














The Rab23-Kif17 cascade affected Pb1 extrusion. Furthermore,
KD of Kif17 and Rab23 increased the percentages of oocytes
with misaligned chromosomes and abnormal spindles. To analyze
the effects of Rab23 and Kif17 on spindle formation, we examined
the level of acetylated tubulin, which is crucial for spindle formation
and stability. Acetylated tubulin gradually accumulated and

the Kif17 level decreased from the GV stage to the MI stage.
Moreover, acetylated tubulin and Kif17 colocalized. The expression
level of acetylated tubulin was significantly increased in
Rab23 S23N-overexpressing and Kif17-KD oocytes. Therefore,
overaccumulation of acetylated tubulin due to disruption of Rab23
and Kif17 affected microtubule stability, which modulated spindle

Fig. 6. Kif17 KD affects actin dynamics and spindle migration. (A) Kif17 KD led to spindle migration failure. The D/L ratio, which was used to measure spindle
migration, is marked in the fluorescence image. ***P<0.001. (B) Kif17 KD significantly decreased the fluorescence intensity of actin in the cytoplasm of MI-stage
oocytes, but did not affect that in the cortex. Actin and DNA are shown in red and blue, respectively. *P<0.05, NS, no significant difference. (C) Localization
patterns of actin and Kif17 in MI-stage oocytes. Actin filaments (red) were distributed around Kif17 (green) and enriched at the spindle poles, which was in close
proximity to Kif17, in MI-stage oocytes. DNA is shown in blue. (D) Actin filaments were distributed around the spindle and enriched at the spindle poles, whereas
the actin fluorescence intensity was significantly decreased in Kif17-KD oocytes, as assessed using ImageJ. Phalloidin-TRITC-labeled actin was colored white
by pseudo-color processing using ZEN lite 2012 software. ***P<0.001. (E) Expression of factors related to actin assembly was investigated by western blotting.
Kif17 KD decreased the expression levels of RhoA, ROCK1, p-LIMK and p-cofilin, but did not affect those of formin 2 and spire 2. (F) Quantification of the
band intensities using ImageJ. *P<0.05; **P<0.01, NS, no significant difference. (G) Actin-related factors bound to the tail domain of Kif17. Western blotting
showed that the tail domain of Kif17 co-precipitated with Rab23, RhoA, ROCK1, p-LIMK and p-cofilin, but not with formin 2 and spire 2. Co-immunoprecipitation
was performed using 800 oocytes overexpressing Myc5-Kif17-tail and a mouse monoclonal anti-Myc antibody. A 10 �l aliquot of the total lysate was loaded
(lane 1). A sample of the supernatant remaining after isolation of the Dynabead-antibody-antigen complex was loaded to verify the residual proteins and the
absorption efficiency of Dynabeads (lane 3). Another 200 oocytes injected with Myc5-Kif17-tail mRNAwere used as a positive control (lane 4). Pink arrowheads
show blurry bands. (H) Localizations of Kif17 and RhoA/ROCK in MI-stage oocytes. RhoA and ROCK (green on the left and right, respectively) accumulated
at the spindle periphery, which was in close proximity to Kif17 (red). RhoA and ROCK also colocalized with Kif17 in the cytoplasm. Arrows indicate the
colocalization of Kif17 and RhoA/ROCK in the cytoplasm. Scale bars: 10 �m.
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assembly. We conclude that abnormal tubulin acetylation at the GV
stage affected organization of spindle microtubules, leading to
formation of disordered spindles or chromosome misalignment in
Rab23- and Kif17-disrupted oocytes. Next, we explored the
mechanism by which Rab23 and Kif17 affect tubulin acetylation.
Expression levels of acetylation/deacetylation-related enzymes
(such as αTAT, Nat10 and Sirt2) were significantly changed in
Kif17-KD oocytes. αTAT enters the microtubule lumen through
microtubule ends and promotes acetylation of α-tubulin lysine 40
located in the lumen (Coombes et al., 2016). Nat10 plays an
important role in microtubule organization and stability by
regulating tubulin acetylation (Larrieu et al., 2014; Shen et al.,
2009). Hdac6 and Sirt2 are microtubule deacetylases in mitotic and
meiotic cells (Hubbert et al., 2002; Zhang et al., 2014a). αTAT and
Sirt2 bound to the tail domain of Kif17 and their expression was
regulated by the Rab23-Kif17 cascade. Although a direct
association between Nat10 and Kif17 was not detected by
co-immunoprecipitation, Nat10 still increased after Kif17 KD.
Therefore, another mediator must regulate Nat10 function
downstream of Kif17. This requires further investigation. Kif17
does not appear to control or transport Hdac6. Acetylated tubulin
tended to gather at the spindle microtubule area close to the spindle
poles, suggesting that αTAT transported by Kif17 can enter the
microtubule lumen through the microtubule ends and promote
microtubule acetylation in oocytes. In short, both the expression
level and distribution pattern of acetylated tubulin were changed in
Kif17-KD oocytes.
Moreover, depletion of Kif17 affected the asymmetric division of

oocytes, which might be due to defects in spindle migration to
the cortex. Defects in spindle migration are probably caused
by abnormal actin dynamics, particularly of cytoplasmic actin
filaments (actin meshwork) (Duan et al., 2014; Holubcova et al.,
2013; Sun et al., 2011). Actin localized around the spindle poles,
which was where Kif17 accumulated, and depletion of Kif17
decreased the level of cytoplasmic actin. Further analysis indicated
that regulators of actin assembly, such as RhoA, ROCK1, p-LIMK

and p-cofilin, were downregulated in Kif17-KD oocytes.
Kif17 regulates RhoA-dependent actin remodeling in epithelial
cell-cell adhesions (Acharya et al., 2016). However, our
co-immunoprecipitation results showed that components of the
RhoA pathway bound to the tail domain of Kif17, suggesting that
Kif17 forms a platform for these molecules. Overall, we conclude
that Kif17 recruits actin remodeling-related factors involved in the
RhoA pathway to the spindle poles via its tail domain and thereby
regulates spindle migration.

In summary, our results show that GTP-bound Rab23 regulates
the expression and distribution of Kif17, the tail domain of Kif17
associates with αTAT and Sirt2 to stabilize spindle microtubules,
and Kif17 transports RhoA, ROCK, LIMK and cofilin to facilitate
actin-mediated spindle migration during mouse oocyte meiotic
maturation.

MATERIALS AND METHODS
All chemicals and media were purchased from Sigma unless stated
otherwise.

Antibodies
Rabbit polyclonal anti-Rab23 (11101-1-AP, for IF 1:100, for WB 1:1000),
anti-Sirt2 (19655-1-AP, for WB 1:500), anti-Nat10 (13365-a-AP, for WB
1:1000), anti-formin 2 (11259-1-AP, for WB 1:1000) and anti-Hdac6
(12834-1-AP, for WB 1:1000) antibodies were purchased from Proteintech.
Mouse monoclonal anti-EGFP (ab184601, for WB 1:1000) and rabbit
polyclonal anti-Kif17 (ab11261, for IF 1:100, for WB 1:1000) antibodies
were purchased from Abcam. Mouse monoclonal anti-Myc (2276, for WB
1:1000) and rabbit polyclonal anti-α-tubulin (2125S, for WB 1:3000), anti-
GAPDH (5174S, for WB 1:2000) and anti-p-cofilin (3313S, for WB
1:2000) antibodies were obtained from Cell Signaling Technology. Rabbit
polyclonal anti-αTAT (bs-9535R, for WB 1:1000) and anti-spire 2 (bs-
17678R, for WB 1:1000) antibodies were purchased from Bioss. Alexa
Fluor 488- (A11008 or A11001) and Alexa Fluor 594- (A11012 or A11005)
conjugated antibodies and a rabbit polyclonal anti-p-LIMK (PA5-37629, for
WB 1:1000) antibody were obtained from Invitrogen. Mouse monoclonal
anti-ROCK1 (sc-17794, for IF 1:50, for WB 1:500) and RhoA (sc-418, for
IF 1:50, for WB 1:500) antibodies were purchased from Santa Cruz

Fig. 7. The Rab23-Kif17 cascade regulates mouse oocyte meiotic maturation. (A) GDP-bound Rab23 was extensively distributed in the cytoplasm of
oocytes, whereas GTP-bound Rab23 was mainly distributed around spindle microtubules. Rab23 bound to the tail of Kif17, and GTP-bound Rab23 promoted
localization of Kif17 at the spindle poles. Cargo transported by Kif17 (including RhoA, ROCK1, p-LIMK, p-cofilin, αTAT and Sirt2) regulated tubulin acetylation
(in the peripheral area of spindle poles), spindle stability, chromosome misalignment and spindle migration, which eventually affected Pb1 extrusion and
meiotic maturation. (B) The transition of Rab23 between GDP-bound and GTP-bound states is important for activation and expression of Kif17. Kif17 regulates
actin filaments via binding of its tail to RhoA, ROCK1, p-LIMK and p-cofilin, which are involved in spindle migration. Kif17 also affects α-TAT and Nat10 for
tubulin acetylation, which modulates spindle organization.
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Biotechnology. Horseradish peroxidase-conjugated goat anti-rabbit/mouse
IgG (H+L) (01334/01325, 1:3000) antibodies were obtained from CWBIO.

Oocyte collection and culture
All procedures with mice were conducted according to the guidelines issued
by the Animal Research Institute Committee of Nanjing Agriculture
University, China. This committee approved the experimental protocols.
Oocytes were collected from 4- to 6-week-old ICR mice and cultured in M2
medium under paraffin oil at 37°C in an atmosphere containing 5%CO2. For
mRNA or siRNA injection, GV-stage oocytes were maintained at this stage
by supplementing M2 medium with 2.5 mM milrinone.

Plasmid construction and mRNA synthesis
Total RNA was extracted from 100 GV-stage oocytes using a Takara
MiniBESTUniversal RNAExtraction Kit. First-strand cDNAwas generated
using a PrimeScript 1st Strand cDNA Synthesis Kit (Takara) and oligo(dT)
primers. The following primers were used to amplify the full-length coding
sequence of Rab23 and the tail domain of Kif17 by PCR: Rab23-F, 5′-ACT
ATA GGG AGA CCC AAG CTT ATG TTG GAG GAA GAT ATG GAA
GTG G-3′; Rab23-R, 5′-TCC GAG CTC GGTACC AAG CTT GGG TAC
ACT ACA GCT GAA A-3′; Kif17-tail-F, 5′-TCC ACT AGT CCA GTG
TGG TGG AAA AGATTG ATTACC TGG CAACCA TC-3′; and Kif17-
tail-R, 5′-CTG TGC TGG ATA TCT GCA GAA TTT CAC AGA GGC
TCA CCA CCG AAG CT-3′.

The PCR products were purified and cloned into the pcDNA3-EGFP or
Myc5-pcDNA3 vector using an In-Fusion HD Cloning Kit (Takara).
Mutations were introduced into the pcDNA3-Rab23-EGFP plasmid using
the following primers and a StarMut Site-directed Mutagenesis Kit (T111-
01, GenStar): Rab23 S23N-F, 5′-GGT TGG AAA GAA CAG CAT GAT
TCAGC-3′; Rab23 S23N-R, 5′-TCATGC TGT TCT TTCCAACCGCCC
CAT TC-3′; Rab23 Q68L-F, 5′-CAC TGC AGG TCT AGA GGA GTT
TGATG-3′; and Rab23 Q68L-R, 5′-ACT CCT CTA GAC CTG CAG TGT
CCC ATA AC-3′.

To synthesize mRNAs, the constructed plasmids were linearized using
SmaI and purified. mRNAs were generated using a HiScribe T7 High Yield
RNA Synthesis Kit (NEB), capped with m7G(5′)ppp(5′)G (NEB) and tailed
using a Poly(A) Polymerase Tailing Kit (Epicentre), and then purified using
a RNAClean & Concentrator-25 Kit (Zymo Research). In vitro transcribed
mRNAs were stored at −80°C.

Microinjection of siRNAs and mRNAs
Each fully grown GV-stage oocytewas microinjected with 5-10 pl siRNA or
mRNA using an Eppendorf FemtoJet under an inverted microscope
(Olympus IX71). To express Rab23 S23N-EGFP and Rab23 Q68L-
EGFP, 0.5 mg/ml mRNA (or 1.5 mg/ml Rab23 Q68L-EGFP and 1.8 mg/ml
Rab23 S23N-EGFP for overexpression) was injected into the cytoplasm
of GV-stage oocytes. Myc5-Kif17-tail was used at a concentration of
1.18 mg/ml for overexpression. For protein expression, oocytes injected
with mRNAswere arrested at GV stage by culture inM2medium containing
2.5 mM milrinone for 2 h. Oocytes were injected with the same amount of
RNase-free water as a control and treated similarly.

siRNAs targeting Rab23 and Kif17 (GenePharma) were injected into the
cytoplasm of oocytes to deplete the corresponding proteins. The siRNA
concentration used for microinjection was 20 μM. The Rab23-targeting
siRNA sequence was 5′-GAUGAAGAUGUAAGGCUAATT-3′ and the
Kif17-targeting siRNA sequence was 5′-CCU ACU ACA UAG AAC ACU
UTT-3′. The same amount of negative control siRNAwas used as a control.
After siRNA injection, oocytes were arrested at the GV stage for 24 h to
thoroughly deplete Rab23 or Kif17.

Co-immunoprecipitation and western blotting
For co-immunoprecipitation, 800 oocytes injected with Myc5-Kif17-tail
mRNAwere harvested in lysis buffer containing a protease inhibitor cocktail
(Invitrogen). Amousemonoclonal anti-Myc antibody andDynabeads Protein
G (ThermoFisher Scientific) were incubated together overnight. After three
washes, the antibody-conjugated Dynabeads were incubated with the cell
lysate for 5 h at 4°C. The tube was placed on a magnet, and the supernatant
was transferred to a fresh tube for further analysis. The bead-antibody-antigen

complex was washed and resuspended in elution buffer. Samples were
supplementedwith 20 μl NuPAGELDSSample Buffer containing a reducing
agent (ThermoFisher Scientific) and heated at 70°C for 5 min.

For western blotting, denatured proteins were separated by SDS-PAGE
and electrophoretically transferred to polyvinylidene fluoride membranes.
Membranes were blocked in PBST (phosphate-buffered saline with Tween
20) containing 5% non-fat milk for 1 h at room temperature. Thereafter,
membranes were incubated with primary antibodies against Rab23, Kif17,
αTAT, Nat10, Sirt2, Hdac6, RhoA, ROCK1, p-LIMK and p-cofilin
(1:1000), acetylated tubulin (1:3000), and α-tubulin, GAPDH and Myc
(1:2000) overnight at 4°C followed by horseradish peroxidase-conjugated
secondary antibodies (1:3000) at room temperature for 1 h. Finally,
membranes were washed three times with TBST (Tris-buffered saline
with Tween 20) and visualized using chemiluminescence reagents
(Millipore).

Immunofluorescence analysis
Oocytes were fixed in phosphate-buffered saline (PBS) containing 4%
paraformaldehyde for 30 min at room temperature, permeabilized in PBS
containing 0.5% Triton X-100 for 20 min and blocked in PBS containing
1% bovine serum albumin for 1 h at room temperature. Thereafter, oocytes
were incubated with antibodies against Rab23 and Kif17 (1:100), acetylated
tubulin (1:500) and α-tubulin (1:200) overnight at 4°C. After three washes
with PBS containing 0.1% Tween 20 and 0.01% Triton X-100, oocytes were
incubated with Alexa Fluor 488-conjugated goat anti-rabbit/mouse IgG
(1:100) at room temperature for 1 h. Finally, oocytes were stained with
10 µg/ml Hoechst 33342 prepared in PBS for 15 min.

To assess the localizations of Rab23 S23N-EGFP and Rab23 Q68L-
EGFP, oocytes were injected with a low concentration of Rab23 S23N-
EGFP or Rab23 Q68L-EGFP mRNA, cultured to a specific stage, fixed for
30 min and stained with Hoechst 33342. To stain actin filaments, oocytes
were blocked and immediately incubated with 10 μg/ml phalloidin-TRITC
for 2 h at room temperature. Finally, oocytes were mounted on glass slides
and observed using a confocal laser-scanning microscope (Zeiss LSM 700
META). Fluorescence intensities were analyzed using ZEN lite 2012 or
ImageJ software.

Statistical analysis
All experiments were repeated at least three times. Data were evaluated
using Student’s t-test with GraphPad Prism 5 software and are expressed as
mean±s.e.m. P<0.05 was considered statistically significant.
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