP-E
and BubR1 by competing for lysine residues that are other-
wise the targets of polyubiquitination followed by proteos-
omal degradation. It is a rather attractive possibility that
KIF18A may interact with sumoylation modification
enzyme(s) that stabilizes BubR1 and CENP-E given exist-
ing lines of supporting experimental evidence. (1) Mouse
genetic studies indicate that sumoylation is essential for
chromosome congression and mitotic progression.” (2)
SUMO-1, SUMO-2, and SUMO-3 are all localized at the
kinetochores during mitosis.*> (3) MGI132 treatment

partially rescues CENP-E in cells depleted of KIF18A (data
not shown). Therefore, one line of future studies should
focus on the identification of factors that mediate stability
BubR1 and CENP-E in a KIF18A-dependent manner dur-
ing cell division.

Materials and Methods

Cell culture. The GC-1 and HeLa cell lines were obtained
from the American Type Culture Collection. Cells were cul-
tured under 5% CO, in dishes or on Lab-Tek II chamber
slides (Fisher Scientific) in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and antibiotics (100 pg of penicillin and 50 pg
of streptomycin sulfate per mL).

Histology and immunohistochemistry analysis. Wild-type
and Kifl8a mutant testes were fixed in Bouin’s or formalin
fixative solutions and embedded in paraffin. Testis sections
(8-um thickness) were de-waxed and stained with hema-
toxylin and eosin. For immunohistochemistry analysis, tes-
tes were fixed in paraformaldehyde. Antigens were
unmasked by boiling slides in a 0.01-M citrate solution.
Immunohistochemistry was performed using a commer-
cially available kit according to the instructions provided
by the supplier (Santa Cruz).

Flow cytometric analysis. Testis single cells were obtained
according to previous literature. Briefly, after removing
tunica, the testes were placed in DMEM buffered with
HEPES (20 mM, Sigma) and containing collagenase type I
(1 mg/mL, Sigma). After incubation at 37°C for 15 min, the
testes were washed with calcium and magnesium-free
phosphate-buffered saline (PBS) and subjected to addi-
tional incubation for 10 min in the same buffer containing
0.25% trypsin with 1 mM EDTA. The trypsin digestion was
terminated by the addition of FBS. Testis single cells were
counted and stained with FITC-c-kit. After washing, testis
cells were suspended in 300 puL of PBS containing 0.1%
NaN; and 50% FBS and then fixed overnight by addition of
70% ethanol drop-wise. After washing with calcium and
magnesium-free PBS, cells were stained with propidium
iodide for flow cytometry.

Reverse transcriptase-mediated polymerase chain reaction
(RT-PCR). Total RNA was extracted from wild-type and
Kifl8a™ testes, spleen, and thymus of 8-week-old mice
using Trizol reagents (Invitrogen). RNA was also extracted
from 1-week-old wild-type and KifI8a™ testes. Reverse
transcription was carried out using AMYV reverse transcriptase
(Takara). Isoform-specific primers were designed for detect-
ing expression of Kifl8a (5'-GAACGGCAGCCAATG
AGATG-3' and 5-AGATGGCCTTCTTTCCCAGACT-3")
and Kifl8a-L (5-TTCCCAGGTATTCATGTAACAG-3’
and 5-TTTGCAATGTAAAGACTGGTAG-3') isoforms,
respectively.
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Western blot analysis. HeLa cells were treated with VP-16
(inducing apoptosis) or transfected with KIF18A, Sgol, or
control (luciferase) siRNAs for 24 or 36 h. Rounded-up
(mitotic) cells were collected by shake-off. The adherent
fraction of cells was collected by trypsinization. Equal
amounts (50 pg) of protein lysates were analyzed by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE) followed by immunoblotting with antibodies to
KIF18A (Bethyl), BubR1, CENP-E (Sigma), Aurora B,
Mad2 (Abcam), Eg5 (Abcam), cyclin Bl (Santa Cruz),
PARP-1 (Cell Signaling), Plkl (Invitrogen), or P-actin
(Sigma, 1:1500). Specific signals were detected with horse-
radish peroxidase—conjugated goat secondary antibodies
(Cell Signaling) and enhanced chemiluminescence reagents
(Pierce Biotechnology).

Fluorescence microscopy. Testes dissected from wild-type
and homozygous Kif18a™ mice at various ages were fixed
in 10% neutral-buffered formalin. After dehydration in
increasing concentrations of ethanol, the tissues were
embedded in paraffin and sectioned (5-um thickness). Tis-
sue sections were stained with H&E using a standard proto-
col (Fisher Scientific). For fluorescence detection, tissue
sections were deparaffinized in xylene and rehydrated in
descending concentrations of ethanol followed by antigen
retrieval in a sodium citrate buffer (10 mM sodium citrate;
0.05% Tween-20, pH 6.0). Sections were then blocked in
5% bovine serum albumin (BSA) for 1 h and incubated
with antibodies to KIF18A and a-tubulin at 4°C overnight.
After washing with PBS containing 0.1% Tween-20, slides
were incubated for 1 h at room temperature with Alexa488
or Alexa594 conjugated species-specific secondary anti-
bodies (Invitrogen). After additional washes, tissue sections
were mounted with fluorescence mounting medium (Dako).
Fluorescence microscopy was performed on a Nikon
microscope.

GC-1 and HeLa cells cultured on chamber slides with
various treatments were quickly washed with PBS and
fixed in 4% paraformaldehyde for 10 min at room tempera-
ture. Fixed cells were treated with 0.1% Triton X-100 in
PBS for 10 min and then washed 3 times with ice-cold PBS.
After blocking with 2% bovine serum albumin (BSA) in
PBS for 15 min on ice, cells were incubated for 1 h at room
temperature with antibodies against CENP-E, BubRl,
CREST, KIF18A, Aurora B, Eg5, survivin, NuMA,
a-tubulin, or y-tubulin in a 2% BSA solution. Cells were
then washed with PBS and incubated with Rhodamine
red X—conjugated antirabbit (or antihuman) IgGs and/or
fluorescein isothiocyanate-conjugated antimouse IgGs
(Jackson ImmunoResearch) at room temperature for 1 h in
the dark. Cells were finally stained with 4'6’-diamidino-2-
phenylindole (DAPI; Fluka, 1 pg/mL) for 5 min. Fluores-
cence microscopy was performed and images were captured

using a digital camera (Optronics) using Optronics MagFire
and Image-Pro Plus software.

RNA interference. Small interfering RNAs (siRNAs)
of human KIF18A were synthesized from Dharmacon,
which corresponded to the following sequences: 5’ACCAA
CAACAGTGCCATAAA3" (designated as hKIFISA
siRNA-1)and 5’ ACAGATTCGTGATCTCTTA3' (hKIF18A
siRNA-2). These sequences are capable of silencing
human KIF18A."” Mouse Kifl8a siRNAs were obtained
from Dharmacon, targeting the following sequences:
5'GCAAGAGTATCTGAAGTTA3' (mKifl8a siRNA-1),
5'CAAATGAGTTCTACATCAA3’ (mKifl8a siRNA-2),
5'CGGGATAATTCAAGCGTTA3' (mKifl8a siRNA-3),
and 5TAAAGGGTCACGATTTGTA3' (mKifl18a siRNA-
4). hKIF18A or mKif18a siRNA duplexes were transfected
into HeLa or GC-1 cells with Lipofectamine2000 (Invitro-
gen) according to the manufacturer’s instructions. Briefly,
cells seeded at 60% confluency in an antibiotic-free culture
medium were transfected with siRNA duplexes at a final
concentration of 100 nM for 24 h (unless otherwise speci-
fied). The negative controls were cells transfected with 100
nM siRNA duplex targeting firefly (Photinus pyralis) lucif-
erase (5'UUCCTACGCTGAGTACTTCGA3', GL-3 from
Dharmacon).

Live-cell time lapse imaging. The HeLa cell line expressing
GFP-tubulin was kindly provided by Dr. Xiaoqi Liu at Pur-
due University. HeLa GFP-tubulin cells grown in a 35-mm
glass-bottom dish (MatTek) for 24 h at 60% confluence
were transfected with 100 nM luciferase siRNA or human
KIF18A siRNA. Cell culture medium was changed to CO,-
independent medium (Invitrogen) supplemented with 10%
FBS and 10 mM glutamine during live-cell time lapse
imaging. From 18 to 36 h after transfection, confocal GFP
fluorescence and DIC time lapse sequences were collected
on a Leica TCS SP5 microscope equipped with a heated
incubation chamber, a motorized Z-positioning device, and
60xNA1.4 or 40xNA1.25 DIC optics. One DIC image and
a stack of 5 fluorescence images (0.5-um steps) were simul-
taneously acquired at 30-sec intervals.

Statistical analysis. Data were expressed as mean + SD.
The statistical differences were analyzed using Student ¢
test.
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