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Wnt signalling is known to promote G1/S progression
through the stimulation of gene expression, but whether
this signalling regulates mitotic progression is not clear.
Here, the function of dishevelled 2 (Dvl2), which transmits
the Wnt signal, in mitosis was examined. DvI2 localized to
the spindles and spindle poles during mitosis. When cells
were treated with nocodazole, Dvl2 was observed at the
kinetochores (KTs). Dvl2 bound to and was phosphory-
lated at Thr206 by a mitotic kinase, Polo-like kinase 1
(P1k1), and this phosphorylation was required for spindle
orientation and stable microtubule (MT)-KT attachment.
DvI2 was also found to be involved in the activation of a
spindle assembly checkpoint (SAC) kinase, Mps1, and the
recruitment of other SAC components, Bubl and BubR1, to
the KTs. However, the phosphorylation of Dvl2 by Plk1
was dispensable for SAC. Furthermore, Wnt receptors
were involved in spindle orientation, but not in MT-KT
attachment or SAC. These results suggested that Dvl2 is
involved in mitotic progression by regulating the dy-
namics of MT plus-ends and the SAC in Plkl-dependent
and -independent manners.
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Introduction

Wnt is a secreted ligand that is essential for animal develop-
ment (Logan and Nusse, 2004). When Wnt acts on its cell-
surface receptor, which consists of Frizzled (Fz) and low
density lipoprotein receptor-related protein 5/6 (LRP5/6),
cytoplasmic f-catenin is stabilized by release from the Axin
complex, including glycogen synthase kinase 3 (GSK3) and
adenomatous polyposis coli (APC) protein (Kikuchi et al,
2009; MacDonald et al, 2009). The accumulated B-catenin is
translocated to the nucleus, in which it binds to transcription
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factor T-cell factor (Tcf)/lymphoid enhancer factor (Lef) and
thereby stimulates the expression of various genes, such as
c-Myc and cyclin D1. Therefore, Wnt/B-catenin signalling is
known to promote G1/S progression. Interestingly, evidence
has been accumulated that components of the Wnt/B-catenin
pathway, such as B-catenin, APC, GSK3f, and Axin2, localize
to the mitotic spindle or centrosomes and are involved in the
regulation of mitotic progression (Kaplan et al, 2001;
Hadjihannas et al, 2006; Bahmanyar et al, 2008; Fumoto
et al, 2008; Izumi et al, 2008; McCartney and Nadthke,
2008). Furthermore, it has been reported that LRP6 is effi-
ciently phosphorylated by a mitotic cyclin Y-dependent pro-
tein kinase, Pftk, and that B-catenin-dependent transcription
is enhanced in mitosis (Davidson et al, 2009). However, it is
necessary to show that Wnts, their receptors, and dishevelled
(Dvl), which binds directly to Fz, are involved in mitotic
progression in order to confirm that Wnt signalling regulates
mitosis.

Dvl mediates Wnt signalling to both the B-catenin-depen-
dent and B-catenin-independent pathways (Wharton, 2003).
It has been reported that Dvl is involved in asymmetric cell
division in the early embryo of Caenorhabditis elegans
(Walston et al, 2004). Cortical localization of Dvl at the
posterior stimulates the disassembly of the complex contain-
ing Axin, APC, mitogen-activated protein kinase, and p-catenin
and regulates the alignment and orientation of spindles in a
Wnt-dependent manner. In mammals, Dvl has been shown to
inhibit GSK3p locally, resulting in changes in the phosphor-
ylation levels of GSK3f targets, such as the microtubule
(MT)-associated protein 1B, thereby regulating the stabiliza-
tion of MTs (Ciani et al, 2004). Furthermore, Dvl is required
for Wnt-mediated MT reorganization and axon remodelling in
growth cones (Purro et al, 2008). Thus, it is clear that Dvl is
involved in cell division and MT stability. However, the
mitotic functions of Dvl in mammals remain unclear.

Faithful segregation of chromosomes in mitosis is ensured
by a fail-safe mechanism called by the spindle assembly
checkpoint (SAC) (Cleveland et al, 2003; Musacchio and
Salmon, 2007). When activated, the SAC inhibits the ana-
phase-promoting complex/cyclosome (APC/C) through inter-
ference with Cdc20, which blocks sister chromatid separation
and mitotic exit until all pairs of opposing sister kinetochores
(KTs) attach to MTs emanating from the two spindle poles
(Musacchio and Salmon, 2007; Yu, 2007). The chromosomal
domain responsible for mitotic inhibition through the SAC is
the KT, and the KT localization of SAC components contri-
butes to generate the SAC signal. A mitotic checkpoint com-
plex (MCC) that contains three SAC proteins, Mad2, BubR1,
and Bub3, as well as Cdc20, binds to the APC/C and inhibits
its ubiquitin-ligase activity on securin and cyclin B1. Besides
MCC, other SAC components, serine/threonine kinases, in-
cluding Mpsl, Madl, Bubl, and Aurora B, are likely to be
required for the amplification of the SAC signal. Mpsl is an
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important kinase that is autophosphorylated and activated
during mitosis (Abrieu et al, 2001; Stucke et al, 2002; Liu
et al, 2003; Vigneron et al, 2004; Kang et al, 2007; Jelluma
et al, 2008a). The recruitment of SAC proteins to KTs is
hierarchical, and Mps1 lies upstream. However, how Mpsl
is activated is not known.

In addition to these SAC kinases, Polo-like kinase 1 (P1k1),
which is a mitotic kinase and governs multiple events in
mitosis, is also localized to the KTs as well as the centrosome
(Arnaud et al, 1998; Petronczki et al, 2008). Plk1 is required
for not only the establishment of a bipolar spindle and
functional centrosomes, but also for their maintenance
(Lane and Nigg, 1996; Casenghi et al, 2003; Oshimori et al,
2006). Therefore, depletion of Plkl in human cells disrupts
the formation of a proper bipolar spindle, and increases
monopolar spindle (Sumara et al, 2004). In addition, Plk1
is also required for the formation of MT-KT attachment by its
function on KT (Sumara et al, 2004; Lénart et al, 2007).

To clarify the regulation of mitosis by Wnt signalling, we
first studied the functions of Dvl in mitosis. It was found that
Dvl2, one of the Dvl family members in mammals, bound to
and was phosphorylated by Plk1. Plk1-dependent phosphor-
ylation of DvI2 was required for the appropriate spindle
rotation and MT-KT attachment. It was further shown that
Dvl2 is required for SAC activation. However, the phosphor-
ylation of Dvl2 by PIk1 is dispensable for SAC activation.
These results suggest that Dvl2 is involved in mitotic pro-
gression by regulating the dynamics of MT plus-ends and the
SAC in mitosis in Plk1-dependent and -independent manners,
respectively. Finally, the possibility that Wnts and their
receptors, LRP6 and Fz2, are involved in mitotic progression
is discussed.

Results

Dynamic localization of DviI2 in mitosis
To examine the subcellular localization of Dvl2 in mitosis,
green fluorescence protein (GFP)-DvI2 was transiently ex-
pressed in HeLaS3 cells because it was difficult to detect
endogenous DvI2 using several kinds of anti-Dvl2 antibody
immunocytochemically. Exogenous GFP-DvI2 was expressed
at levels similar to endogenous Dvl2 (Supplementary Figure
S1A). When cells entered into mitosis, GFP-DvI2 localized to
the spindle poles and was highly concentrated there at
metaphase, but the signal intensity of GFP-DvI2 decreased
in anaphase (Figure 1A). GFP-DvI2 also localized to the
spindles from prometaphase to anaphase (Figure 1A and B).
In telophase, GFP-Dvl2 was concentrated at the cleavage
furrow (Figure 1A). In an enlarged image, GFP-DvI2 was
observed to be associated with some of the KTs, which were
recognized by anti-centromere antibody (ACA) (Figure 1B).
When cells were treated with nocodazole to disrupt MTs,
GFP-DvI2 was detected on most of the KTs (Figure 1C),
suggesting that Dvl2 localizes to the KTs when SAC is active.
Live-image analysis using U20S cells stably expressing
GFP-DvI2 revealed that GFP-DvI2 localizes to the spindle
poles mainly, but it was difficult to detect the localization
of GFP-DvI2 to the KTs (Supplementary Figure S1B).
Exogenous GFP-Dvl2 was expressed at two- to three-fold
higher levels than endogenous Dvl2 level (Supplementary
Figure S1A). The subcellular localization of Dvl2 in mitosis
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suggested that DvI2 is involved in the regulation of the
mitotic spindle.

DvI2 forms a complex with and is phosporylated by Plk1
A slowly migrating band of DvI2 on SDS-polyacrylamide gel
electrophoresis (PAGE) was observed in mitotic HeLaS3 and
U20S cells, as compared with asynchronous, interphase, or
G1/S phase cells (Figure 2A; Supplementary Figure S2A and
C). This slowly migrating band disappeared after treatment
with alkaline phosphatase (AP) (Figure 2B), suggesting that
Dvl2 is phosphorylated in mitosis. To examine whether the
phosphorylation of Dv12 depends on a Wnt ligand, Dickkopf1l
(Dkk1), which suppresses Wnt signalling by downregulating
Wnt receptor LRP6 (Niehrs, 2006; Yamamoto et al, 2008),
was added to mitotic HeLaS3 cells. Dkk1 did not affect the
mobility shift of Dvl2, suggesting that mitotic phosphoryla-
tion of DvI2 is independent of Wnt and LRP6 (Supplementary
Figure S2C).

Mitotic phosphorylation is often regulated by mitotic ki-
nases such as cyclin-dependent protein kinase 1 (Cdk1), Plk1,
and Aurora kinase. DvI2 was immunoprecipitated with Plk1l
at endogenous levels in mitosis (Figure 2C). However, DvI2
did not form a complex with Cdkl or Aurora A when they
were overexpressed (Supplementary Figure S2D). In addition,
the C-terminal region, including the Polo-box, of Plk1 inter-
acted with Dvl2 (Supplementary Figure 3A), and the region
(aa 354-423) between the PDZ and DEP domains of Dvl2 was
required for binding to Plk1 (Supplementary Figure 3B). The
DIX and PDZ domains are necessary for the Wnt/f-catenin-
dependent pathway, and the DEP domain mediates Wnt/
fB-catenin-independent pathway (Wharton, 2003). The aa
354-423 region of Dvl2 has a core consensus motif for
Polo-box binding, Ser-pSer/pThr-Pro/X, such as Ser-Ser-Ser,
Ser-Ser-Met, and Ser-Ser-Leu. It has been reported that Plk1
interacts with its substrates through the C-terminal Polo-box
domain (Elia et al, 2003), and depletion of Plk1 using small-
interfering RNA (siRNA) abolished mitotic phosphorylation
of DvI2 (Figure 2D), suggesting that Plk1 is involved in the
mitotic phosphorylation of DvI2.

Putative Plk1-phosphorylation sites, which were searched
for using a group-based phosphorylation-scoring method
(Xue et al, 2005), were conserved in DvI2 from zebrafish to
human (Supplementary Figure S4A). Dvl2 fused to maltose-
binding protein (MBP-Dvl2) was phosphorylated by GST-
PIk1, but not by an inactive kinase form (K82R) of Plkl
(Figure 2E). Notably, degradation forms of DvI2, which might
lack the C-terminal region of Dvl2, were phosphorylated by
Plk1 (Figure 2E). Consistently, a deletion mutant lacking the
C-terminal region, MBP-DvI2(1-433), was also phosphory-
lated by GST-Plk1, but not by GST-P1k1*®*® (Supplementary
Figure S4B).

To define the phosphorylation site(s) of Dvl2, a deletion
mutant lacking the region containing residues 140-263,
which includes several putative Plkl-phosphorylation
sites, was generated from MBP-Dvl2(1-433) (MBP-DvI2
(1-433)A140-263) ' MBP-DvI2(1-433)214972% was not phospho-
rylated by GST-PIk1 (Figure 2F). Putative-phosphorylation sites
for Plk1, T206, T216, and T260 were replaced with alanine in
the construct MBP-DvI12(140-358) (Supplementary Figure S4A).
§227 and S228, which are mitotic-phosphorylation sites reported
previously (Dephoure et al, 2008), were also replaced with
alanine in the construct (Supplementary Figure S4A). Among
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Figure 1 Subcellular localization of DvI2 in mitosis. (A) HeLaS3 cells transiently expressing GFP-Dvl2 were stained for GFP-Dvl2 (red) or
B-tubulin (green). DNA (blue) was stained with PI. (B) HeLaS3 cells expressing GFP-DvI2 at metaphase were stained for B-tubulin (blue),
ACA (a KT maker, green), or GFP-DvI2 (red). (C) HeLaS3 cells expressing GFP-DvI2 were treated with 200 ng/ml nocodazole for 1h to
disrupt MTs. Cells were stained for GFP-Dvl2 (red) or ACA (green). The region in the white box is shown enlarged. Scale bars in (A), (B),

and (C), 10 um.

these Dvl2 mutants, only MBP-DvI2(140-358)"2%* was not
phosphorylated (Figure 2G; Supplementary Figure S4C),
suggesting that Dvl2 is specifically phosphorylated at T206
by PIk1.

DvI2 regulates spindle orientation

Depletion of Dvl2 in HeLaS3 cells affected neither bipolar
formation nor the localization of Plk1 to the spindle poles in
mitosis (Figure 3A; Supplementary Figure SS5A), whereas
depletion of other mitotic MAPs, such as Tpx2 and NuMA,
disrupted bipolar formation (Andersen, 2000; Kline-Smith
and Walczak, 2004). However, fibres of astral MTs, which
are essential for spindle orientation, were reduced in Dvl2-
depleted HeLaS3 cells (Figure 3A). Furthermore, time-lapse
images of Dvl2-depleted cells showed that the cells fail
to immediately gain adhesion to the substratum after cell
division (Figure 3B; Supplementary Movies 1 and 2).
Approximately 37% of Dvl2-depleted dividing cells (10/27)
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failed to gain adhesion and were overlapping with another
adhered cell, whereas only 10% of control cells showed a
similar phenotype (Figure 3B). When no other cell is adjacent
to the dividing cell, Dvl2-depeleted cells still failed to gain
adhesion (Supplementary Figure 5B).

This phenotype often comes from the abnormality of the
attachment of astral MTs to the cell cortex, which induces
spindle misorientation (Toyoshima and Nishida, 2007).
Spindle misorientation includes rotation of the spindle axis
within the cells and displacement of the spindles from the
centre of the cells (Draviam et al, 2006). To examine the
effects of Dvl2 on the spindle axis, Z-stack images were
taken from 0.2 pm-thick sections of metaphase cells and
the angle between the axis of a metaphase spindle and that
of the substrate surface, which is termed the spindle angle
(06), was calculated (Figure 3C). The spindle angle was
angled (median: 11.3°) in Dvl2-depleted HeLaS3 cells as
compared with that in control cells (median: 5.52°)

©2010 European Molecular Biology Organization
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Figure 2 Dvl2 is phosphorylated by Plkl. (A) HeLaS3 or U20S cells were arrested at prometaphase by treatment with 100 and 500 ng/ml
nocodazole for 16 h, respectively. Cell lysates from asynchronous (A) or mitotic (M) cells were probed with anti-Dvl2 (Santa Cruz) or anti-
clathrin heavy chain (CHC) antibody. (B) Lysates from asynchronous (A) or mitotic (M) HeLaS3 cells were immunoprecipitated using anti-DIX
(Dvl) antibody, and the immunoprecipitates were treated with or without alkaline phosphatase (CIAP; TaKaRa) at 30°C for 15 min, followed by
probing with anti-DvI2 antibody. (C) Lysates from mitotic HeLaS3 cells were immunoprecipitated with control IgG or anti-DIX antibody. The
immunoprecipitates were probed with anti-DvI2 and anti-Plk1 antibodies. (D) Control or Plkl-depleted HeLaS3 cells were arrested at
prometaphase by treating with nocodazole, and then the lysates were probed with the indicated antibodies. CHC and Aurora A were used as
loading controls. (E) MBP-DvI2 (250 ng of protein) was incubated with the indicated amounts of GST-PIk1 or GST-P1k1¥®*R (K82R; a kinase
inactive form) in kinase reaction buffer. ‘I’ and ‘D’ indicate intact MBP-DvI2 and degraded MBP-DvI2 protein, respectively. The samples were
subjected to SDS-PAGE, followed by autoradiography. CBB, Coomassie brilliant blue staining; [*?P], autoradiography. (F) Left panels,
constructs used in (F, G). Right panels, MBP-DvI2(1-433) or DvI2(1-433)2140=2% (1.5pg of each protein) was incubated with GST-PIk1 in
kinase reaction buffer, followed by autoradiography. (G) MBP-DvI2(140-358) or DvI2(140-358)"2%* (1.5 ug of each protein) was incubated

with GST-PIk1 in kinase reaction buffer, followed by autoradiography.

(Figure 3C; Supplementary Figure S5C). Expression of GFP-
mouse (m)DvI2WT, which is resistant to siRNA against
human Dvl2, reduced the spindle angle in Dvl2-depleted
cells, but that of GFP-mDvI2™%" did not (Figure 3C).
Exogenous GFP-mDvI2%" and GFP-mDvI2™* in Dvl2-

depeleted cells were expressed at two-fold higher levels
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than endogenous GFP-mDvl2 (Supplementary Figure S6A).
GFP-mDvI2T2%4 Jocalized to the spindles and spindle poles
as well as GFP-mDvI2"T (Supplementary Figure S6B and C).
These results suggested that the phosphorylation of Dvl2
by Pkl is necessary for maintaining the correct spindle
axis.
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Figure 3 DvI2 regulates spindle orientation. (A) f-Tubulin was stained in control or Dvl2-depleted HeLaS3 cells, and the average relative astral
MT intensity was calculated. The intensities of the total MT area and the total spindle area were measured and the relative astral MT intensity is
expressed as the ratio of [(intensity of the total MT area) — (intensity of the spindle MT area)]/(intensity of the spindle MT area). Border between
astral MT and spindle MT was determined by spindle morphology and intensity threshold. The regions in white boxes are shown enlarged.
(B) Images of the mitotic control or Dvl2-depleted HeLaS3 cells were acquired every 3 min for 24 h. Mitotic cells were identified from the movie
pictures (Supplementary Movies 1 and 2), and then counted as ‘plane division’ (both daughter cells remained attached to the substratum after
cell division) or ‘angled division’ (one of two daughter cells failed to gain adhesion). (C) Top panels, scheme describing spindle angle (6)
measurement. Bottom panels, spindle angles were measured in HeLaS3 cells transfected with the indicated siRNA (si) or plasmids (+).
siDVL2 + mDvI2™T and siDVL2 + mDv12"%4 indicates Dvl2-depleted HeLaS3 cells expressing GFP-mDvI2"" and GFP-mDvI272°°*, respec-
tively. (D) Top panels, for visualizing the spindle in control or Dvl2-depleted cells, HeLa cells stably expressing GFP-EB3 was transfected with
each siRNA. At 72 h after transfection, imaging was started. Images of the mitotic control and Dvl2-depleted HeLaS3 cells were acquired every
3s (Supplementary Movies 3 and 4, respectively). Snap shots are shown at 15 s each. Bottom panels, the radial (R) of a metaphase cell and the
distance (D) from the centre to the proximal spindle pole in a metaphase cell were measured, and spindle displacement was expressed as a ratio
of D to R (n=065). Thirteen cells were captured by time-lapse imaging, and five snap shots were selected at 15s each from one cell. Scale bars
in (A), (B), and (D), 10 pm.

To observe the spindle displacement, living HeLa cells
stably expressing GFP-EB3 were used (Ban et al, 2009). EB3
is one of an MT plus-end-tracking protein (+ TIP) and can be
used to visualize the spindles. In control cells, spindles were
positioned in the centre of the cell (Figure 3D; Supplementary
Movie 3). In contrast, spindles failed to localize to the central
position in Dvl2-depleted cells (Figure 3D; Supplementary
Movie 4). Taken together, Dvl2 may be required for spindle
orientation but not for bipolar spindle formation.
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Dvi2 is involved in MT-KT attachment

To know the functions of Dvl2 in the plus-ends of spindle
MTs, whether DvI2 is required for stabilizing MT-KT attach-
ment was examined. EB1 staining was performed after cells
were treated with or without a low concentration (12 ng/ml)
of nocodazole, which reduces MT dynamics, but does not
disrupt bipolar spindle formation (Yasuda et al, 2004; Feng
et al, 2006). As EB1 tends to be concentrated to the MT plus-
ends, EB1 staining reveals MT-KT attachment clearly as

©2010 European Molecular Biology Organization
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Figure 4 Dvl2 regulates MT-KT attachment. (A) Control or Dvl2-depleted HeLaS3 cells were treated with or without a low concentration of
nocodazole (12ng/ml) in the presence of 10 uM MG132 (to arrest cells at metaphase), and the cells were stained with PI (grey), anti-EB1
(green; an MT plus-end marker) antibody, and ACA (red). The regions in white boxes are shown enlarged. (B) Control or DvI2-depleted HeLaS3
cells were treated with a low concentration of nocodazole (12 ng/ml) in the presence of 10 uM MG132 (to arrest cells at metaphase), and the
cells were stained with anti-p-tubulin (green) antibody (to observe K-fibres) and ACA (red). (C) Control or Dvl2-depleted living HeLa cells
expressing GFP-Cenp-A were arrested at metaphase by treatment with 10 pM MG132 for 1 h. Images of cells were captured every 3 s for 3 min.
Each KT pair was identified from the movie pictures and the inter-KT distance was measured (control, n =627 KT pairs; siDVL2, n= 586 KT
pairs). (D) The inter-KT distance of fixed HeLaS3 cells transfected with the indicated siRNAs (si) or plasmids (+ ) was measured at metaphase
(n=100 KT pairs). Each KT pair was carefully identified from Z-stack images from 0.2 um-thick sections of a cell. siDVL2 +mDvI2WT
and siDVL2 + mDvI2™%# indicate DvI2-depleted HeLaS3 cells expressing GFP-mDvI2™T and GFP-mDvI2™%#, respectively. (E) Lysates from
mitotic HeLaS3 cells were immunoprecipitated with anti-APC antibody, and immunoprecipitates were probed with anti-APC and anti-DvI2
antibody. Scale bars in (A), (B), and (C), 10 um.

compared with MTs stained with anti-B-tubulin antibody. EB1 (K-fibres) (Sillje et al, 2006). K-fibres disappeared in Dvl2-
is also known to be a representative marker for the rate of MT depleted cells treated with a low concentration of nocodazole,
nucleation activity (Piehl et al, 2004). Plus-ends of spindle whereas K-fibres in control cells were resistant to reduction
MTs were associated with the centromeres (ACA staining) on of spindle dynamics by nocodazole treatment (Figure 4B).
metaphase chromosomes in control HeLaS3 cells (Figure 4A). However, depletion of DvI2 alone did not affect the amount
The low concentration of nocodazole induced chromosome of spindle MTs (by assessment of B-tubulin staining), spindle
misalignment, but MT-KT attachment was not affected in pole distance (by assessment of y-tubulin staining when
control cells (Figure 4A). Chromosomes were misaligned on measuring the spindle angle), and MT nucleation activity
the metaphase plate with a failure of chromosome congres- (by assessment of EB1 staining) (Supplementary Figure S7).
sion in Dvl2-depleted cells (Figure 4A). In these cells, EB1 These results suggested that Dvl2 is required for generating
signals at the plus-ends of spindle MTs were slightly reduced, stable MT-KT attachment rather than regulating the stabiliza-
but still associated with KTs. Depletion of DvI2 enhanced a tion of MTs themselves in mitosis.
failure of chromosome congression and caused the dissocia- It is known that insufficient attachment for both MT-KT
tion of MTs from KTs in nocodazole-treated cells (Figure 4A). and astral MTs to the cell cortex causes a reduction in the
We also observed MTs using an anti-B-tubulin antibody pulling force from spindle MTs on KTs at metaphase
in the presence of a low concentration of nocodazole, because (Draviam et al, 2006; McCartney and Ndithke, 2008). To
mature MT-KT attachments stabilize MTs called kinetochore-fibres quantitate the inter-KT tension, the inter-KT distance was
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measured in live HeLa cells stably expressing GFP-Cenp-A
(Uchida et al, 2009) (Figure 4C). In control HeLa cells, the
inter-KT distance between sister KTs was 1.20 um at meta-
phase (Figure 4C; Supplementary Movie 5). By depleting
Dvl2, the inter-KT distance in metaphase chromosomes de-
creased to 0.79pum (Figure 4C; Supplementary Movie 6).
Similar observations were confirmed in fixed HeLaS3 cells
(Figure 4D). In addition, ectopic expression of GFP-mDvI2W*
in Dvl2-depleted HeLaS3 cells elongated the distance to the
same level as control cells, but that of DvI2™°** did not
(Figure 4D). These results suggested that Plkl-dependent
phosphorylation of Dvl2 is required for the regulation of
the effect on inter-KT distance.

The + TIPs mediate both the interaction of astral MTs with
the cell cortex and spindle MTs with KTs (Akhmanova and
Hoogenraad, 2005). APC, which functions as a component in
the Wnt signalling pathway, is a + TIP and also regulates
dynamics of MT plus-ends (McCartney and Nathke, 2008).
Consistent with previous observations, depletion of APC
reduced the inter-KT distance (Figure 4D; Supplementary
Figure S8). Phenotypic similarities between the depletion of
Dvl2 and APC suggested that both proteins interact function-
ally in mitosis. An interaction between Dvl and APC was
indeed observed in mitotic HeLaS3 cells (Figure 4E), and
expression of the armadillo domain of APC (APCA™ ),
which binds to endogenous Dvl and inhibits the binding of
Dvl2 and APC (Matsumoto et al, 2010), increased the spindle
angle (Figure 3C) and reduced the inter-KT distance
(Figure 4D). Taken together, the binding of Dvl2 to APC
might regulate the dynamics of MT plus-ends cooperatively
with APC in mitosis.

DvI2 is required for SAC activation through Mps1
activation

The cell population at prometaphase in mitosis was higher in
Dvl2-depleted cells than in control cells (Supplementary
Figure S9), whereas the mitotic index was not changed by
the depletion of DvI2 in HeLaS3 cells (Figure 5A). The SAC
ensures the accuracy of chromosome segregation during
mitosis, and components of the SAC accumulate at KTs
after treatment with MT poisons. As GFP-DvI2 accumulated
at the KTs after treatment with nocodazole (see Figure 1C),
we examined whether DvI2 functions in SAC. Depletion of
Dvl2 reduced the numbers of mitotic cells increased by the
treatment with nocodazole or taxol, which induce mitotic
arrest if the SAC is intact (Figure 5A). Expression of GFP-
mDvI2WT increased the mitotic index that was reduced in
nocodazole-treated Dvl2-depleted HeLaS3 cells (Figure SA).
GFP-mDvI2T2%4 could also rescue the phenotype in Dvl2-
depleted cells (Figure 5A), and GFP-mDv12™% localized to
the KTs when cells were treated with nocodazole as well as
GFP-mDvI2WT (Supplementary Figure S10A). The similar
findings were observed in U20S cells (Supplementary
Figure S10B). These results suggested that Dvl2 is required
for activation of the SAC in a Plk1-phosphorylation-indepen-
dent manner. Therefore, it is likely that Plk1-mediated phos-
phorylation of DvI2 is required for proper spindle positioning
and MT-KT attachment, but not for the SAC.

Mpsl is a KT-associated kinase, and autophosphorylation-
dependent activation of Mpsl is required for SAC (Abrieu
et al, 2001; Stucke et al, 2002; Liu et al, 2003; Vigneron et al,
2004; Kang et al, 2007; Jelluma et al, 2008a). Depletion of
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Dvl2 reduced mitotic autophosphorylation of Mpsl (the
upper band of Mpsl) (Figure 5B). Consistent with this
finding, the activation of Mps1l monitored by the phospho-
rylation of Cenp-A at serine 7 (Jelluma et al, 2008b) was also
decreased in Dvl2-depleted cells (Figure 5C). Depletion of
BubR1 did not decrease the level of phosphorylated Mpsl,
rather slightly increased the total amount of Mps1 (the sum of
upper and lower bands of Mps1) (Figure 5B; Supplementary
Figure S11A). Therefore, it is likely that Mpsl acts down-
stream of Dv12 and independent of or in parallel with BubR1.

The presence of SAC kinases Bubl and BubR1 at the KTs
was suggested to be necessary for the SAC (Taylor and
McKeon, 1997; Cleveland et al, 2003; Kiyomitsu et al, 2007;
Musacchio and Salmon, 2007). Although depletion of Dvl2
did not affect the protein levels of Bubl or BubR1
(Supplementary Figures S11B and S14A), their localization
to the KTs was reduced in DvI2-depleted cells even after SAC
activation by nocodazole treatment (Figure 5D). Expression
of GFP-mDvI2"T rescued this phenotype (Figure 5D;
Supplementary Figure S11C). As Hecl, an outer KT molecule,
was colocalized with ACA in Dvl2-depleted cells
(Supplementary Figure S11D), it is conceivable that depletion
of Dv12 did not affect the KT structure that provides a landing
platform for SAC proteins. Therefore, DvI2 may be required
for the recruitment of Bubl and BubR1 to the KTs.

Although Dvl2 formed a complex with Mpsl at endo-
genous levels in asynchronous HeLaS3 cells, the complex
dissociated in mitosis (Figure 5E), suggesting that the binding
itself may not be necessary for the activation of Mpsl. DvI2
did not form a complex with BubRl in mitosis
(Supplementary Figure S11E). Under the same conditions,
APC did not interact with Mps1 (Supplementary Figure S11F).
Taken together, DvI2 appears to be involved in the activation
of Mps1 and the localization of Bub1l and BubR1 to KTs, but it
is unlikely that DvI2 functions as a scaffold protein to recruit
Mpsl, Bubl, or BubR1.

LRP6 and Fz2 have a function in spindle orientation
Finally, it was examined whether Wnts and their receptors
are involved in Dvl2-mediated mitotic functions (Figure 6A).
Consistent with the previous report (Davidson et al, 2009),
the phosphorylation of LRP6 at S1490, through cyclin Y/Pftk,
was increased in mitosis (Figure 6B; Supplementary Figure
S12A). This phosphorylation is also known to be induced by
the stimulation of certain Wnts, such as Wnt3a (MacDonald
et al, 2009; Sakane et al, 2010; Sato et al, 2010). Another Wnt
receptor Fz2 has been shown to have a function in both the
B-catenin-dependent and -independent pathways in HeLaS3
cells (Sato et al, 2010). Depletion of Fz2 or DvI2 repressed
the phosphorylation of LRP6 at Ser1490 in mitosis (Figure 6B
and C), suggesting that the mitotic phosphorylation of LRP6
at S1490 is dependent on Fz2 and Dvl2. Although Dkkl
did not affect the phosphorylation of LRP6 at Ser1490
(Supplementary Figure S12B), whether a Wnt ligand is
involved in the phosphorylation of LRP6 is not known at
present (see Discussion). Depletion of Fz2 or LRP6 did not
affect mitotic phosphorylation of Dvl2 (Supplementary Figure
S12C), suggesting that the phosphorylation of DvI2 in mitosis
does not require these Wnt receptors.

To clarify the function of LRP6 and Fz2 in mitosis, the
spindle rotation in LRP6- or Fz2-depleted cells was examined.
Depletion of LRP6 or Fz2 increased the spindle angle,
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Figure 5 Dvl2 is involved in the SAC. (A) Left panel, control or DvI2-depleted HeLaS3 cells were treated with 100 ng/ml nocodazole or 10 nM
taxol for 24h and then stained with an anti-MPM2 antibody and PI. The ratios of mitotic cells (mitotic index) among >100 cells were
calculated. Right panel, GFP-mDvI2"" or GFP-mDv1272%4 was expressed in Dvl2-depleted HeLaS3 cells treated with 100 ng/ml nocodazole, and
the mitotic index was calculated after nocodazole treatment. (B) Control or Dvl2-depleted HeLaS3 cells were synchronized as shown in
Supplementary Figure S2B. Lysates from G1/S phase (G1/S) or mitotic phase (M) cells were probed with the indicated antibodies. -Actin was
used as a loading control. (C) Control or DvI2-depeleted HeLaS3 cells were treated with10 uM MG132 for 2 h, and then the cells were stained for
ACA (green) and phospho-Ser7 of Cenp-A (red). The peaked intensities of Cenp-A pS7 and ACA were measured at each KT, and the ratio of the
intensity of Cenp-A pS7 to ACA was calculated (control, n =141 KT pairs; siDVL2, n= 240 KT pairs). (D) Control cells, DvI2-depleted HeLaS3
cells, or Dvl2-depleted HeLaS3 cells expressing GFP-mDvl2 were treated with 200 ng/ml nocodazole for 1h to activate SAC. After antibody
reactions, DNA was stained with PI, and then mitotic cells were identified by condensed DNA. Peaked intensity of Bubl, BubR1, and ACA was
measured at each KT in mitotic cells, and the ratio of the intensity of BubR1 or Bub1 to ACA was calculated (n = 100 KT pairs). (E) Lysates from
asynchronous (A) and thymidine-nocodazole blocked (M) HeLaS3 cells were immunoprecipitated with the indicated antibodies, and the
immunoprecipitates were probed with anti-DvI2 and anti-Mps1 antibodies. Scale bar in (C) and (D), 10 pm.

whereas that of another Wnt receptor Ror2 or Wnt5a did
not affect the spindle angle (Figure 6D). Soluble Fz-related
protein2 (sFRP2) interacts with Wnts, thereby inhibiting
Wnt signalling (Kawano and Kypta, 2003). Overexpression
of Dkkl or addition of sFRP2-conditioned medium (CM)
increased the spindle angle (Figure 6D and E). Furthermore,
fibres of astral MTs were reduced in LRP6- or Fz2-depleted
cells as well as Dvl2-depleted cells (Figure 6F). Taken

©2010 European Molecular Biology Organization

together, LRP6 and Fz2 are involved in the regulation of
proper spindle axis. These Wnt receptors are thought to
activate the p-catenin pathway (Kikuchi et al, 2009;
MacDonald et al, 2009). However, ectopic expression of a
dominant-negative Tcf4 (TcfDN) (Tetsu and McCormick,
1999) did not affect spindle axis (Figure 6D), suggesting
that gene expression induced by p-catenin and Tcf/Lef
is not required for spindle orientation. Therefore, a novel
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Figure 6 Wnt receptors are involved in spindle orientation, but not in MT-KT attachment. (A) Outline of the Wnt signalling pathway.
(B) Mitotic cells of control, LRP6-depleted, or Fz2-depleted HeLaS3 cells were collected by mechanical shake-off after nocodazole treatment,
and then lysates from asynchronous (A) or mitotic cells (M) were probed with the indicated antibodies. CHC was used as a loading control.
(C) Control or Dvl2-depleted HeLaS3 cells were synchronized as in Supplementary Figure S2B. Lysates from G1/S phase (G1/S) and mitotic
phase (M) cells were probed with the indicated antibodies. p-Tubulin was used as a loading control. (D) The spindle axis of HeLaS3 cells
transfected with the indicated siRNAs (si) or plasmids (+ ) was measured as described in Figure 3C. (E) After HeLaS3 cells were treated with
control or sFRP2-conditioned medium (CM) for 22 h, the cells were arrested at metaphase by treatment with 10 uM MG132 for 2 h. Then, the
spindle axis of the cells was measured. (F) The average relative astral MT intensity in LRP6-depleted or Fz2-depleted cells was calculated.
(G) LRPG or Fz2-depleted HeLaS3 cells were treated with or without a low concentration of nocodazole (12 ng/ml) in the presence of 10 uM
MG132 and then stained for EB1, centromere (ACA), or DNA (PI). Scale bars in (G), 10 pm.

signalling pathway through LRP6, Fz2, and Dvl2 may be
involved in spindle orientation.

It was examined whether LRP6 and Fz2 are required for
MT-KT attachment. Depletion of LRP6 or Fz2 caused the
failure of chromosome congression at metaphase, but did
not abolish MT-KT attachment in the absence of nocodazole
(Figure 6G). Depletion of LRP6 or Fz2 enhanced the failure of
chromosomal congression in the cells treated with a low
concentration of nocodazole, and the percentage of cells
with misaligned chromosomes increased from 79 to 86%
(Figure 6G; Supplementary Figure S13A). However, it did
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not affect MT-KT attachment (Figure 6G). K-fibres were
resistant to reduction of spindle dynamics by the treatment
with a low concentration of nocodazole in LRP6- or Fz2-
depleted cells (Supplementary Figure S13B). These results
suggest that chromosome misalignment by depletion of Fz2
or LRP6 is not due to the failure in MT-KT attachment.
Depletion of LRP6 or Fz2 did not affect mitotic accumulation
of PIk1 (Figure 6B). Furthermore, depletion of LRP6 or Fz2
did not affect the SAC, because the number of mitotic cells
increased after nocodazole treatment in LRP6- or Fz2-depleted
cells as well as control cells (data not shown).
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Discussion

This study showed that depletion of DvI2 causes spindle mis-
orientation and reduces the inter-KT distance. Insufficient
MT-KT attachment was also observed in Dvl2-depleted cells.
In addition, Dvl2 was required for SAC activation. These
results suggest that DvI2 has functions in mitotic progression.

There are three homologues of the Dvl family in mammals
(Wharton, 2003). HeLaS3 cells expressed three Dvls, Dvll,
Dvl2, and Dvl3 (Supplementary Figure S14A). Depletion of
either Dvll, Dvl2, or Dvl3 alone generated abnormalities in
the spindle axis (Supplementary Figure S14B) and the failure
of SAC activation (Supplementary Figure S14C), and the
extent of the phenotypes by depletion of all of Dvll, Dvl2,
and Dvl3 was similar to that by the depletion of DvI2 alone
(Supplementary Figure S14B and C). As the efficiency of the
depletion of each Dvl was >90% (Supplementary Figure
S14A), it is conceivable that Dvls do not act on these mitotic
functions redundantly. Dvls may function as a heterotrimer,
because it was shown that Wnt3a-dependent transcription
was suppressed by depletion of either of Dvl1, Dvl2, or DvI3
and that Dvll and Dvl3 are found in a Dvl2 immunoprecipi-
tation (Lee et al, 2008). Therefore, the cells in which DvI2
was depleted were used in this study.

Impact of DvI2 on spindle orientation, MT-KT
attachment, and SAC activation

Spindle misorientation may be caused by insufficient attach-
ment of the astral MT plus-end to the cell cortex, because
depletion of + TIPs, such as EB1 and APC, or cortical factors,
such as Myosin X and B;-integrin, has been reported to cause
spindle misorientation (Draviam et al, 2006; Toyoshima and
Nishida, 2007). Therefore, Dvl2 may be involved in the
attachment of the astral MT plus-end to the cell cortex. The
dynamics of MT plus-ends are also essential for the establish-
ment of MT-KT attachment (Akhmanova and Hoogenraad,
2005; Tanaka et al, 2005). PIk1 is known to phosphorylate KT
components including BubR1 and regulates the establish-
ment of MT-KT attachment (Elowe et al, 2007; Matsumura
et al, 2007). Our results showed that depletion of DvI2
suppresses the recruitment of Bubl and BubR1 to the KTs.
As the loss of these proteins at the KTs affects MT-KT
attachment (Lampson and Kapoor, 2005; Meraldi and
Sorger, 2005), it is also possible that the phenotypes in
Dvl2-depleted cells might be due to the failure in the con-
stitution of the KTs. Dvl2 was found to be a substrate of Plk1l
in mitosis, and T206 of Dvl2 was identified as a phosphoryla-
tion site. Ectopic expression of DvI2™2%®* could not rescue
the abnormal spindle angle and inter-KT distance in Dvl2-
depleted HeLaS3 cells, suggesting that the phosphorylation of
Dvl2 by PIk1 is necessary for the proper spindle positioning
and MT-KT attachment through regulating the dynamics of
MT plus-ends.

How does DvI2 regulate the dynamics of MT plus-ends in
mitosis? APC is known to regulate the stability of MTs by
binding to them (McCartney and Néthke, 2008). It has been
shown that Dvl2 forms a complex with APC and is involved
in the dynamics of MT plus-ends in interphase (Matsumoto
et al, 2010). The interaction between APC and Dvl2 was
confirmed in mitosis in this study. In addition, the inhibition
of APC and Dvl2 because of the expression of APCA™*
disturbed the spindle angle and the inter-KT distance.
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Therefore, if Dvl localized to the cell cortex or KTs associates
with APC at the plus-end of mitotic spindles and the biding of
both proteins are necessary for the stabilization of spindles,
Dvl2 may regulate the dynamics of MT plus-ends coopera-
tively through the interaction with APC. The spindle pole
distance and the intensity of the spindle staining with an anti-
B-tubulin antibody in Dvl2-depeleted cells were similar to
those in control cells. These results support that DvI2 is
involved in the dynamics of MT plus-ends rather than in
the stabilization of MTs themselves.

The SAC monitors the interaction between KTs and spindle
MTs. This study showed that the SAC is only partially active
in DvI2-depleted cells. Mps1 is an important player in that it
is required for the localization of other SAC kinases to the KTs
in Xenopus (Abrieu et al, 2001; Vigneron et al, 2004).
However, there are different arguments in this activity of
Mpsl in human cells (Liu et al, 2003; Kang et al, 2007). The
present results showed that the depletion of Dvl2 decreases
Mps1 activity. Dvl2 was found to form a complex with Mps1
in the interphase, whereas this complex dissociated in mito-
sis. Therefore, the binding to Dvl2 may not be necessary for
the activation of Mpsl in mitosis. However, how DvI2 is
involved in the regulation of Mps1 is not known at present.

It has been shown that KT localization of Bubl and
Blinkin-dependent KT localization of BubR1 are required
for the SAC (Taylor and McKeon, 1997; Kiyomitsu et al,
2007). Taken together with observations that Dv12 is required
for the KT localization of Bubl and BubR1, Dvl2 appears to
be involved in the activation of Mps1, and DvI2 dissociated
from Mpsl may attach to the KTs and be involved in the
recruitment of Bubl and BubR1 to the KTs. Dvl2T2%4 could
rescue an SAC defect as well as DvI2™T (see Figure 5A),
suggesting that Plkl-dependent phosphorylation of Dvl2 is
dispensable for SAC activation. Indeed, the SAC was pre-
viously shown to be active in Plkl-depleted cells, with
checkpoint proteins still associated with KTs (Sumara et al,
2004; van Vugt et al, 2004; Elowe et al, 2007; Lénart et al,
2007; Santamaria et al, 2007). Therefore, Dvl2 has two
distinct mitotic functions, the regulation of proper spindle
positioning and MT-KT attachment in a Plk1-dependent man-
ner and the SAC in a PlIkl-independent manner.

Whnt signalling and mitosis
It has been shown that LRP6 is phosphorylated at Ser1490
by the mitotic cyclin Y and Pftk complex and thereby the
B-catenin-dependent pathway is active and effective in
mitosis (Davidson et al, 2009). However, how Wnt signalling
is involved in the regulation of mitotic progression is not
clear at the moment. Wnt activates B-catenin-dependent and
independent pathways and Dvl mediates both pathways
(Wharton, 2003; Kikuchi et al, 2009). It is unlikely that the
B-catenin-independent pathway is involved in the functions
of Dvl in spindle orientation, because depletion of Wnt5a and
Ror2, which are a representative ligand and receptor that
activate the B-catenin-independent pathway (Green et al,
2008; Kikuchi et al, 2009), did not affect the spindle axis.
LRP6, Fz2, and Dkk1 were involved in the regulation of the
spindle axis. Although these molecules are known to regulate
the B-catenin-dependent pathway, a dominant-negative form
of Tcf4 did not affect the spindle axis, suggesting that there
may be a novel pathway through LRP6-Fz2-DvI2 to regulate
the spindle axis beyond transcriptional activation. GSK3f3 and
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B-catenin act downstream of Dvl; however, whether the novel
pathway is linked to these molecules in mitosis is not known
at present. As depletion of LRP6 or Fz2 did not affect MT-KT
attachment or mitotic index in the presence of nocodazole,
this pathway could not be involved in the SAC.

Dkkl did not affect mitotic phosphorylation of Dvl2.
Consistent with this finding, depletion of LRP6 or Fz2 did
not affect mitotic phosphorylation of Dvl2. Therefore, it is
intriguing to speculate that mitotic phosphorylation of DvI2 is
dependent on PIkl, but independent of Wnt signalling.
However, because the phosphorylation of Dvl was assessed
using a mobility shift on an SDS-gel, we cannot exclude the
possibility that Wnt induces the phosphorylation of Dvl,
which is not indicated as a mobility shift. Although Dkk1
inhibits GSK3- or casein kinase Iy-mediated LRP6 phoshor-
ylation at Ser1490 or Thr1479 in response to Wnt3a in
interphase cells (Sakane et al, 2010), Dkkl did not affect
LRP6 phosphorylation at Ser1490, but inhibited the phos-
phorylation at Thr1479 slightly in mitosis (see Supple-
mentary Figure S12B). As Ser1490 of LRP6 is phosphorylated
by cyclin Y/Pftkl in mitosis (Davidson et al, 2009), the
reason for the failure of Dkk1 to inhibit the LRP6 phospho-
rylation might be due to that Ser1490 of LRP6 is phospho-
rylated by cyclin Y/Pftk more dominantly than a Wnt signal.
However, it is still possible that Wnt-dependent phospho-
rylation of LRP6 is inhibited by Dkkl in mitosis, because
LRP6 is phosphorylated at other threonine and serine resi-
dues (Davidson et al, 2005; MacDonald et al, 2009).

Here, we showed that Dvl2 is involved in the regulation of
faithful mitotic progression through the following mechani-
sms (Figure 7). First, appropriate spindle orientation regu-
lated by Dvl2 depends on Plk1-dependent phosphorylation of
Dvl2 and Wnt receptor-mediated novel signalling. Second,
MT-KT attachment regulated by Dvl2 requires Plk1-dependent
phosphorylation of Dvl2, but not Wnt receptors. Last, SAC
activation by Dvl2 is independent of both Plkl and Wnt
receptors. The present results provide a new concept that
Dvl2 is a regulator for faithful mitotic progression.

Materials and methods

Reagents and antibodies

HeLa cells stably expressing GFP-EB3 or GFP-Cenp-A were provided
by K Urano and T Hirota (Ban et al, 2009; Uchida et al, 2009). CM
containing sFRP2 was prepared and Dkk1-FLAG was purified from
CM as described previously (Kurayoshi et al, 2006; Sakane et al,
2010). MG132, nocodazole, paclitaxel, thymidine, fibronectin, and
poly-L-lysine were from Calbiochem and Sigma-Aldrich. All of the
primary antibodies used in this study are listed in Supplementary
Table S1. Secondary antibodies coupled to horse radish peroxidase
were purchased from Jackson ImmunoResearch Laboratories.
Secondary antibodies coupled to AP were purchased from Promega.
Secondary antibodies used for immunofluorescence were from
Molecular Probes. All of the siRNAs used in this study are listed in
Supplementary Table S2.

Cell culture, synchronization, and transfection

HeLaS3 or U20S cells were maintained in DMEM supplemented
with 10% FBS and penicillin-streptomycin. For cell staining and
image analysis, cells were seeded on fibronectin- or poly-L-lysine-
coated coverslips. HEK293 cells were maintained in DH10 medium
supplemented with 10% FBS and penicillin-streptomycin. Methods
for plasmid transfection and siRNA were described previously
(Niikura et al, 2006). Synchronization of cells was performed by
treatment with 100ng/ml nocodazole for 16h (Figure 2A-D) or
10 uM MG132 for 2 h (Figures 3A, C, 4D, 5C, 6D-F; Supplementary
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Figure 7 Possible model for mitotic functions of DvI2. (A) Spindle
orientation regulated by Dvl2 depends on Plkl-dependent phos-
phorylation of Dvl2 and on Wnt receptors. (B) MT-KT attachment
regulated by Dvl2 requires Plkl-dependent phosphorylation of
Dvl2, but not Wnt receptors. (C) SAC activation by DvI2 is inde-
pendent of both Pkl and Wnt receptors.

Figures S5C, S7A, and S7B). For the thymidine-nocodazole block
(Figures 4E, 5E and 6B; Supplementary Figures S2A, S11E, S11F, and
S12C), HeLaS3 cells at 40% confluency were washed twice with
phosphate-buffered saline (PBS), and medium containing 2 mM
thymidine was added for 24h (G1/S phase block). After the
thymidine block, thymidine was removed by washing three times
with PBS, and fresh medium was added for 3 h to release the cells.
After the cells were released from the thymidine block, 100 ng/ml
nocodazole was added into the medium for 12h (mitotic block).
After the nocodazole block, mitotic cells were collected by
mechanical shake-off, nocodazole was removed by washing three
times with PBS, and fresh medium was added to release the cells.
For the double-thymidine-MG132 block (Figures 5B and 6C;
Supplementary Figures S2C, S11A, S11B, and S12B), HeLaS3 cells
at 25-30% confluency were washed twice with PBS, and medium
containing 2 mM thymidine was added for 18h (first block). After
the first thymidine block, thymidine was removed by washing three
times with PBS, and fresh medium was added for 9 h to release the
cells. Then, medium containing 2 mM thymidine was added for 17h
(second block). After the second block, thymidine was removed by
washing three times with PBS, and the cells were released by adding
fresh medium. Then, the cells were arrested at metaphase by
treatment with 10 uM MG132 for 2h at 7.5h after release from a
double-thymidine block. After the MG132 block, mitotic cells were
collected by mechanical shake-off.

Cell staining and image analysis

Methods for immunofluorescence were described previously
(Niikura et al, 2006; Toyoshima and Nishida, 2007). For staining
of GFP-Dvl2, U20S or HeLaS3 cells expressing GFP-Dv12 were fixed
with 100% methanol for 30 min at —20°C. The cells were washed
three times with PBS, and blocked for 20 min with 1% BSA in PBS
including 0.05% Tween-20 (PBST). The cells were then incubated
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with anti-GFP and other antibodies for 2 h at room temperature (RT)
or overnight at 4°C. After the cells were washed three times with
PBS, they were incubated with the fluorescent secondary anti-
bodies, Alexa Fluor 488, Alexa Fluor 546, or Alexa Fluor 633
(Invitrogen) for 1h at RT. Coverslips were washed extensively with
PBS and then mounted in 50% glycerol containing propidium
iodide (PI) (Wako, Japan) and RNase A (Sigma-Aldrich) to stain the
DNA. All processing and measurements were carried out using an
LSMS510 system with Axiovision (Carl Zeiss, Germany), except for
time-lapse images. For time-lapse imaging, we used an inverted
microscope (IX81; Olympus, Japan). Supplementary Movies 3-6
were captured every 3 s for 3 min, and Supplementary Movies 1 and
2 were captured every 3 min for 24 h (Supplementary Movies 1-6
were started at 72 h after siRNA transfection). Images were treated
with MetaMorph software (MDS Analytic Technologies) and ImageJ
(National Institutes of Health).

Measurement of spindle axis

Coverslips coated with fibronectin were used. For double staining of
B-tubulin and y-tubulin, cells were fixed with 100% methanol for
30min at —20°C. Cells were washed twice with PBS and blocked for
20min with 1% BSA in PBST. Cells were stained with mouse anti-
B-tubulin and rabbit anti-y-tubulin antibodies (Sigma). After the
primary antibody reaction, the cells were counterstained with Alexa
Fluor633-goat anti-mouse and Alexa Fluor488-goat anti-rabbit IgG
antibodies (Molecular Probes). DNA was stained using PI/RNase
treatment. On the basis of y-tubulin intensity, the linear distance
and the vertical distance between the two poles of the metaphase
spindles were measured by taking Z-stack images from 0.2 pm-thick
sections of a metaphase cell. The spindle angle between the axis of
a metaphase spindle and that of substrate surface was calculated
with an inverse trigonometric function. All processing and measure-
ments were carried out using an LSM510 system with Axiovision.

Measurement of spindle displacement

For visualizing the spindles in control or DvI2-depleted cells, HeLa
cells stably expressing GFP-EB3 was transfected with each siRNA,
and at 72 h after transfection, imaging was started in the presence of
10 uM MG132 to arrest the cells at metaphase. Images of the mitotic
control or DvI2-depleted HeLaS3 cells were acquired every 3s for
3 min. Radial (R) of a metaphase cell and distance (D) from the centre
to the proximal spindle pole in a metaphase cell were measured and
spindle displacement was expressed as a ratio of D to R.

Measurement of astral MT intensity

Coverslips coated with fibronectin were used. The methods for cell
fixation and B-tubulin staining were described previously (Thoma
et al, 2009). Cells were pre-extracted with PHEM buffer (60 mM
Pipes-NaOH at pH 6.9, 25 mM Hepes-NaOH at pH 6.9, 10 mM EGTA,
and 4 mM MgSO,) including 0.5% Triton X-100 and 5 uM fresh taxol
for 1 min, and then fixed for 5min with cold methanol at —20°C
before staining with an anti-p-tubulin antibody. Relative astral MT
intensity was calculated by the following equation: relative astral
MT intensity = [(intensity of the total MTs area)— (intensity of the
spindle MT area)]/(intensity of the spindle MT area) (Thoma et al,
2009). All processing and measurements were carried out using an
LSM510 system with Axiovision.
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