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Abstract

Microtubule dynamics ensure multiple cellular events during oocyte meiosis, which is critical for the fertilization and early
embryo development. KIF15 (also termed Hklp2) is a member of kinesin-12 family motor proteins, which participates in
Eg5-related bipolar spindle formation in mitosis. In present study, we explored the roles of KIF15 in mouse oocyte meiosis.
KIF15 expressed during oocyte maturation and localized with microtubules. Depletion or inhibition of KIF15 disturbed
meiotic cell cycle progression, and the oocytes which extruded the first polar body showed a high aneuploidy rate. Further
analysis showed that disruption of KIF15 did not affect spindle morphology but resulted in chromosome misalignment. This
might be due to the reduced stability of the K-fibers, which further induced the loss of kinetochore-microtubule attachment
and activated spindle assembly checkpoint, showing with the failed release of Bub3 and BubR1. Based on mass spectroscopy
analysis and coimmunoprecipitation data we showed that KIF15 was responsible for recruiting HDAC6, NAT10 and SIRT2
to maintain the acetylated tubulin level, which further affected tubulin acetylation for microtubule stability. Taken together,
these results suggested that KIF15 was essential for the microtubule acetylation and cell cycle control during mouse oocyte
meiosis.
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Abbreviations Introduction

GV Germinal vesicle

GVBD  Germinal vesicle breakdown Oocyte maturation quality is important for successful ferti-
MI Metaphase I lization and embryonic development in mammals. Oocyte
ATI Anaphase-telophase I meiotic maturation is comprised of nuclear maturation and
MII Metaphase 11 cytoplasmic maturation. Microtubules are involved in mul-
KD Knock down tiple cellular processes during nuclear maturation, including

K-fibers Kinetochore fibers assembly of the meiotic spindle and alignment/separation
SAC Spindle-assembly checkpoint of chromosomes [1, 2]. In metaphase I (MI), homologous
SIRT2  Sirtuin 2 chromosomes are correctly connected to the microtubules
NATI10  N-acetyltransferase 10 from the opposite poles of the spindle to ensure alignment
MAD2  Mitotic arrest deficient 2 of the meiotic spindle at the metaphase plate before the onset
HDAC6 Histone deacetylase 6 of anaphase. Interactions between the microtubules and
APC Anaphase promoting complex chromosomes mainly occur at the kinetochores [3, 4]. An
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unstable attachment between the kinetochores and spindle
microtubules causes arrest at MI and activates the spindle
assembly checkpoint (SAC). The SAC is active in prometa-
phase during the microtubule-kinetochore attachment pro-
cess [5]. Once the correct connection is established between
the kinetochores and microtubules, the SAC proteins release
from the kinetochores, which triggers chromosome segrega-
tion [6]. Defects in kinetochore-microtubule attachment lead
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to unequal homologous chromosome segregation, which
ultimately causes aneuploidy. Several molecules are involved
in this process, such as the Mad and Bub families. Bub3 is an
essential component of the SAC, which is required for moni-
toring the cell cycle in mammalian oocytes and ensuring
the fidelity of chromosome segregation [7]. BubR1 is also
required for almost all surveillance processes to preserve the
genomic stability of first meiosis during mammalian oocyte
meiotic maturation [8].

Microtubules are cylindrical cytoskeletal polymers com-
posed of o/p-tubulin dimers, which are involved in cell
polarity, morphogenesis, and vesicle transport [9]. Post-
translational modifications of o/f-tubulin are important
for regulating the microtubules [10]. Tubulin acetylation
is a post-translational modification that regulates micro-
tubule architecture and maintains microtubule integrity.
Changes in the tubulin acetylation level affect stability of
the microtubules [11]. N-acetyltransferase 10 (NAT10) is
an acetylator that regulates midbody function to mediate
cytokinesis by affecting the level of acetylated a-tubulin
and maintaining the stability of a-tubulin in Saos-2 cells
[12]. NAD-independent histone deacetylase 6 (HDACS6) is
an o-tubulin deacetylase co-localized with the microtubule
network [13]. HDACS6 possesses intrinsic deacetylase activ-
ity towards acetylated a-tubulin, and inhibiting HDAC6 dis-
rupts the progression of mouse oocyte maturation [14]. The
NAD-dependent deacetylase Sirtuin 2 (SIRT2) exhibits a
substantial degree of functional overlap with HDAC6, which
deacetylates the a-tubulin lysine 40 residue to make microtu-
bules dynamic and regulates spindle organization and chro-
mosome alignment during mouse oocyte meiosis [15, 16].

The kinesin superfamily is a group of ATP-driven motor
proteins comprised of 14 large families, which play vital
roles in intracellular material transport, spindle formation,
and chromosome activities [17, 18]. KIF15 (also called
Hklp2) is a member of the kinesin superfamily that belongs
to the kinesin-12 family of plus-end-directed microtubule-
based motor proteins [19, 20]. KIF15 is composed of N-ter-
minal motor domains and a coiled-coil stalk region. Each
KIF15 polypeptide chain has two MT-binding domain sites,
such as the head and stalk region [21]. KIF15 moves along
with the microtubules and binds to the chromosome after
walking to the plus end of the microtubule. KIF15 preferen-
tially binds to kinetochore microtubules during mitosis and
crosslinks two microtubules through the Coil-1 and motor
domains. This ability enables KIF15 to slide microtubules
apart in vitro [22]. KIF15 is indispensable for bipolar spindle
formation during normal cell division under perturbation
by Eg5, which plays a major role on spindle bipolarity [23].
KIF15-inhibited HeLL.a and RPE]1 cells have shorter spindles,
suggesting that KIF15 prevents the kinetochore-microtubule
from shortening, which is essential to form a bipolar spin-
dle [24]. Moreover, KIF15 is required for assembly of the
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kinetochore fibers (K-fibers) and aligns the chromosomes
to the spindle midzone in HEK293T and HeLa cells [25].

In the present study, we depleted KIF15 expression and
inhibited KIF15 activity to explore the potential mecha-
nism for the roles of KIF15 during oocyte maturation. Our
results showed that KIF15 recruited deacetylases to stabilize
the tubulin acetylation-related microtubules, which further
affected microtubule-kinetochore attachment for SAC activ-
ity during oocyte meiosis. Our data indicated that KIF15
played distinctive roles during mammalian female meiosis
compared with mitosis.

Materials and methods
Collection and culture of mouse oocytes in vitro

ICR mice (4-6-week-old) were used to collect the mouse
oocytes. All of our experimental procedures were performed
following the guidelines issued by the Animal Research
Committee of Nanjing Agriculture University. The mice
were fed well, housed at an appropriate temperature, and
fed a regular diet. In order to collect the oocytes, the mice
were sacrificed by cervical dislocation method, and ova-
ries were collected and transferred to the pre-warmed M2
medium (Sigma). The germinal vesicle (GV) oocytes were
collected under a stereo microscope and cultured in M16
medium under mineral oil at 37 °C in a 5% CO, atmos-
phere for in vitro maturation. Generally, mouse oocytes in
GV stage were cultured for 8 h to the MI stage, and 10 h of
culture for anaphase/telophase I (ATI) stage, and 12 h for
metaphase II (MII) stage.

Antibodies and chemicals

The KIF15 inhibitor KIF15-IN-1 (HY-15948) was pur-
chased from MCE (MedChemExpress, Shanghai). Rabbit
polyclonal anti-KIF15 antibody [SAB2104083, for immu-
nofluorescence (IF) 1:100, for western blot (WB) 1:1,000],
mouse monoclonal anti-acetylated tubulin antibody (T7451,
for IF 1:100, for WB 1:1,000), and mouse monoclonal anti-
a-tubulin-FITC antibody (F2168, for IF 1:200) were from
Sigma (St. Louis, MO, USA). Anti-GAPDH (2118, for WB
1:2000) was purchased from Cell Signaling Technology
(Danvers, MA, USA). The rabbit polyclonal anti-SIRT2
antibody (19655-1-AP, for WB 1:500), anti-NAT10 anti-
body (13365-a-AP, for WB 1:1,000), anti-HDAC6 antibody
(12834-1-AP, for WB 1:1,000), and rabbit monoclonal
anti-Bub3 antibody (ET7108-82, for IF 1:100) were pur-
chased from Proteintech (Rocky Hill, NJ, USA). Human
anti-centromere CREST antibody (15-234, for IF 1:100)
was purchased from Antibodies Incorporated (Davis, CA,
USA). Hoechst33342, the goat monoclonal anti-BubR1
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(SAB 1400030, for IF 1:50) antibody, and the mouse mono-
clonal anti-p-actin antibody (A5441, for WB 1:5000) were
purchased from Sigma. TRITC-conjugated rabbit anti-goat
IgG antibody (ZF-0317, for IF 1:200), the AlexaFluor 488
goat anti-mouse antibody (ZF-0512, for IF 1:100), and the
AlexaFluor 594 goat anti-rabbit antibody (ZF-0516, for IF
1:100) were purchased from Zhongshan Golden Bridge Bio-
technology (Beijing, China). Dynabeads Protein G (1003D)
was purchased from Thermo Fisher (Waltham, MA, USA).
NuPAGE LDS Sample Buffer (NP0O07) was purchased
from Invitrogen (Carlsbad, CA, USA). SDS loading buffer
(P2179M) was purchased from Beyotime (Shanghai, China).

KIF15-IN-1 treatment

5 mg of KIF15-IN-1 was dissolved in 232.3 pl DMSO to
prepare a 50 mM concentrate for stock. This stock solution
was diluted in M 16 medium at a ratio of 1:250, and the final
concentration of treatment group was 200 uM. The oocytes
were cultured for 12 h to determine their maturation status
at the MII stage or cultured for 8 h to examine spindle and
chromosome morphology at MI stage under 37 °C in an
atmosphere of 5% CO,

KIF15 morpholino injection

KIF15 morpholino 5'-GTC CGA GAT TCG CTT ACG CCA
GGAC-3' (Gene Tools, Philomath, OR, USA) was 300 nmol,
diluted with 300 pL water to produce a 1 nmol/pl working
concentration, and 5—10 pl of KIF15 morpholino solution
were injected into the cytoplasm of fully grown GV oocytes
using a Narishige microinjector (Tokyo, Japan) to knock-
down KIF15 in mouse oocytes. Correspondingly, 5-10 pl
of the non-targeting control were microinjected. After the
injections, the oocytes were arrested at the GV stage for 22 h
in M16 medium containing 2.5 pM milrinone (475840) from
Sigma (St. Louis, MO, USA). The oocytes were completely
washed six times with fresh M16 medium for 2 min each.
The oocytes were transferred to fresh M16 medium and cul-
tured for experiments at 37 °C in a 5% CO, atmosphere.

Nocodazole and taxol treatments

Nocodazole (M1404, 10 mg/ml) from Sigma (St. Louis,
MO, USA) was added to M16 medium at a ratio of 1:500
and diluted to a final concentration of 20 pg/pl. MI stage
oocytes were incubated in M16 medium supplemented with
nocodazole at 37 °C for 10 min. Taxol (p875571, 5 mM)
from Macklin (Shanghai, China) was added to M16 medium
at a ratio of 1:500 and diluted to a final concentration of
10 pM. MI stage oocytes were incubated in M16 medium
containing 10 pM taxol for 50 min.

Cold treatment

MI stage oocytes were briefly chilled at 4 °C for 10 min,
which depolymerized the unstable microtubules, and then
the oocytes were stained with CREST to detect the kine-
tochores and tubulin antibodies for microtubules. Cold
treatment could clearly observe the stable microtubules and
kinetochore-microtubule attachment.

Chromosome spread

Oocytes were placed in Tyrode of Sigma (St. Louis, MO,
USA), for 10 s to remove the zona pellucida. After the zona
pellucida was removed, oocytes were transferred to glass
slides and fixed in distilled water solution containing 1%
paraformaldehyde, 0.15% Triton X-100 and 3 mM dithi-
othreitol. The glass slides were dried slowly at room tem-
perature for hours and then the samples were blocked with
1% bovine serum albumin (BSA) prepared in PBS for 1 h
at room temperature. The oocytes were incubated with the
CREST antibody overnight at 4 °C. After brief washes in
PBS, the slides were incubated with secondary antibodies
for 1 h at room temperature. The chromosomes on the slides
were stained with Hoechst33342 for 15 min, and the samples
were examined under a laser scanning confocal microscope.
We performed karyotype analysis of MII oocytes by chro-
mosome spreading and counted the number of chromosomes
in a single oocyte.

Mass spectroscopy analysis
and immunoprecipitation

Ovarian lysates incubated with the KIF15 antibody and
the bead complexes were sent to the Beijing Allwegene
Technologies Co. (Beijing, China) for mass spectrometry
(MS) analysis. Ten ovaries were harvested in 1 ml of lysis
buffer containing 20 mM Tris, 150 mM NaCl, 1% Triton
X-100, sodium pyrophosphate, -glycerophosphate, EDTA
and leupeptin for co-immunoprecipitation. The rabbit poly-
clonal anti-KIF15 antibody and rabbit IgG antibody were
incubated overnight with the cell lysate and Dynabeads
Protein G for 5 h at 4 °C. The tubes were exposed to a mag-
net. The immune complexes were washed three times and
released from the beads by mixing in SDS loading buffer
for 20 min at 30 °C. Then, the samples were supplemented
with NuPAGE LDS Sample Buffer and heated at 100 °C for
10 min and stored at — 20 °C. These samples were subjected
to 10% sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis, transferred to polyvinylidene fluoride membranes,
and blocked in TBST containing 5% non-fat milk for 1 h at
room temperature. The membranes were incubated at 4 °C
overnight with primary antibodies against KIF15, SIRT2,
HDAC6, NAT10. Then, they were washed three times in
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TBST for 10 min, and the membranes were incubated at
37 °C for 1 h with the appropriate secondary antibody.
Finally, the membranes were washed three times with TBST,
and specific proteins were visualized using a chemilumines-
cence reagent (Millipore, Billerica, MA, USA).

Immunofluorescence staining

The oocytes were fixed in 4% paraformaldehyde for 30 min
at room temperature and then transferred to permeabilize in
PBS supplemented with 0.5% Triton X-100 to for 20 min.
Then oocytes were blocked in PBS containing 1% BSA at
room temperature for 1 h. The oocytes were incubated with
primary anti-KIF15 antibody, anti-acetylated-tubulin anti-
body, anti-BubR1 antibody, and anti-a-tubulin antibody at
room temperature for 6 h or overnight at 4 °C. The oocytes
were stained with a human anti-centromere antibody CREST
for 48 h at 4 °C. Additionally, PBS containing 0.1% Tween
20 and 0.01% Triton X-100 was used to wash the oocytes
three times. The oocytes were incubated in the appropriate
secondary antibody at room temperature for 1 h. The sam-
ples were mounted on glass slides and detected by confocal
laser-scanning microscopy (Zeiss LSM 900 META, Zena,
Germany). The fluorescence intensity of tubulin was meas-
ured by Image J software. We set up a region of interest
(ROI), and the mean fluorescence intensity per unit area of
the target region ROI was calculated. For a-tubulin intensity
analysis, we calculated the typical certain spindle area; while
for ac-tubulin intensity analysis, we measured the whole
spindle area. For the chromosome misalignment defini-
tion, we also used Image J software to measure the distance
between spindle poles and the metaphase plate width. The
metaphase plate width exceeding 1/3 of the distance between
spindle poles was classified as chromosome misalignment.

Western blot analysis

Approximately 200 live mouse oocytes were lysed in LDS
sample buffer at 100 °C for 10 min and stored at —20 °C.
These samples were subjected to 10% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis, transferred to
polyvinylidene fluoride membranes, and blocked in TBST
containing 5% non-fat milk for 1 h at room temperature.
The membranes were incubated at 4 °C overnight with pri-
mary antibodies against KIF15, acetylated-tubulin, SIRT?2,
HDAC6, NAT10, p-actin, and GAPDH. Then, they were
washed three times in TBST for 10 min, and the mem-
branes were incubated at 37 °C for 1 h with the appropriate
secondary antibody. Finally, the membranes were washed
three times with TBST, and specific proteins were visualized
using a chemiluminescence reagent and quantified as relative
signal intensity using Image J software (National Institutes
of Health, Bethesda, MD, USA).
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Statistical analysis

Each analysis contained at least three biological replicates.
Moreover, each replication was conducted in an independent
experiment at different times. The experimental results are
presented as mean =+ standard error. Using Graph Pad Prism
5 statistical software, the control group and the treatment
group were statistically analyzed by t-test method (GraphPad
Software Inc., La Jolla, CA, USA). A P value <0.05 was
considered significant.

Results

KIF15 associates with the microtubules
during mouse oocyte meiosis

We first examined KIF15 protein expression during mouse
oocyte meiosis by western blot analysis. As shown in
Fig. 1A, the KIF15 protein was all expressed at the GV, MI
and MII stages during oocyte maturation. We next inves-
tigated the subcellular localization of KIF15 in oocytes.
KIF15 was co-localized with the microtubules at different
stages of meiotic maturation after germinal vesicle break-
down (GVBD) (Fig. 1B). To further confirm this localization
pattern, we used nocodazole and taxol to detect the change
of KIF15 accumulation. The microtubules disassembled
and KIF15 was scattered in the cytoplasm after the noco-
dazole treatment (Fig. 1C). In contrast, the taxol treatment
promoted microtubule polymerization, and KIF15 still accu-
mulated at the spindle and asters (Fig. 1C). This distribution
pattern indicated that KIF15 had a potential role in micro-
tubule-related cellular processes during oocyte maturation.

KIF15 is essential for meiotic progression in mouse
oocytes

Next, we used the KIF15-specific inhibitor and morpholino
to explore the functions of KIF15 in mouse oocytes. We
cultured mouse oocytes with 200 pM KIF15-IN-1 for
11 h. As shown in Fig. 2A, inhibiting KIF15 activity led
to the decrease of first polar body extrusion compared
to the control group. Inhibiting KIF15 delayed the pro-
gression of cell cycle beginning at 9 h of culture com-
pared to the control group (8 h: 0.68 +0.46%, n=248 vs.
0+0%, n=253, P>0.05; 9 h: 22.16 +2.47%, n=248 vs.
5.68+3.18%, n=253, P<0.01; 10 h: 40.20+3.91%, n=248
vs. 19.18 +4.02%, n=253, P<0.001; 11 h: 55.80+5.57%,
n=248 vs. 39.00+4.37%, n=253, P<0.01) (Fig. 2B).
Microinjection of KIF15 morpholino significantly decreased
KIF15 expression in oocytes (1 vs. 0.77 £0.02, n=3,
P <0.01) (Fig. 2C), and we observed abnormal polar body
extrusion in KIF15-depleted mouse oocytes (Fig. 2D),
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Fig.1 Expression and localization of KIFI5 in mouse oocytes.
A Western blot results showed that mouse oocytes expressed KIF15
at different maturation stages (GV, MI and MII). Samples were
immunoblotted with anti-KIF15 and anti-GAPDH antibodies. B
Oocytes of different stages were stained with anti-KIF15 (red),
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which was confirmed by the statistical data for the percent-
age of polar body extrusion (72.43+6.42%, n=111 vs.
54.87+6.80%, n=116, P<0.001) (Fig. 2E). We also per-
formed karyotype analysis of oocytes which reached MII
stages by chromosome spread. Depletion of KIF15-induced
aneuploid oocytes, which showed incorrect chromosome
number in the oocytes (Fig. 2F). The incidence of ane-
uploidy was significantly higher in the KIF15 knockdown
group than in the control group (control: 33.20 + 1.80%,
n=42 vs. KIF15-KD: 74.93 +2.87%, n=48, P<0.01)
(Fig. 2G). These results showed that inhibiting or depleting
KIF15 disturbed cell cycle and induced aneuploidy during
mouse oocyte meiotic progression.

KIF15 prevents chromosome misalignment
in mouse oocytes

Based on the KIF15 localization pattern, we hypothesized
that KIF15 might regulate spindle-related cellular pro-
cesses. However, most of the oocytes displayed normal
spindle morphology after inhibiting or depleting KIF15
compared to the control oocytes (Fig. 3A). The percentage
of oocytes with normal spindles was similar between the

Enlarge

anti-o-tubulin (green), and chromosomes (blue). KIF15 protein co-
localized with the microtubules after GVBD during oocyte meiotic
maturation. Scale bars, 20 pm. C Localization of KIF15 after the noc-
odazole and taxol treatments during mouse oocyte meiosis. Green,
a-tubulin; red, KIF15; blue, chormosomes. Scale bars, 20 pm

KIF15 treatment groups and the control group (control:
95.18+3.37%, n=46 vs. KIF15-IN-1: 91.28 +0.28%,
n=48, P>0.05; control: 88.93 +3.59%, n=152 vs. KIF15-
KD: 82.63 +£3.05%, n=58, P>0.05) (Fig. 3B). In contrast
to its effects on spindle organization, the chromosomes of
most treated oocytes were severely misaligned (we defined
that all chromosomes located beyond the central third of
the spindle as misalignment, which was based on the gen-
eral length ratio for chromosomes and spindle in mouse
oocytes) (Fig. 3C). We quantified the degree of chromo-
some misalignment by measuring metaphase plate width,
and the KIF15 treatment groups were significantly wider
than the control group (control: 9.39 +0.55 pm, n=64 vs.
KIF15-IN-1: 11.98 +£0.21 pm, n=69, P <0.05; control:
9.01 £0.26 pm, n=51 vs. KIF15-KD: 11.52 +£0.52 pm,
n=>53, P<0.001, Fig. 3D). The percentage of misaligned
chromosomes in the KIF15 treatment groups were also
significantly higher than that in the control group (con-
trol: 5.98 +1.07%, n=64 vs. KIF15-IN-1: 18.78 +2.14%,
n=69, P<0.05; control: 15.35+4.13%, n=>51 vs. KIF15-
KD: 28.15+5.73%, n=53, P<0.05) (Fig. 3E). These
results indicated that suppressing KIF15 led to the defects
of chromosome alignment in mouse oocytes.
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Fig.2 KIF15 is essential for meiotic progression in mouse oocytes.
A Digital image correlation (DIC) images of control oocytes and
KIF15-IN-1 treated oocytes after 11 h of culture. The black arrows
indicate that the oocyte failed to extrude the polar body after inhibit-
ing KIF15 in mouse oocytes. Scale bars, 100 pm. B The rate of polar
body extrusion after 811 h of culture in the control group and the
KIF15-IN-1 treated group. **, significant difference (P <0.01); ***,
significant difference (P <0.001). C Western blot analysis of the
knockdown efficiency of KIF15 protein expression. Relative intensity
of KIF15 and actin were assessed by densitometry. **, significant dif-

KIF15 maintains K-fiber stability and SAC activity
in mouse oocytes

To investigate the causes for the misalignment of chromo-
somes, we used a cold treatment to depolymerize the unsta-
ble microtubules that did not attach to the kinetochores to
check K-fiber assembly, since after cold treatment the existed
microtubules could stand for the stable K-fiber. The results
showed that the fluorescence intensity of tubulin decreased
in the KIF15 inhibited or depleted oocytes compared to the
control group after cold treatment, which could be observed
in the boxed area (Fig. 4A). Fluorescence intensity data
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T
Control  KIF15-KD

ference (P<0.01). D DIC images of control oocytes and KIF15-KD
oocytes after 12 h of culture. The black arrows indicate the failed
extrusion of the polar body in mouse oocytes after KIF15 depletion.
Scale bars, 100 pm. E The rate of polar body extrusion after 12 h of
culture in the control group and the KIF15-KD group. ***, signifi-
cant difference (P <0.001). F Representative images of chromosome
spreads in the control and KIF15-depleted MII oocytes. CREST, red;
DNA, blue. Scale bars, 10 pm. G The rate of aneuploidy in the con-
trol and KIF15-depleted oocytes. **, significant difference (P <0.01)

also confirmed these results: (control: 1, n=52 vs. KIF15-
IN-1: 0.77+0.02, n=65, P<0.01; control: 1, n=49 vs.
KIF15-KD: 0.74 +0.03, n=54, P<0.01) (Fig. 4B). We
next examined kinetochore-microtubule attachment. We
defined kinetochore-microtubule de-attachment if the kine-
tochore did not have microtubules connected, and the results
indicated that several kinetochores could not be matched
to the corresponding microtubules in KIF15-suppressed
oocytes, indicating defects in the kinetochore-microtubule
attachment (Fig. 4C). Statistical analysis data showed that
the incidence of kinetochore-microtubule attachment defi-
ciency in the KIF15 treatment groups increased significantly
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Fig.3 KIF15 prevents chromosome misalignment in mouse oocytes.
A Representative images of spindle morphology in the control and
KIF15-treated oocytes. a-tubulin was shown in green. Scale bars,
20 pm. B The proportion of normal spindles was recorded in the
control group and the KIF15 treatment groups. No significant differ-
ence was observed between these groups (P>0.05). C The oocyte
metaphase plate width indicated chromosome misalignment in the

compared to the control group (control: 16.82 +5.33%,
n=>52 vs. KIF15-IN-1: 31.90+9.25%, n=65, P <0.05; con-
trol: 13.64 +2.40%, n=49 vs. KIF15-KD: 31.19 +2.30%,
n=>54, P<0.05) (Fig. 4D). Moreover, we performed MS
analysis and found that several cell cycle process-related
proteins were associated with KIF15 (Fig. 4E), including
the SAC-related protein Wapl, Ppp2rla, Ranbpl and Nup62.

Mis-aligned

Chromosome misalignment
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treated groups. Scale bars, 20 pm. Blue, chromosomes. D The width
of the oocyte metaphase plate increased after the KIF15-IN-1 treat-
ment or the morpholino injection. *, significant difference (P <0.05);
**% significant difference (P <0.001). E Chromosome misalignment
was defined as all chromosomes located beyond the central third of
the spindle. The rate of chromosome misalignment in the control and
treatment groups. *, significant difference (P <0.05)

STRING analysis indicated that these SAC-related proteins
were related to BubR1 and Bub3, the essential components
of the SAC (Fig. 4F). However, negative Co-IP results were
observed for KIF15 with BubR1, Bub3 and Wapl (data not
shown), indicating that KIF15 might not directly associ-
ate with these proteins but still involves in SAC activity.
Indeed, we found that Bub3 and BubR1 still accumulated at

@ Springer



422 Page8of13 Y.-J.Zou et al.
A Cold treatment B
Control KIF15-IN-1 KIF15-KD a-tubulin intensity
1.01 .01
z s > 1.0
7 G *%
g 0.8 = o 0.81 —_
8 8
E £
o 0.6 = 0.61
+ 2 2
< = 0.4 = 0.4
Z s k|
A 5 (2- s 0.2
go he

Enlarge

0- : ;
Control KIF15-IN-1 Control KIF15-KD

w)

C Cold treatment
KIF15-IN-1

Kinetchore-Microtubule attachment

+CREST

DNA+

Enlarge

Cell cycle process-related proteins F

IP % Coverage # Peptides PN
Cdkn2b 17.69 1 -~
Npml 16.78 3
Cdkn2c 16.28 1
Cdknlb 12.18 1
Ranbpl 11.33 1
Wac 9.59 3
Erp29 9.16 1
Nup62 8.56 2
Lmnbl 8.50 3
Rpl17 8.24 1
Tlgr g(l)t; 11
I . 2 S,
Cdesl 7.23 3 z‘f"fﬁ
Wapl 6.08 3
Mki67 5.53 6 Wapl
Ctnnbl 3.84 1
Grbl4 3.72 1 ——— from curated databases
Fpplr10 el ! co-expression
Ppp2rla 3.39 1 » €
Ythdf2 2.56 1 textmining

Fig.4 KIF15 maintains K-fiber stability and SAC activity in mouse
oocytes. A K-fiber in the control and KIF15-treated oocytes after the
cold treatment. The K-fiber signals decreased after depleting KIF15.
DNA and a-tubulin are shown in blue and green, respectively. The
boxed area presented the details of a-tubulin signals after cold treat-
ment. Scale bars, 20 pm. B The normalized fluorescence intensity of
the K-fibers in control and KIF15 treatment oocytes. **, significant
difference (P <0.01). C The kinetochore-microtubule attachments in
the control and KIF15-treated oocytes after the cold treatment. DNA,
CREST, and a-tubulin are shown in blue, red and green, respectively.
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STRING analysis showed that Bub3 and BubR1 interacted with the
molecules listed from mass spectrometry analysis. G. Localization
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the kinetochores in KIF15-treated MI stage oocytes, indicat-
ing activation of the SAC (Fig. 4G). These data suggested
that KIF15 was critical for the stability of the K-fibers and
kinetochore-microtubule attachment, which further regu-
lated the activation of SAC in mouse oocyte meiosis.

KIF15 regulates tubulin acetylation in mouse
oocytes

We next explored the mechanism for the involvement of
KIF15 in microtubule stability. The expression level of acet-
ylated tubulin which is crucial for the stability of the micro-
tubules increased in KIF15 inhibited or depleted oocytes
according to western blot analysis, which was also con-
firmed by the band intensity analysis (control: 1 vs. KIF15-
IN-1:1.24+0.01, n=3, P<0.01; control: 1 vs. KIF15-KD:
1.35+0.05, n=4, P<0.01) (Fig. 5A). Similarly, the acety-
lated tubulin fluorescence signals at the spindle were also
significantly higher in the KIF15 treatment groups than in
the control group (Fig. 5B), which was confirmed by the
fluorescence intensity data (control: 1, n=57 vs. KIF15-
IN-1: 1.33+0.02, n=53, P<0.001; control: 1, n=43 vs.
KIF15-KD: 1.33 +0.04, n=44, P<0.01) (Fig. 5C). The
potential mechanism of the roles of KIF15 in microtubule
stability was explored by MS analysis, and the data showed
that several acetylation/deacetylation-related proteins
were associated with KIF15 (Fig. 5D). STRING analysis
data showed that among these molecules, Park7, Rcor3,
Hdac4, Mbd3 and Mbd2 were related to HDAC6, SIRT2
and NAT10 (Fig. 5E). Meanwhile, the immunoprecipitation
results showed that KIF15 was correlated with the acety-
lated tubulin-related proteins HDAC6, SIRT2, and NAT10
(Fig. 5F). Western blot densitometry analysis revealed
that the expression of HDACG6, a microtubule deacetylase,
decreased after the KIF15 depletion (1 vs. 0.74+0.03, n=3,
P <0.05); while SIRT?2 expression decreased after the KIF15
depletion (1 vs. 0.78+0.04, n=3, P<0.05); and NAT10
expression, a microtubule acetyltransferase increased after
the KIF15 depletion (1 vs. 1.29+0.04, n=3, P<0.05)
(Fig. 5G). These data indicated that KIF15 recruited acety-
lase/deacetylase for tubulin acetylation during mouse oocyte
meiosis.

Discussion

In present study, we tried to determine the roles of KIF15
during mouse oocyte maturation. We perturbed KIF15
expression using a KIF15-IN-1 inhibitor and KIF15 mor-
pholino, and found that the KIF15 was essential for K-fibers
stability, the kinetochore-microtubule attachment, chromo-
somes alignment, and SAC activity during cell cycle pro-
gression in oocytes (Fig. 6), which revealed the critical

roles and potential regulatory mechanisms of KIF15 during
female meiosis.

KIF15 co-localizes with microtubules after GVBD in
mouse oocyte meiosis. This localization pattern is similar
to that of somatic cells during mitosis. For example, endog-
enous KIF15 localizes at the microtubules throughout the
spindle and chromosomal area in Hela cells [24, 25]. Func-
tional analysis indicates that KIF15 is essential for meiotic
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