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Large tumor suppressor 1 and 2 (Lats1/2) regulate centrosomal integrity, chromosome segregation and cytokinesis.
As components of the centralspindlin complex, the kinesin-like protein CHO1 and its splicing variant MKLP1 colocalize
with chromosome passenger proteins and GTPases and regulate the formation of the contractile ring and cytokinesis;
however, the regulatory mechanisms of CHO1/MKLP1 remain elusive. Here, we show that Lats1/2 phosphorylate Ser716
in the F-actin-interacting region of CHO1, which is absent in MKLP1. Phosphorylated CHO1 localized to the centrosomes
and midbody, and the actin polymerization factor LIM-kinase 1 (LIMK1) was identified as its binding partner.
Overexpression of constitutively phosphorylated and non-phosphorylated CHO1 altered the mitotic localization and
activation of LIMK1 at the centrosomes in HeLa cells, leading to the inhibition of cytokinesis through excessive
phosphorylation of Cofilin and mislocalization of Ect2. These results suggest that Lats1/2 stringently control cytokinesis
by regulating CHO1 phosphorylation and the mitotic activation of LIMK1 on centrosomes.

Introduction

Cytokinesis, the process by which a single cell divides into
2 daughter cells following mitosis, occurs in 4 ordered steps, as
follows: positioning of the division plane by the central spindle,
cleavage furrow ingression, midbody formation, and abscis-
sion.1,2 Dysregulation of these steps leads to centrosome amplifi-
cation and the generation of multinucleated cells, including
tetraploid cells, which can develop into malignant tumors.

The centralspindlin complex comprising the kinesin-like
motor protein KIF23 (also known as Kinesin-6 or CHO1/
MKLP1 in mammals) and the Rho family GTPase-activating
protein Cyk4 (also known as MgcRacGAP) is essential for the
formation and maintenance of the central spindle and midbody
during late mitosis (For a review see ref. 3). KIF23 proteins are
conserved and regulate cytokinesis in various species.4,5 MKLP1
is an alternatively spliced form of CHO16,7 that lacks the fila-
mentous actin (F-actin)-binding region (FABR) encoded by exon
18.8 Binding of CHO1 to F-actin is required for the terminal
stage of cytokinesis but not microtubule bundling or midbody
formation.9 CHO1/MKLP1 use plus end-directed motor activity
to transport Cyk4 and Ect2, a guanine nucleotide exchange fac-
tor, to the equatorial cortex for cleavage furrow ingression,
thereby inducing contractile ring formation.10,11 Inhibition of
MKLP1 or CHO1 causes severe defects in central spindle organi-
zation, midbody formation and cytokinesis completion; 8,12,19

however, the unique functions of the CHO1 FABR are poorly
understood.

During formation of the contractile ring, Ect2 and guanine
nucleotide exchange factor H1 promote actin polymerization by
regulating the Rho-GTP cycle (For a review see ref. 1). Dual
specificity LIM-kinase 1 (LIMK1) inhibits the actin depolymeri-
zation factor Cofilin via phosphorylation at S3; in the terminal
step of cytokinesis, Cofilin is dephosphorylated and activated by
Slingshot, and localizes at the midbody until the completion of
abscission.13,14 Overexpression of LIMK1 induces the formation
of multinucleated cells because Slingshot is unable to dephos-
phorylate excessive levels of phosphorylated Cofilin.13,15 LIMK1
is also activated during early mitosis and regulates precise spindle
positioning.14,15

In vertebrate somatic cells, disruption of the centrosome leads
to cytokinesis failure caused by a loss of precise spindle position-
ing, and the acentrosomal daughter cells are arrested at the next
G1 phase after mitosis.16 Moreover, the mother centriole is tran-
siently repositioned to the midbody, leading to the completion
of cell division.17 Cep55 is dissociated from the centrosome by
Erk2/Cdk1-dependent phosphorylation and subsequently locates
to the midbody, thereby regulating mitotic exit and cytokinesis.18

Despite these findings, the roles of centrosomes in cytokinesis are
not fully understood.

Large tumor suppressors 1 and 2 (Lats1/2) are Ser/Thr kinases
in the Hippo-signaling pathway that control organ size and tumor
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formation by negatively regulating Yap and Taz,19 and prevent
tetraploidization by activating the p53 tumor suppressor.20 The
mitotic kinase Aurora-A phosphorylates Lats2 at centrosomes
(and spindle poles) and in the nucleus of HeLa-S3 cells, resulting
in its re-localization to the central spindle, where it interacts with
Lats1. In turn, Lats1 activates Aurora-B to prevent chromosome
mis-segregation and cytokinesis failure. 21,22 Lats2 is essential for
maturation of the centrosomes, formation of the mitotic spindle,
and the completion of cytokinesis in mouse embryo fibroblasts
(MEFs).23 Moreover, Lats1 localizes to the mitotic apparatus and
regulates mitotic progression and cytokinesis.24,25,26 Lats1 inhib-
its the kinase activity of LIMK126 and a recent study showed that
extra centrosomes caused by cytokinesis failure activate the Hippo
pathway.27 These results suggest that Lats1/2 coordinately regu-
late centrosomal integrity, chromosome segregation and cytokine-
sis during mitosis; however, it remains unclear how they
coordinate centrosomal integrity to ensure successful cytokinesis.

Here, we show that phosphorylation of CHO1 at S716 by
Lats1 and Lats2 regulate its centrosomal localization, and that
phosphorylated CHO1 interacts with and activates LIMK1 dur-
ing early mitosis. Constitutive overexpression of phosphomimetic
and non-phosphorylated mutants of CHO1 caused cytokinesis
failure by excessive phosphorylation of Cofilin and mislocaliza-
tion of Ect2, respectively, suggesting that the Lats1/2-CHO1-
LIMK1 axis on the centrosome controls cytokinesis fidelity.

Results

Lats1 and Lats2 phosphorylate the CHO1 FABR during
mitosis

CHO1 harbors a putative Lats1/2-binding motif (H-x-R-x-x-
pS/pT; where H D His, R D Arg, pS/pT D phosphorylated Ser
or Thr, and x D arbitrary residue) in its FABR (Fig. 1A), whereas
MKLP1 lacks this region.8 The NCBI protein database includes
sequences for human and mouse CHO1 (NP_612565 and
NP_077207, respectively), as well as human MKLP1
(NP_004847), but not mouse MKLP1. However, an RT-PCR
analysis identified MKLP1 expression in MEFs (Fig. S1A). Fur-
thermore, a DNA sequence analysis revealed a high degree of
homology between mouse and human CHO1 (identity of full
length, 88.8%; similarity of full length, 94.5%; identity of exon
18, 82.7%; and similarity of exon 18, 90.4%). To investigate the
functions of CHO1 and MKLP1, we examined whether S717 in
the consensus Lats1/2-binding motif of mouse CHO1
(MmCHO1) is phosphorylated by Lats1/2. Kinase assays using
GST-fused wild-type (WT) and a non-phosphorylatable S717A
mutant of MmCHO1692-796 revealed that Lats1 and Lats2 pre-
dominantly phosphorylated S717 (S716 in human CHO1) in
vitro (Fig. 1B). To confirm that S716 of human CHO1 is phos-
phorylated by Lats1 and Lats2, we generated a phospho-specific
antibody against this residue (anti-pS716S717) (Fig. S1B). The
expression level of 6Myc-tagged CHO1-pS716S717 was higher in
HeLa-S3 cells treated with the microtubule depolymerizer noco-
dazole than non-treated asynchronous cells (Fig. S1C), suggest-
ing that phosphorylation of this residue is enhanced during

mitosis. Since MKLP1 lacks the S716 (S717 in mouse) residue of
CHO1, anti-pS716S717 did not recognize exogenous 6Myc-
tagged MKLP1 (Fig. 1C).

The level of endogenous CHO1-pS716S717 was markedly
higher in mitotic HeLa-S3 cells treated with taxol (a microtubule
stabilizer), nocodazole, or a thymidine single block-and-release,
than those in asynchronous cells or cells treated with mimosine
or thymidine without release (Fig. 1D, lanes 1–6). The intensi-
ties of the CHO1-pS716S717 bands were decreased by pre-incu-
bation of the antibody with its target phosphorylated peptide,
but not non-phosphorylated peptide (Fig. 1D, lanes 7–18). The
addition of lambda protein phosphatase to extracts of cells treated
with taxol, nocodazole or a thymidine single block-and-release
abolished the bands detected by anti-pS716S717, and this effect
was prevented by the concomitant addition of phosphatase inhib-
itors (Fig. 1E). These results indicate that phosphorylation of
CHO1-S716S717 occurs during both normal mitotic progression
and after activation of the spindle assembly checkpoint.

In HeLa-S3 cells synchronized at mitosis by a thymidine sin-
gle block-and-release, knockdown of Lats1, Lats2 or CHO1
using small interfering RNAs (siRNAs) reduced the level of
CHO1-pS716S717, suggesting that Lats1 and Lats2 phosphory-
late CHO1 during mitotic progression (Figs. 1F and S1D).

CHO1-pS716S717 localizes to the centrosome during mitosis
CHO1 localizes to the central spindle during late metaphase

and is concentrated at the midbody during cytokinesis.12 In syn-
chronized HeLa-S3 cells, CHO1-pS716S717 localized to the cen-
trosomes and nucleus during interphase, and the signals became
stronger during prophase. During metaphase and anaphase,
CHO1-pS716S717 is mostly localized to the centrosomes (Fig-
s. 2A, i–vi and S1E), which is distinct from the well-character-
ized mitotic localizations of CHO1 and MKLP1.
Immunostaining with an antibody against a different region of
the FABR of CHO1 showed a similar localization pattern
(Fig. 2B). In a previous study, ectopically overexpressed CHO1
localized to the central spindle during anaphase,12 suggesting
that the antibodies used here were unable to recognize endoge-
nous CHO1 on the central spindle, which is present at this
region at considerably lower levels than MKLP1. Both phospho-
and non-phospho-S716S717 signals were identified at the mid-
body (Flemming body) during cytokinesis (Fig. 2A and B). The
centrosomal localization of CHO1-pS716S717 in HeLa-S3 cells,
confirmed by co-immunostaining of g-tubulin (Fig. 2C), was
decreased by disruption of LATS1 or LATS2 genes by program-
mable nucleases (Figs. 2D and S5A). A similar effect was
observed following knockdown of CHO1/MKLP1 (Fig. 2E) and
in a competition assay using phosphorylated S716S717 peptide
(Fig. 2C), suggesting that Lats1/2 are responsible for the centro-
somal phosphorylation of CHO1-S716S717. The CHO1-
pS716S717 signals also colocalized slightly with phalloidin-stain-
ing at the centrosomes in mitotic HeLa-S3 cells (Fig. S1E).

Phosphorylation of MKLP1-S710 by an unidentified kinase
generates a binding site for the 14-3-3 protein, which inhibits
centralspindlin clustering, whereas phosphorylation of S708 by
Aurora-B kinase during the anaphase to telophase transition
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Figure 1. For figure legend, see page 1571.
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inhibits the binding of 14-3-3 to MKLP1 and promotes central-
spindlin clustering.28,29 S708 and S710 of human MKLP1 corre-
spond to S812 and S814 of human CHO1 (S805 and S807 in
mouse), respectively. We predicted that CHO1-S814S807 and
MKLP1-S710 are another Lats1/2 phosphorylation site in
CHO1 and MKLP1, because the peripheral sequence of CHO1-
S814S807 and MKLP1-pS710 includes a putative Lats1/2 phos-
phorylation site. To characterize the distribution in HeLa-S3
cells, we raised a phospho-specific antibody against human
CHO1-pS814. Examination of the anti-CHO1-pS814S807 anti-
body showed that it recognized not only CHO1-pS814/
MKLP1-pS710 but also CHO1-pS812/MKLP1-pS708 (Fig.
S2A) faintly and the corresponding phosphorylated sites of
mouse CHO1 (Fig. S2B). Consistent with a previous study,30

CHO1-pS814/MKLP1-pS710 was also phosphorylated by
Aurora-B but not Aurora-A in vitro (Fig. S2B). However, phos-
phorylation of endogenous CHO1-pS814/MKLP1-pS710 in
nocodazole-treated mitotic cells was not inhibited by treatment
with the Aurora-B inhibitor hesperadin (Fig. S2C), suggesting
that Aurora-B is not solely responsible for phosphorylation of
these residues in vivo. Indeed, CHO1-pS814/MKLP1-pS710
was phosphorylated by Lats2 but not Lats1 in vitro (Fig. S2B).
Taken together, these results suggest that phosphorylation of
CHO1-S716S717 and -S814S807 are regulated by Lats1 and
Lats2, respectively.

CHO1-pS814 and MKLP1-pS710 localized to the aligned
chromosomes during metaphase, moved to the central spindle,
and then concentrated at the Flemming body during cytokinesis,
which was similar to the S708/S710-diphosphorylated MKLP1
in a previous report28 (Figs. 2F and S3A). The mitotic CHO1-
pS814/MKLP1-pS710 signal was decreased markedly following
knockout of Lats2 in HeLa-S3 cells (Fig. S3B). The mitotic sig-
nals of CHO1-pS814/MKLP1-pS710 disappeared by peptide
competition assay (Fig. S3C). The mitotic localization patterns
of the phosphorylated CHO1 proteins are summarized in
Figure 2G. A competition assay using non-phosphorylated target
peptides specifically recognized CHO1-pS814/MKLP1-pS710
bands (Fig. S2D). Knockdown of CHO1/MKLP1 using small
siRNAs reduced the level of CHO1-pS814/MKLP1-pS710
(Fig. S2E). Although CHO1-S814S807 was phosphorylated dur-
ing mitosis, the corresponding S710 residue of MKLP1 remained
phosphorylated throughout the cell cycle (Fig. S2D), even after

inhibition of Aurora-B (Fig. S2C), which is consistent with a
previous report.28 These results suggest that, during mitotic pro-
gression and/or exit, CHO1-pS716S717 plays a role that is dis-
tinct from CHO1-pS814S807 and MKLP1 -pS710 at spatially
independent areas.

To examine the relationship between CHO1-pS716S717 and
-pS812S805 and -pS814S807, HeLa-S3 cells were transfected with
3 different non-phosphorylated MmCHO1 mutants in which
the residues corresponding to S716, S812 and S814 of human
CHO1 were replaced with alanine as follows: SA (S717A), 2SA
(S805A and S807A) and 3SA (S717A, S805A, and S807A). In
nocodazole-treated transfected cells, S716S717 was phosphory-
lated in CHO1-WT but not CHO1-SA. Notably, the signal of
S716S717 was diminished in CHO1-2SA and -3SA, suggesting
that phosphorylation of this residue is supported by phosphoryla-
tion of S812S805 and S814S807 (Fig. 2H). In kinase assays using
Aurora-A or Aurora-B, the levels of phosphorylated CHO1-
S716S717 were similar in cells expressing CHO1-WT and
CHO1-SA, suggesting that neither kinase could phosphorylate
CHO1-S716S717 directly (Fig. S2F). It is likely that phosphory-
lation of CHO1-S716S717 is regulated mainly by Lats1 and
Lats2, which may be supported by phosphorylation of S812S805

and S814S807.

CHO1 interacts with LIMK1 in a pS716S717-dependent
manner

To identify interacting partners of CHO1, lysates of HeLa-S3
cells expressing 6Myc-tagged full-length CHO1-WT were
immunoprecipitated with an anti-Myc antibody and analyzed by
mass spectrometry. Among the candidates identified, we focused
on LIMK1, which was derived from the band that displayed the
highest specificity of binding to CHO1 but not MKLP1
(Fig. S3D).

To determine whether phosphorylation of CHO1-S716S717 is
required for the interaction between CHO1 and LIMK1, we co-
expressed 3Flag-tagged full-length LIMK1-WT with 6Myc-
tagged full-length MKLP1 or CHO1-WT, -SA (non-phosphory-
latable), -SD (phosphomimetic), -2SA, or -3SA in HeLa-S3 cells
(Fig. 3A). An immunoprecipitation (IP) assay confirmed that
CHO1-WT and CHO1-SD bound to LIMK1, but CHO1-SA
did not (Fig. 3B), suggesting that the CHO1-LIMK1 interaction
depends on S716S717 phosphorylation. Since CHO1-S716S717

Figure 1. (See previous page). Large tumor suppressors (Lats)1/2 phosphorylate CHO1-S716S717 during mitosis. (A) The primary structures of human
and mouse CHO1 and human MKLP1. CC, coiled-coil domain. The Lats1/2 consensus sequences and phosphorylation sites are underlined and bold,
respectively. (B) In vitro assays performed in the presence of [g-32P] ATP using vector alone (control) or immunoprecipitated wild-type (WT) or kinase
dead (KD) 6Myc-tagged Lats1 or Lats2, along with the expression of 3Flag-tagged Mob1A as a Lats1/2 activator. GST-fused truncated fragments (amino
acids 692–796) of WT and S717A (SA) mutated MmCHO1-WT were used as substrates. (C) Immunoblot analyses of HeLa-S3 cells transfected with 6Myc-
tagged vector alone, full-length MKLP1, or WT or S717A (SA) mutant MmCHO1. The cells were synchronized at the M phase by treatment with nocoda-
zole. Asterisks indicate non-specific bands. (D) Immunoblot analyses of HeLa-S3 cells treated with mimosine (Mim), thymidine (Thy), taxol (Tax), nocoda-
zole (Noc), or a thymidine single block-and-release (ThyCR10h). Control cells were asynchronous (Asy). The arrow indicates endogenous CHO1-
pS716S717. For peptide competition assays, the anti-pS716S717 antibody was pre-incubated with phosphorylated (lanes 7–12) or non-phosphorylated
(lanes 13–18) CHO1 antigen peptides. Asterisks indicate non-specific bands. Mcm2 is a marker of the G1 and S phases, whereas Aurora-A is a marker of
the M phase. (E) Protein phosphatase (PPase) assay showing immunoblot analyses of endogenous CHO1-pS716S717 in HeLa-S3 cells synchronized with
Tax, Noc, or ThyCR10h. The cell extracts were treated with or without 200 U of lPPase and PPase inhibitors. (F) Immunoblot analyses of HeLa-S3 cells
transfected with siRNAs against Lats1 (#3509) or Lats2 (#581), and synchronized at mitosis by a thymidine single block-and-release (10 h). A GL2 (siRNA
against firefly luciferase) was used as a negative control. The ratios of the band intensities of CHO1-pS716S717 to that in GL2 cells are shown.
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was not phosphorylated in CHO1-2SA
and -3SA (Fig. 2H), the interaction of
LIMK1 with these proteins, as well as
MKLP1, was limited (Fig. 3B). These
results suggest that phosphorylation of
CHO1-S716S717 is important for bind-
ing to LIMK1.

CHO1 has 3 domains, as follows
(Fig. 3C): the motor domain pos-
sesses a kinesin-like motor activity that is directed toward the
plus end of microtubules; the stalk domain is essential for
dimerization of CHO1 and its interaction with Cyk4 and
RhoGAP, which regulates proper localizations of these pro-
teins at the midzone and the microtubule-bundling activity
to disassemble the contractile ring; and the tail domain con-
tains 2 protein-binding domains (a FABR and an Arf6-bind-
ing domain) and a nuclear localization signal, which
contribute to midbody matrix stabilization and nuclear locali-
zation, respectively.9,31 To determine which domain interacts
with LIMK1, HeLa-S3 cells were co-transfected with 3Flag-
tagged full-length LIMK1-WT and 6Myc-tagged full-length

or individual domains of CHO1. IP and immunoblotting
analyses revealed that LIMK1 interacted with the stalk
domain and full-length CHO1, but not the motor and tail
domains (Fig. 3D).

LIMK1 comprises LIM domains, a PDZ domain and a kinase
domain (Fig. 3C). The LIM domain interacted with full-length
CHO1, although an interaction between full-length CHO1 and
full-length LIMK1 was not observed (Fig. 3E).

Taken together, these results suggest that the stalk domain of
CHO1 physically associates with the LIM domain of LIMK1,
and the interaction is dependent on phosphorylation of CHO1-
S716S717, -S812S805 and -S814S807.

Figure 2. CHO1-pS716S717 localizes to cen-
trosomes during mitosis. (A, B) Subcellular
localizations of CHO1-pS716S717 (A) and
CHO1 (B) in synchronized HeLa-S3 cells.
Anti-CHO1[GS] is CHO1-specific antibody
that recognizes the F-actin binding regions
(FABR). (C) Peptide competition assay in
which the anti-pS716S717 antibody was pre-
incubated with phosphorylated (C) or non-
phosphorylated (¡) CHO1-S716S717 peptides
prior to immunostaining. (D) Subcellular
localization of CHO1-pS716S717 in meta-
phase large tumor suppressor (Lats)1 KO/
HeLa-S3, Lats2 KO/HeLa-S3, and parental
HeLa-S3 cells synchronized at mitosis by a
thymidine single block-and-release (10 h).
(E) Subcellular localization of metaphase
CHO1-pS716S717 in HeLa-S3 cells that were
transfectedwith siRNAs against the common
30-UTR of CHO1 and MKLP1 and synchro-
nized at mitosis by a thymidine single block-
and-release (10 h). The GL2 siRNA was used
as a negative control. The graph shows the
pixel intensity of pS716 signals at the centro-
some. Data represent the mean § SD of
n D 3 experiments. (F) Localizations of the
pS716S717 and pS814S807 versions of CHO1
and/or MKLP1 in HeLa-S3 cells undergoing
mitosis. A–F. Scale bar, 10 mm. (G) Overview
of the subcellular localizations of CHO1-
pS716S717 and CHO1-pS814S807/MKLP1-
pS710 during the cell cycle. (H) Immunoblot
analyses of exogenous CHO1-pS716S717 in
HeLa-S3 cells that were transfected with
6Myc-tagged full-length MmCHO1-WT (wild
type),-SA (S717A),-2SA (S805A, S807A) or-
3SA (S717A, S805A, S807A), and treated with
(Noc.) or without (Ctl.) nocodazole (80 ng/
ml) for 18h.
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Figure 3. CHO1-pS716S717 interacts with LIM-kinase 1 (LIMK1). (A) Schematic illustrations of phosphorylated wild-type (WT) and mutant CHO1 (SA, SD,
2SA, 3SA). (B) Immunoblot analyses showing the requirement for pS716S717 for the physical interaction of CHO1 with LIMK1. HeLa-S3 cells were co-trans-
fected with 3Flag-LIMK1 and a 6Myc-tagged MKLP1 or full-length MmCHO1-WT, -SA, -SD, -2SA, or -3SA. (C) Overview of the CHO1 and LIMK1 deletion
mutants and their interactions. (D) Immunoblot analyses of lysates of HeLa-S3 cells co-expressing 3Flag-LIMK1 and 6Myc-full-length MmCHO1 or the
indicated deletion mutants, showing the physical interaction of full-length LIMK1 with the stalk domain of CHO1. (E) Immunoblot analyses of lysates of
HeLa-S3 cells co-expressing 3Flag-CHO1 and 6Myc-tagged full-length LIMK1 or the indicated deletion mutants, showing the physical interaction of full-
length CHO1 with the LIM domain of LIMK1.
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Lats1/2 and CHO1 regulate the centrosomal localization
and activity of LIMK during mitosis

A previous study revealed that LIMK1 phosphorylated at
T508 (pT508), which is an activating phosphorylation site phos-
phorylated by Rho family small GTPases, and their downstream
kinases, such as PAK and ROCK, colocalizes with g-tubulin at
centrosomes during prophase to early telophase, and then trans-
locates partially to the cleavage furrow during late mitosis and
cytokinesis.15,32 To determine whether the subcellular localiza-
tion of LIMK1 correlates with the interaction of CHO1, we
examined the effect of knockdown of CHO1 on the localization
of LIMK1-pT508 to centrosomes. Unlike that of g-tubulin, the
signal intensity of LIMK1-pT508 was lower in CHO1 knock-
down cells than control cells (Fig. 4A–C). The signal intensities
of both LIMK1-pT508 and g-tubulin were decreased following
knockdown of Lats1 and/or Lats2 (Fig. 4D–F), suggesting that
Lats1/2 affect the regulation of centrosomal LIMK1. Compared
with that in control cells, the level of phosphorylated Cofilin
(pS3) was also lower in CHO1 knockdown cells and Lats1 or
Lats2 knockdown cells that were synchronized at mitosis by a
thymidine single block-and-release (Figs. 4G and H). By con-
trast, in asynchronous (almost non-mitotic) cells, the level of
Cofilin-pS3 was increased by depletion of Lats1 and/or Lats2
(Fig. 4I), which is consistent with the previous finding that Lats1
interacts directly with and inhibits the kinase activity of
LIMK1.26 Because the total level of LIMK1 was not affected by
Lats1/2 knockdown (Fig. 4H), a reduction in the centrosomal
level of LIMK1-pT508 may be responsible for changing the
localization or activity of the protein. Overall, these results indi-
cate that Lats1/2 and CHO1 regulate the localization of LIMK1-
pT508 on the centrosome.

Phosphorylation of CHO1-S716S717 is required for the
anchoring and activation of LIMK1 on centrosomes

Next, we determined the impact of Lats1/2-mediated phos-
phorylation of CHO1 on the centrosomal localization of LIMK1-
pT508 during metaphase. Overexpression of CHO1-WT in
HeLa-S3 cells (Fig. S4A) increased the signal intensity of LIMK1-
pT508 but not g-tubulin on the centrosomes (Fig. 5A–C). Over-
expression of CHO1-SD, a constitutive phosphomimetic form of
the protein, increased the signal intensity of LIMK1-pT508 even
further, whereas overexpression of non-phosphorylatable CHO1-
SA only modestly increased the signal intensity than CHO1-WT
(Figs. 5A and B). LIMK1-T508 is phosphorylated by itself and
Aurora-A; in turn, LIMK1-pT508 phosphorylates Aurora-A at
T288, an activating phosphorylation site, thereby forming a posi-
tive feedback loop to regulate mitotic spindle morphology.33 The
signal intensity of Aurora-A-pT288 on the centrosomes during
the G2 phase and metaphase was increased significantly by overex-
pression of CHO1-SD (Figs. 5D, E, S5B, and S5C), and immu-
nostaining with an anti-a-tubulin antibody revealed that spindle
formation was also augmented, suggesting hyperactivation of
Aurora-A (Fig. 5F and G). However, although the signal intensity
of g-tubulin was slightly lower in cells expressing CHO1-SA than
in CHO1-SD cells (Fig. 5A and C), the signal intensities of
Aurora-A-pT288 at the centrosomes and a-tubulin at the mitotic

spindle were not decreased by overexpression of CHO1-SA
(Fig. 5D–G). During anaphase, the centrosomal signals of
LIMK1-pT508 in CHO1-WT and -SA cells declined gradually to
their steady levels, whereas those in CHO1-SD cells were main-
tained at a high level (Fig. 5H and I). Indeed, when we examined
the effect of CHO1 (WT, SA, and SD) on the kinase activity of
LIMK1 in an in vitro kinase assay containing [g-32P] ATP, the
kinase activity of 3Flag-LIMK1 was increased in the cells stably
expressing the CHO-SD mutant (Fig. S6). Since LIMK1-pT508
phosphorylates Cofilin-S3 to induce contractile ring assembly, the
defused signals of Cofilin-pS3 in metaphase cells were predictably
enhanced by the overexpression of CHO-SD (Fig. 5J).

Overall, these results suggest that phosphorylation of CHO1-
S716S717 is necessary for the anchoring and activation of LIMK1
on centrosomes; however, it may not be essential for the activa-
tion of centrosomal Aurora-A and subsequent spindle formation.

Phosphorylation of CHO1-S716 is required for cytokinesis
CHO1 and MKLP1 are essential for the completion of cyto-

kinesis. Ectopic expression of a CHO1 mutant lacking the FABR
(amino acids 696–787) does not rescue cytokinesis failure caused
by siRNA-mediated knockdown of CHO1 completely,9 suggest-
ing that the regulation of cytokinesis by CHO1 is dependent on
its FABR. Therefore, we performed a rescue assay to determine
whether ectopically expressed CHO1-WT overcomes the cytoki-
nesis failure phenotypes caused by knockdown of CHO1 in
HeLa-S3 cells. Overexpression of CHO1-WT suppressed the
increased number of multinucleated cells (including binucleated
cells) caused by knockdown of CHO1/MKLP1 (Figs. 6A and
S1D). Consistent with previous reports, these findings suggest
that cytokinesis completion requires both MKLP1 and CHO1.
Notably, overexpression of the CHO1-SA and -SD mutants
increased the numbers of multinucleated cells, whereas overex-
pression of CHO1-WT did not (Fig. 6C). As expected, because
they were unable to support the phosphorylation of S716S717

(Fig. 2H), overexpression of CHO1-2SA and -3SA increased the
number of multinucleated cells (Figs. 2H and 6C). These results
indicate that both unphosphorylated and constitutively phos-
phorylated CHO1-S716 prevent the completion of cytokinesis
and normal nuclear envelope formation, suggesting that the pre-
cise temporal and spatial regulation of this residue is essential.

Knockout and knockdown of Lats1 cause cytokinesis failure
and increase the number of multinucleated cells.26 To determine
whether CHO1 is responsible for Lats1-mediated cytokinesis, we
generated Lats1¡/¡ mice by targeting exon 5, which encodes part
of the kinase domain, and isolated MEFs (Lats1-KO MEFs)
(Mukai and Nojima, unpublished data). Consistent with previ-
ous reports, Lats1-KO MEFs had an augmented population of
multinucleated cells (Fig. S4B). Overexpression of CHO1-WT
or Lats1-WT in Lats1-KO MEFs suppressed the formation of
multinucleated cells (Fig. 6D), suggesting that Lats1 and CHO1
cooperatively regulate cytokinesis.

A cell-cycle analysis revealed that CHO1-SA cells progressed
normally toward late telophase and formed the midbody, but
failed to undergo abscission, whereas a large proportion of the
CHO1-SD cells exhibited prolonged arrest at the G2 phase or
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prophase. Compared with control cells, a smaller percentage of
CHO1-SD cells were at the late telophase stage with the mid-
body (Fig. 6E), presumably as a consequence of premature
mitotic exit without cytokinesis (so-called ‘mitotic slippage’).

Furthermore, compared with that in control cells, the centroso-
mal LIMK1-pT508 signal was markedly higher in CHO1-SD
cells during the G2 phase (Fig. 6F), which is consistent with the
results obtained for the metaphase and anaphase cells (Fig. 5B

Figure 4. For figure legend, see page 1576.
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and I). Because constitutive hyper-phosphorylation of Cofilin by
LIMK1 promotes the formation of multinucleated cells by pre-
venting cytokinesis completion,15 we examined the phosphoryla-
tion of Cofilin-S3 in CHO1-expressing HeLa-S3 cells that were
synchronized at either the metaphase/anaphase transition by
treatment with the proteasome inhibitor MG132 after nocoda-
zole arrest-and-release, or at a later stage of mitosis by nocodazole
arrest-and-release only. Cells expressing CHO1-SD exhibited
constitutively hyperphosphorylated Cofilin during metaphase/
anaphase and onward, whereas cells expressing vector alone or
CHO1-WT or -SA did not (Fig. 6G; see also Fig. 5J). These
results suggest that CHO1-SD promotes tight binding and exces-
sive activation of LIMK1 on centrosomes, thereby inducing arrest
at the G2 phase or prophase through hyperactivation of the
LIMK1-Aurora-A positive feedback loop and the subsequent fail-
ure of cytokinesis caused by hyper-phosphorylation of Cofilin.

Although overexpression of CHO1-SA did not promote
LIMK1 activity and Cofilin phosphorylation during mitosis, it
eventually caused cytokinesis failure (Figs. 5B, J and 6C). Like
MKLP1, CHO1 is a kinesin-like motor protein that translocates
to the central spindle during anaphase and the midbody during
late telophase. Because CHO1-SA and -SD also localized to the
midbody, it is unlikely that the phosphorylation of S716S717

directly affects their motor activities (Fig. 6H). To determine
why overexpression of CHO1-SA caused cytokinesis failure, we
focused on the regulation of other components of the central-
spindlin complex, including HsCyk4 and Ect2, which colocalize
with CHO1/MKLP1 at the midbody and regulate actomyosin
contractility. Ect2 was mislocalized in CHO1-SA mutant cells
(Fig. 6I). Meanwhile, although phosphorylation of HsCyk4
(pS387) by Aurora-B is essential for cytokinesis completion,34

both HsCyk4-pS387 and Aurora-B localized normally to the
midbody in CHO1-SA cells as well as -WT, -SD and control
cells undergoing cytokinesis (Fig. S4C and S4D). These results
indicate that the midbody is intact in CHO1-SA mutant cells,
suggesting that mislocalization of Ect2 is responsible for cytoki-
nesis failure in these cells.

Taken together, these results suggest that phosphorylation of
CHO1-S716S717 by Lats1 and Lats2 is required for anchoring
and activation of LIMK1 at centrosomes to regulate Cofilin
phosphorylation during early mitosis, and for the recruitment of
Ect2 to the midbody during late mitosis, thereby controlling

both the execution (advance preparation) and completion of
cytokinesis.

Discussion

The results presented here demonstrate that Lats1 and Lats2
phosphorylate S716S717 in the FABR of CHO1 during mitosis;
this event is supported by phosphorylation of S812S805 and
S814S807 by Aurora-B and Lats2, respectively, and CHO1 pro-
teins phosphorylated at these sites were differentially located dur-
ing metaphase and anaphase. Because it was not observed that
centrosomal CHO1 is phosphorylated at S814, the initial phos-
phorylation of these residues may trigger S716 phosphorylation
to promote localization of CHO1 to the centrosomes, and may
subsequently be abolished by phosphatases. During late mitosis,
phosphorylation of MKLP1-S708 (corresponding to CHO1-
S812) prevents its interaction with the 14-3-3 protein and pro-
motes clustering and stable localization of the centralspindlin
complex at the central spindle.28 Phosphorylation of S716 may
inhibit the translocation of CHO1 from the centrosomes to the
central spindle during early mitosis because S814 of centrosomal
CHO1 proteins is unphosphorylated throughout the cell cycle
(Fig. S3A). Localization of CHO1-pS814 at the central spindle
is similar to the well-known localizations of MKLP1 and Lats2-
pS380. 28,22

LIMK1 was identified as a mitotic association partner of
CHO1-pS716. Activated LIMK1-pT508 phosphorylates Cofilin
during the early stages of mitosis (prometaphase and metaphase)
to induce actomyosin contractility, and the levels of phosphory-
lated LIMK1 and Cofilin are decreased during the late stages of
mitosis (telophase and cytokinesis) to allow cytokinesis comple-
tion.15 Overexpression of LIMK1 induces cytokinesis failure and
the production of multinucleated cells; therefore, it may function
as a rheostat-like molecule that is stringently regulated to ensure
successful cytokinesis.

Based on the results presented here, we propose that centroso-
mal CHO1 is a key regulator of mitosis that activates LIMK1 by
anchoring it to the centrosome in a Lats1/2-dependent manner
during early mitosis (Fig. 7). The Lats1/2-CHO1-LIMK1 axis
may regulate cytokinesis initiation by phosphorylating Cofilin on
centrosomes and distributing it throughout the cytoplasm. In

Figure 4 (See previous page). Large tumor suppressor (Lats)1/2 and CHO1 regulate the centrosomal localization and activity of LIM-kinase (LIMK)1 dur-
ing mitosis. (A) Centrosomal localization of LIMK1-pT508 in metaphase HeLa-S3 cells transfected with a control (GL2) or CHO1/MKLP1-specific siRNA and
synchronized by a thymidine single block-and-release (10 h). Scale bar, 10 mm. (B, C) The signal intensities of LIMK1-pT508 (B) and g-tubulin (C) on cen-
trosomes in CHO1/MKLP1 knockdown cells during metaphase. Data represent the mean § SD of n D 3 independent experiments (30 cells per experi-
ment). (D) Centrosomal localization of phosphorylated LIMK1-pT508 and g-tubulin in metaphase HeLa-S3 cells transfected with a control (GL2), Lats1-or
Lats2-specific siRNA. Lats2 knockout cells (KO/HeLa-S3) were also transfected with Lats1 siRNA. The cells were synchronized by a thymidine single block-
and-release (10 h). Scale bar, 10 mm. (E, F) The signal intensities of LIMK1-pT508 (E) and g-tubulin (F) on the centrosomes in Lats1-, Lats2-, and Lats1/2-
depleted cells during metaphase. Data represent the mean § SD of n D 3 independent experiments (30 cells per experiment). (G) Immunoblot analyses
of Cofilin-pS3 in HeLa-S3 cells transfected with a control (GL2) or CHO1/MKLP1-specific siRNA and synchronized by a thymidine single block-and-release
(10 h). The ratio of the amount of Cofilin-pS3 in CHO1/MKLP1 knockdown cells to that in control cells is shown. (H) Immunoblot analyses of Cofilin-pS3
in HeLa-S3 cells transfected with a control (GL2), Lats1-, or Lats2-specific siRNA and synchronized by a thymidine single block-and-release (10 h). (I)
Immunoblot analyses of Cofilin-pS3 in asynchronous parental HeLa-S3 cells, Lats1 KO/HeLa-S3 cells, Lats2 KO/HeLa-S3 cells, and Lats2 KO/HeLa-S3 cells
transfected with Lats1 siRNA.
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Figure 5. For figure legend, see page 1578.
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addition to its well-characterized role in mitotic spindle organiza-
tion, the centrosome may also function as a pivotal site of signal
transduction to regulate cytokinesis initiation. However, because
loss or disruption of centrosomes in vertebrate cells does not
always prevent cytokinesis (abscission), but rather induces cell-
cycle arrest of the daughter cells at the subsequent G1 phase,16

the centrosomes may play a non-essential role in efficient signal
transduction of the Lats1/2-CHO1-LIMK1 axis.

Because we did not detect stable interactions of Lats1/2 with
CHO1 (data not shown), Lats1/2 likely dissociates from CHO1
immediately after phosphorylation. Lats1 interacts with LIMK1
and inhibits its kinase activity toward Cofilin; 26 however, this
function of Lats1 is likely distinct from its role in the Lats1/2-
CHO1-LIMK1 pathway because it does not require intact kinase
activity.26 Since the activation of LIMK1 and phosphorylation of
Cofilin are dispensable for the final step of cytokinesis, inactive
Lats1 located away from the centrosomes may interact with
LIMK1 and inhibit the phosphorylation of Cofilin at the mid-
body during abscission. In support of this idea, both CHO1 and
Lats1 lacking the kinase domain interacted with LIMK1, whose
LIM domain influenced its mitotic phosphorylation and activa-
tion (Fig. 3C and 3E).15 These results suggest that the Lats1/2-
CHO1 axis activates LIMK1 at centrosomes and inactive Lats1
inhibits LIMK1 at the midbody. LIMK1 interacted with the stalk
domain of CHO1, which is also present in MKLP1 and contains
the S812 and S814 sites. Since phosphorylation of S812 and
S814 did not occur in centrosomes (Fig. 2F), the interaction of
LIMK1 with CHO1 that is dependent on phosphorylation of
these sites may be required for loading CHO1/MKLP1 onto the
central spindle during late mitosis.

The mechanism by which CHO1 but not MKLP1 is retained
at the centrosomes throughout the cell cycle is unknown. Centro-
some-associated tyrosine-phosphorylated cortactin promotes F-
actin-driven centrosome separation. 35 Since CHO1 contains a
FABR, it may bind tightly to centrosome-associated F-actin;
indeed, faint colocalization of CHO1 with F-actin was observed
(Fig. S1E). S307 and T508 of LIMK on centrosomes (and spindle
poles) are phosphorylated by Aurora-A, and inhibition of this
kinase causes mislocalization of phosphorylated LIMK1. Aurora-
A is also phosphorylated and activated by LIMK1, thereby form-
ing a feedback loop to regulate mitotic spindle morphology.33

Constitutive phosphorylation of CHO1-S716 promotes Aurora-
A activation and subsequent centrosome maturation (Fig. 5D–F);

hence, it is likely that the Lats1/2-CHO1-LIMK1 axis coordi-
nately regulates Aurora-A-mediated centrosome maturation and
Cofilin-mediated cytokinesis.

In the Hippo-signaling pathway, actin depolymerization pro-
motes the kinase activities of Lats1 and Lats2.36 The level of
CHO1-pS716S717 was elevated following the treatment of HeLa-
S3 cells with cytochalasin B (Fig. S4E), suggesting that the
Lats1/2-CHO1-LIMK1 axis is activated by actin depolymeriza-
tion. As upstream regulators of Lats1/2, Mst1/2 regulate cell pro-
liferation and play a key role in centrosome duplication.37

Knockdown of Mst2 reduced the level of CHO1-pS716S717

(Fig. S4F), suggesting that some components of the Hippo path-
way can regulate the Lats1/2-CHO1-LIMK1 axis. However,
because Lats1/2 are regulated by other kinases such as Aurora-A,
Chk1 and PKA during cell-cycle regulation and in the Hippo
pathway,22,38,39 additional studies of the Lats1/2-CHO1-
LIMK1 pathway are required.

Materials and Methods

Plasmids
The full-length mouse Cho1 sequence (Acc. No.

NM_024245) was amplified from a 10T 1/2 cDNA library by
PCR and cloned into the AscI and NotI sites of mammalian
expression vectors (pCMV6myc and p3Flag) and a bacterial
expression vector (pGST6P). A PCR-based method was used to
construct full-length CHO1 mutants containing point muta-
tions (S717A, S717D, S805A/S807A, and S717A/S805A/
S807A), and the NsiI/NotI fragment of wild-type CHO1 was
replaced with the corresponding fragment of mutant CHO1.
The human LIM-kinase 1 (LIMK1) sequence (Acc. No.
NM_002314) was amplified from a testis cDNA library by
PCR and cloned into the AscI and NotI sites of the pCMV6myc
and p3Flag vectors. Truncated forms of CHO1 (amino acids 1–
425, 426–626, and 627–953) and LIMK1 (amino acids 1–147,
148–346, and 347–647) were generated by PCR and cloned
into the AscI and NotI sites of the pCMV6myc vector. A trun-
cated form of CHO1 (amino acids 692–796) was synthesized
(by GenScript) and cloned into the AscI and NotI sites of
pGST6P vector. Mouse Lats1 and Lats2 and human Mob1A
were described previously. 23,25 All amplified sequences and
mutations were confirmed by DNA sequencing.

Figure 5 (See previous page). Phosphorylation of CHO1 at S716S717 is required for the anchoring and activation of LIM-kinase 1 (LIMK1) on the centro-
some. (A) Centrosomal localization of LIMK1-pT508 and g-tubulin in metaphase HeLa-S3 cells stably expressing vector alone or 6Myc-tagged CHO1-WT,
-SA (S717A), or -SD (S717D). The cells were synchronized by a thymidine single block-and-release (10 h). Scale bar, 10 mm. The insets show enlarged
images of signals at the centrosome. (B, C) The signal intensities of LIMK1-pT508 (B) and g-tubulin (C) on centrosomes in metaphase HeLa-S3 cells stably
expressing the constructs described in (A). Data represent the mean § SD of n D 3 independent experiments (30 cells per experiment). (D, E) The signal
intensities of Aurora-A-pT288 on centrosomes in G2 phase (D) and metaphase (E) HeLa-S3 cells stably expressing the constructs described in (A). Cells
were synchronized by a thymidine single block-and-release (10 h). Data represent the mean § SD of n D 3 independent experiments (30 cells per
experiment). (F) The mitotic spindle in metaphase HeLa-S3 cells stably expressing the constructs described in (A). Cells were synchronized by a thymidine
single block-and-release (10 h) and stained with anti-a-tubulin. Scale bar, 10 mm. (G) The percentages of the cells described in (F) with a mitotic spindle
during metaphase. The cells were classified according to the a-tubulin signal intensity. Data represent the mean § SD of n D 3 experiments. (H, I) The
centrosomal localization of LIMK1-pT508 in anaphase HeLa-S3 cells stably expressing the constructs described in (A). In (I), the data represent the
mean § SD of n D 3 independent experiments (30 cells per experiment). (J) The level of Cofilin-pS3 in metaphase HeLa-S3 cells stably expressing the
constructs described in (A). Cells were synchronized by a thymidine single block-and-release (10 h). Scale bar, 10 mm.
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Cell culture
HeLa-S3 and 293T cell lines were maintained as described

previously.23 Lats1¡/- MEFs were generated (Mukai and Nojima,
unpublished data) and maintained as described previously. 23

Cell cycle synchronization and plasmid transfection
Cells were synchronized at the G1 phase, S phase, meta/ana-

phase, or prometaphase as described previously.22 For immuno-
fluorescence staining, cells were synchronized at the S phase by a

thymidine single block,
released from the block,
and then fixed with formal-
dehyde at the indicated
mitotic stages. To assess the
interaction of endogenous
CHO1 and LIMK1 or
g-tubulin and pS716S717-
CHO1 or pT508-LIMK1

Figure 6. Phosphorylation of CHO1 at
S716S717 is required for cytokinesis. (A)
The percentages of multinucleated cells
in HeLa-S3 populations stably express-
ing 6Myc-vector or 6Myc-CHO1-WT
(wild type) that were transfected with a
control (GL2) or CHO1/MKLP1-specific
siRNA. The cells were fixed 72 h after
transfection. (B) Representative images
of immunostained multinucleated cells
(includingbinucleatedcells). (C) Theper-
centages of multinucleated cells in a
HeLa-S3 population stably expressing
6Myc-tagged vector alone or CHO1-WT,
-SA, -SD, -2SA, or -3SA. (D) The percen-
tages of multinucleated cells in Lats1-
KO mouse embryo fibroblasts (MEFs)
transfected with 6Myc-tagged vector
alone, large tumor suppressor (Lats)1-
WT, or CHO1-WT. The cells were fixed
72 h after transfection. (E) The percen-
tages of HeLa-S3 cells stably expressing
6Myc-tagged vector alone, CHO1-WT,
-SA, or -SDat each stageof the cell cycle.
The cells were synchronized by a thymi-
dine single block-and-release (10 h). (F)
The centrosomal localization of LIM-
kinase 1 (LIMK1)-pT508 in G2 phase
HeLa-S3 cells stably expressing 6Myc-
tagged vector alone or CHO1-WT, -SA,
or -SD. The cells were synchronized by a
thymidine single block-and-release
(10 h). Scale bar, 10 mm. The bar graphs
show the intensities of the LIMK1-pT508
(center) and g-tubulin (right) signals on
the centrosomes in the G2 phase. Data
represent the mean § SD of n D 3
independent experiments (30 cells per
experiment). (G) Immunoblot analyses
of Cofilin-pS3 inHeLa-S3 cells transiently
expressing 6Myc-tagged vector alone or
CHO1-WT, -SA, or -SD. Transfected
HeLa-S3 cells were treatedwith nocoda-
zole (80 ng/ml) for 16 h prior to releas-
ing for 2 h with (C) or without (¡)
MG132 (5 nM). (H) Midbody localization
(arrow) of ectopic 6Myc-CHO1-SA in
HeLa-S3 cells undergoing cytokinesis.
The asterisks indicate mislocalization of
CHO1-SA. Scale bar, 10 mm. The bar
graph shows the percentages of cells
expressing 6Myc-tagged vector alone
or CHO1-WT, -SA or -SD with midbody
localization of the exogenous protein
during late telophase. (I) Midbody locali-
zation of Ect2 during cytokinesis in
HeLa-S3 cells stably expressing 6Myc-
tagged vector alone or CHO1-WT, -SA,
or -SD. The arrow indicates mislocaliza-
tion of Ect2. Scale bar, 10 mm. The bar
graph shows the percentages of cells
undergoing cytokinesis with midbody
Ect2 signals. (B–E, H, I) Data represent
the mean § SD of n D 3 experiments
(more than 100 cells per experiment).
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in vivo, cells were synchronized at the S
phase by a thymidine single block and
released from the block for 10 h. Tran-
sient transfections of HeLa-S3 and
293T cells were performed using Lipo-
fectamine (Invitrogen, 18324-020) and
PLUS (Invitrogen, 11514-015) reagents,
according to the manufacturer’s
instructions.

In vitro kinase assay
In vitro Lats1/2-kinase and Aurora-A

kinase assays were performed as
described previously.22 In vitro Aurora-
B kinase assays were performed by incu-
bating 1 mg of Aurora-B active kinase
(Merck, D8NN055N-I) or 1 mg of
GST-tagged Aurora-B-KD (K106R)
with GST-tagged CHO1 for 30 min at
30�C in Aurora-B kinase buffer
(50 mM Tris-HCl, pH 7.5, 10 mM
MgCl2, 1 mM EGTA, 1 mM DTT,
5 mM NaF, 0.05 mM Na3VO4, and
5 mM b-glycerophosphate) containing
20 mM ATP with or without [g-32P]
ATP. For the LIMK1 in vitro kinase
assay, HeLa-S3 cells stably expressing
6Myc-tagged CHO1 (WT, SA, or SD)
were transfected with 3Flag-tagged
LIMK1 and then treated with nocodazole (80 ng/ml) for 16 h
before being released into normal growth conditions for 3 h with
MG132 (5 nM; CALBIOCHEM, 474790) and the phosphatase
inhibitor okadaic acid (0.1 mM; Sigma, O4511). LIMK1 was
immunoprecipitated with anti-Flag from these cell extracts and
then incubated in LIM-kinase buffer (20 mM HEPES-NaOH,
pH 7.2, 5 mM MgCl2, 5 mM MnCl2, 1 mM DTT, 10 mM
NaF, 20 mM b-glycerophosphate, 1 mM PMSF, 10 mg/ml Leu-
peptin, and 2 mg/ml PepstatinA) containing 20 mM ATP with
[g-32P] ATP.

Antibodies
The anti-CHO1-pS716S717 polyclonal antibody was gener-

ated against phosphorylated S716 of human CHO1 (S717 in
mouse). Briefly, rabbits were injected with the following KLH-
conjugated phosphopeptide: LHRRSN(PO3H2)SCSSISV
(pS716; this antigen sequence is identical to the flanking
sequence of S717 in mouse CHO1). The antisera were affinity
purified using a phospho-antigen peptide column. To eliminate
the reaction of non-specific antibodies with unphosphorylated
antigen peptide, the antibody preparation was passed through a
non-phospho-CHO1-peptide (S716: LHRRSNSCSSISV) col-
umn. A novel polyclonal antibody against exon 18 (anti-CHO1
[GS]), which encodes the F-actin binding region (FABR) of both
human and mouse CHO1, was generated by injecting a rabbit
with a KLH-conjugated peptide sequence (RQQEPGQSKTC)
corresponding to the specific region of CHO1 (amino acids

749–759 and 750–760 in human and mouse, respectively). The
anti-CHO1-S814S807 polyclonal antibody was newly generated
against phosphopeptides RSR(PO3H2)SAGSRWVDHKP
(pS814; pS807 in mouse). Similarly, the anti-Ect2 and anti-
HsCyk4-pS387 polyclonal antibodies were generated against the
RETDVSPFPPRKRP peptide and GLYRI(PO3H2)
SGCDRTVKE phospho-peptide, respectively. The anti-CHO1-
pS716S717, anti-CHO1[GS], anti-CHO1-S814S807, anti-Ect2,
and anti-HsCyk4-pS387 antibodies were generated and purified
by GenScript. Monoclonal antibodies against the following tar-
gets were used: a-tubulin (Sigma, T5168), g-tubulin (Sigma,
T6557), FLAG-tag (clone M2; Sigma, F3165), Myc-tag (clone
PL14; MBL, M047-3), CHO1/MKLP1 (Abnova, B01), Aurora-
B (AIM-1) (BD Bioscience, 611083), and Cofilin (clone E-8;
Santa Cruz Biotechnology, sc-376476). Polyclonal antibodies
against the following targets were used: Myc-tag (MBL, JM-
3995-3), phosphorylated histone H3 (S10) (Upstate, #06-570),
phospho-Aurora-A/AIK (Thr-288) (Cell Signaling Technology,
#3091), CHO1/MKLP1 (Santa Cruz Biotechnology, sc-867),
Cyclin B1(Santa Cruz Biotechnology, sc-752), LIMK1 (Santa
Cruz Biotechnology, sc-8387), LIMK1 (Cell Signaling Technol-
ogy, #3842), phospho-LIMK1 (Thr508/Thr505) (Cell Signaling
Technology, #3841), phospho-Cofilin (Ser3) (Cell Signaling
Technology, #3313), and Mst2 (Cell Signaling Technology,
#3952). The anti-GST monoclonal antibody and anti-Lats1 rab-
bit, anti-Lats2, and anti-Aurora-A polyclonal antibodies have
been described previously. 22,25

Figure 7. A model for the role of Lats1/2-CHO1-LIMK1 axis in preparation of cytokinesis initiation on
centrosome. When Lats1/2-CHO1 axis is activated, LIMK1 is anchored to centrosomes by S716-phos-
phorylated CHO1, which in turn efficiently activates LIMK1 and promotes phosphorylation of Cofilin
for preparation of cytokinesis initiation (right panel). If Lats1/2-CHO1 axis is not activated, CHO1 does
not localize at centrosome, thereby decreasing the activating phosphorylation level and activation of
LIMK1 to phosphorylate Cofilin (left panel). Eventually, dysregulation of Lats1/2-CHO1 axis fails to initi-
ate cytokinesis.
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Dot blot analysis, immunoblotting and
immunoprecipitation

Dot blotting, preparation of cell lysates, immunoblotting and
immunoprecipitation (IP) were performed as described previ-
ously.22 Anti-EGFP and anti-FLAG polyclonal antibodies
(Sigma, F7425) were used as negative control IgGs in Figure 3F.
The ratios of the band intensities were determined using ImageJ
software.

Protein phosphatase assays
For protein phosphatase (PPase) assays, cells were lysed in

modified TNE250 lysis buffer containing 5 nM MG132 but
excluding phosphatase inhibitors (NaF, Na3VO4, and b-glycero-
phosphate). The lysates were incubated at 4�C for 30 min with
or without 200 U of l-PPase (New England BioLabs, P0753L)
in the presence or absence of phosphatase inhibitors (1 mM
NaF, 1 mM Na3VO4, 10 mM b-glycerophosphate, and 100 ng/
ml okadaic acid).

Immunofluorescence staining
To collect mitotic cells, the cells were blocked at the S phase

by the addition of 2.5 mM thymidine for 24 h, released, and
then fixed 10 or 11 h later. Cells were incubated with the pri-
mary antibodies, followed by AlexaFluor 488-and/or 594-conju-
gated anti-rabbit/mouse IgG (Molecular Probes) as secondary
antibodies in Tris buffered saline with Tween 20 containing 5%
FBS. DNA was stained using Hoechst 33258 (Sigma, B-2883).
The cells were observed using light fluorescence microscopy
(model BX51; Olympus), confocal LSM (model FV10i; Olym-
pus), and Fluoview software (Olympus). The signal intensities of
phospho-LIMK1 at the centrosomes and midbody were calcu-
lated using MetaView software (Universal Imaging Ltd).

Competition assays
In competition assays, the primary antibodies (anti-

pS716S717and anti-pS814S807) were pre-incubated with or with-
out the corresponding phosphorylated or non-phosphorylated
CHO1 peptides (10 mg for immunoblotting and 5 mg for
immunofluorescence staining) at room temperature for 40 min.

Small interfering RNAs
The siRNA duplexes were transfected into growing HeLa-S3

cells using Lipofectamine 2000 reagent (Life Technologies),
according to the manufacturer’s instructions. The cells were fixed
or lysed at the indicated times after transfection. The following
siRNA duplexes were used: firefly luciferase (GL2) as a negative
control, 50-CGUACGCGGAAUACUUCGAdTdT-30; Lats1-
3509, 50-ACUUUGCCGAGGACCCGAAdTdT-30; Lats2-581,
50-GUUCGGACCUUAUCAGAAAdTdT-30; LIMK1, 50-
UGGCAAGCGUGGACUUUCAdTdT-30; and 30UTR of
CHO1/MKLP1 50-GCAGUCUUCCAGGUCAUCUdTdT-30.
The Mst2 siRNAs (#1–3) were purchased from OriGene
(SR304635).

Disruption of the LATS1 and LATS2 genes in HeLa-S3 cells
The Crispr/Cas-9 system was used to generate the Lats1

knockout HeLa-S3 cell line (Lats1 KO/HeLa-S3), following a
similar method described in a previous report.40 Briefly, HeLa-
S3 cells were transfected with a pX330 vector (Addgene) contain-
ing a target sequence for the LATS1 gene and cultured in
DMEM (Sigma, D5796) containing 5% FBS. A single cell was
then cloned by limiting dilution (Mukai and Nojima, unpub-
lished data). The Lats2 knockout HeLa-S3 cell line (Lats2 KO/
HeLa-S3) was generated using the transcription activator-like
effector nuclease system (Torigata and Nojima, unpublished
data). Validation and confirmation of the targeting efficiency in
each clonal line were performed by PCR, DNA sequencing and
immunoblotting.

RT-PCR
Total RNAs were extracted from mouse embryo fibroblasts

(MEFs) and HeLa-S3 cells using the RNeasy Mini Kit, according
to the manufacturer’s instructions (Qiagen). The cDNAs from
MEFs or the mouse 10T 1/2 library were synthesized from
0.3 mg of RNA using the High-Capacity cDNA Archive Kit
(Applied Biosystems). PCR was performed with 60 ng of cDNA,
Taq polymerase supplemented with the PCR£ Enhancer System
(Takara), and the following primers: CHO1/MKLP1 forward,
50-TTAGAAGCCAGGTTGCAAGG-30; CHO1/MKLP1
reverse, 50-GGCTTATGATCTACCCATCTG-30; GAPDH for-
ward, 50-TCACCATCTTCCAGGAGCGAG-30; and GAPDH
reverse, 50-GCTGTAGCCGTATTCATTGTC-30. The follow-
ing thermal cycling profile was used: initial denaturation at 95�C
for 3 min; 35 cycles of 95�C for 30 s, 50�C for 30 s, and 72�C
for 2 min; and then a final extension at 72�C for 5 min. The
PCR products were subjected to agarose gel electrophoresis and
ethidium bromide staining.
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