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X-dependent manner
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The orientation of mitotic spindles is tightly regulated in
polarized cells, but it has been unclear whether there is a
mechanism regulating spindle orientation in nonpolarized
cells. Here we show that integrin-dependent cell adhesion
to the substrate orients the mitotic spindle of nonpolarized
cultured cells parallel to the substrate plane. The spindle is
properly oriented in cells plated on fibronectin or collagen,
but misoriented in cells on poly-L-lysine or treated with
the RGD peptide or anti-f1-integrin antibody, indicating
requirement of integrin-mediated cell adhesion for this
mechanism. Remarkably, this mechanism is independent
of gravitation or cell-cell adhesion, but requires actin
cytoskeleton and astral microtubules. Furthermore, myo-
sin X and the microtubule plus-end-tracking protein EB1
are shown to play a role in this mechanism through
remodeling of actin cytoskeleton and stabilization of astral
microtubules, respectively. Our results thus uncover the
existence of a mechanism that orients the spindle parallel
to the cell-substrate adhesion plane, and identify crucial
factors involved in this novel mechanism.

The EMBO Journal (2007) 26, 1487-1498. do0i:10.1038/
sj.embo0j.7601599; Published online 22 February 2007
Subject Categories: cell & tissue architecture; cell cycle
Keywords: cell-substrate adhesion; EB1; integrin; myosin X;
spindle orientation

Introduction

Orientation of the mitotic spindle along the predetermined
axis plays an important role in embryogenesis, neurogenesis,
and asymmetric cell division. As was first recognized by
Sachs, and later by Hertwig, a mitotic spindle tends to
place itself in the center of a cell and the axis of the spindle
typically lies in the longest axis of the cell (the rules of Sachs
and Hertwig) (Wilson, 1925; Rappaport, 1996). Thus, the cell
geometry should be one of a determinant for spindle orienta-
tion and positioning because this defines the center and the
long axis of the cell.
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In polarized cells, such as cells in epithelial tissues, how-
ever, cortical cues, rather than cell geometry, strictly regulate
spindle orientation. The epithelial cells divide -either
parallel or perpendicular to the epithelial plane. In each
type of cell division, the dividing cells orient their mitotic
spindle along the planar axis or the apical-basal axis, respec-
tively (Lamprecht, 1990; Reinsch and Karsenti, 1994). In
Drosophila neuroectoderm, adherens junctions are crucial
for the spindle orientation along the planar axis (Lu et al,
2001). Mammalian cultured MDCK cells, which develop
apico-basal polarity and form the epithelial-like sheet of
monolayer, maintain tight junctions throughout mitosis
(Reinsch and Karsenti, 1994). Interaction of astral micro-
tubules with cortical factors is important for spindle orienta-
tion and positioning in polarized cells. This interaction is
mediated by a protein family, so called + Tips, which
includes EB1, adenomatous polyposis coli (APC) tumor
suppressor, and dynein (Schuyler and Pellman, 2001;
Mimori-Kiyosue and Tsukita, 2003; Gundersen et al, 2004).
It is believed that cell-cell adhesion provides a cortical planar
cue to orient the mitotic spindle parallel to the epithelial
plane by regulating the interaction of astral microtubules
with cortex in a + Tips-dependent manner (Bienz, 2001).

In nonpolarized cultured cells, it is reported that the
spindle orients along the long cell axis and is positioned in
the center of the cell in accordance with the rules of Sachs
and Hertwig, in a + Tips-dependent manner (O’Connell and
Wang, 2000; Rogers et al, 2002; Green and Kaplan, 2003).
Thus, cell shape might be a determinant for spindle orienta-
tion and positioning in nonpolarized cultured cells. These
mechanisms may ensure that the cytokinesis occurs along the
short axis of the cells and that the size of two daughter cells
should be same. When nonpolarized adherent cells, such as
HeLa cells, are plated on a culture dish, they proliferate and
divide on the surface of the dish, leading to formation of the
sheet of cell monolayer. However, there has been no study
investigating how the orientation of this anchorage-depen-
dent cell division is regulated. In this study, we have found
that the mitotic spindles are oriented along the axis parallel
to the cell-substrate adhesion plane in nonpolarized cells. In
contrast to the spindle orientation in polarized epithelial
cells, which depends on cell-cell adhesion, this mechanism
is independent of cell-cell adhesion, but dependent on
integrin-mediated cell-substrate adhesion. This mechanism
requires EB1 and myosin X, which are involved in stabiliza-
tion of astral microtubules and actin reorganization during
mitosis, respectively. Our results reveal the novel mechanism
for spindle orientation that orients the spindle along the axis
parallel to the cell-substrate adhesion plane in nonpolarized
adherent cells. This mechanism for spindle orientation may
ensure that both daughter cells remain attached to the sub-
strate after cell division, and thus could contribute to the
anchorage-dependent proliferation of adherent cells.
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Results

Mitotic spindles are oriented parallel to the substrate
surface

In our microscopic observation of normal mitosis of HeLa
cells on a coverslip, both spindle poles in a spindle were on
the same focal plane, indicating the orientation of the spindle
parallel to the surface of the coverslips. However, when the
cells were released from the nocodazole-induced prometa-
phase arrest, the two spindle poles in a spindle were often on
a different focal plane owing to the alignment of the mitotic

spindle along the axis tilted to the surface of the coverslip
(see Figure 1B). This observation prompted us to examine the
possibility that there is a mechanism that orients the spindle
parallel to the substrate surface in nonpolarized cells such as
HeLa cells. To examine the spindle orientation in HeLa cells,
Z-stack images were taken from 0.5pum-thick sections of
metaphase cells, which were immunostained with anti-y-
tubulin, anti-a-tubulin antibodies, and Hoechst (FigurelA,
right), and the linear distance and the vertical distance
between the two poles of the metaphase spindles
(Figure 1A, left, X pm and Y pm, respectively) was measured.
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Figure 1 Mitotic spindles are oriented parallel to the substrate surface. (A) The spindle orientation analysis. The linear distance (left, X pm)
and the vertical distance (left, Y pm) between the two poles of the metaphase spindles was measured by taking Z-stack images from 0.5 pm-
thick sections of a metaphase cell, which was plated on a fibronectin-coated coverslip, synchronized in M phase, and immunostained with
a-tubulin (red), anti-y-tubulin (green), and Hoechst (blue) (right). The angle (spindle angle) between the axis of a metaphase spindle and that
of substrate surface (left, «°) was calculated with inverse trigonometric function (left). (B) Distribution of spindle angles in control cells and the
cells released from the nocodazole arrest. Metaphase cells were classified in terms of the spindle angle, and the percentages of each categories
are shown in a histogram (n=50). The inset graph shows the average spindle angles (mean+s.d.; n=50). *£<0.005, as compared with the
control, analyzed by F-test. (C) HeLa cells were plated on a fibronectin-coated coverslip and were synchronized in S phase by a double-
thymidine block. Immediately after the release, the coverslip was kept horizontal or set up perpendicularly, incubated for 10 h, and then fixed
(upper). Distribution (histogram; n=50) and the average (inset; mean+s.d.; n=>50) of spindle angles are shown (bottom).
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Then, the angle between the axis of a metaphase spindle
and that of the substrate surface (Figure 1A, left, a°, which is
termed the spindle angle) was calculated. We confirmed that
cells were in metaphase when their chromosomes were
aligned on a metaphase plate. We analyzed 50 metaphase
cells in each condition and found that the spindle angle falls
within 10° in more than 90% of the control cells, but in less
than 40% of the cells, which were released from the noco-
dazole arrest (Figure 1B). The average spindle angles were
4.2° and 20.4°, respectively, in control cells and the cells
released from the nocodazole arrest. Therefore, the spindle
is oriented parallel to the substrate surface in control cells but
severely misoriented in cells released from the nocodazole
arrest. If spindle orientation depends on gravitation, the
spindle angle should be increased when a coverslip (that is,
the substrate surface) is set up perpendicularly. The result
showed that the spindle angle was not increased at all when a
coverslip was set up perpendicularly (Figure 1C), indicating
that the spindle orientation is independent of gravitation.

Integrin-mediated cell-substrate adhesion is required
for the spindle orientation parallel to the substrate
surface

In polarized epithelial cells, cell-cell adhesion provides a
planar cue to orient the spindle parallel to the epithelial
plane (Bienz, 2001; Lu et al, 2001). To investigate whether
cell-cell adhesion is required for proper spindle orientation in
HeLa cells, synchronized HeLa cells were diluted enough to
avoid cell-cell adhesion and plated on a fibronectin-coated
coverslip (Figure 2A, left). Sparse cultures as well as semi-
confluent cultures showed the properly oriented spindle
parallel to the substrate surface (Figure 2A, right), indicating
that cell-cell adhesion is not required for proper spindle
orientation in HeLa cells. We then examined possible require-
ment of cell-substrate adhesion for spindle orientation. To
test this, synchronized HeLa cells were plated on a coverslip
coated with poly-L-lysine, an artificial substrate which does
not bind to integrin (Machesky and Hall, 1997) or fibronectin
or collagen, both of which are integrin-binding extracellular
matrix components and facilitate integrin-dependent cell-
substrate adhesion. The spindles were properly oriented in
cells on fibronectin or collagen, but misoriented in cells on
poly-L-lysine; the average spindle angles were 9.7°, 3.6°, and
17.7°, respectively, in cells on fibronectin, collagen, and
poly-L-lysine (Figure 2B, left). The average spindle length
was 13.2 um in the cells on fibronectin. The spindle lengths
were hardly changed in the cells on each substrate; 5.7%
increase and 8.4% decrease, respectively, in cells on collagen
and poly-L-lysine, compared to that in cells on fibronectin
(Supplementary Figure S1A). To examine whether the effects
on spindle angle are owing to indirect effects of spread basal
area, we compared the spindle angle in the cells that spread
to equal extents on poly-L-lysine, fibronectin, and collagen
(Figure 2, upper right), by measuring both the spindle angle
and the basal area of each metaphase cell. We analyzed 50
metaphase cells in each condition. The result showed that the
spindles were properly oriented in cells that spread to equal
extents on fibronectin or collagen, but misoriented in cells on
poly-L-lysine (Figure 2B, bottom right), indicating that the
effects on spindle angle are not due to indirect effects of
spread basal area. When HeLa cells were plated on fibronec-
tin in the presence of the RGD peptide, which is known to
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inhibit integrin-fibronectin interaction (Pierschbacher and
Ruoslahti, 1984; Yamada and Kennedy, 1984), or a control
RAD peptide, spindles were severely misoriented in the
presence of the RGD peptide, but not in the presence of a
control peptide (Figure 2C, left), even when the cells were
spread to equal extents on fibronectin (Figure 2C, middle).
The RGD peptide treatment hardly changed the spindle
length, compared to the control RAD peptide (8.8% increase)
(Supplementary Figure S1B). To examine the effect of cell
width on the spindle orientation, we measured the cell length
along the long cell axis at midsection in metaphase cells. No
statistically significant difference in the average cell length at
midsection was observed between the cells treated with the
RGD peptide and a control peptide (Figure 2C, right), indicat-
ing that the effect of the RGD peptide on spindle angle is not
due to indirect effect of cell width. Treatment with anti-p1
integrin antibody, which inhibits integrin-mediated adhesion
(Wang et al, 2003), but not with the blocking antibodies
against B3 integrin or aVB6-integrin, both of which also bind
fibronectin, resulted in misorientation of the spindles in the
cells on fibronectin (Figure 2D). Downregulation of (1
integrin by siRNA also resulted in severe misorientation of
spindles (Figure 2E). Treatment with anti-B1 integrin anti-
body and PB1 integrin siRNA hardly changed the spindle
length, compared to the controls (9 and 3% decrease, respec-
tively) (Supplementary Figure S1C and D). To test whether
the integrin-dependent mechanism for spindle orientation
exists in nontransformed cells, we used NRK cells. As in
HeLa cells, the spindles were properly oriented in NRK cells
on fibronectin both in the presence and absence of cell-cell
adhesion (Figure 2F). When the cells were plated on fibro-
nectin, in the presence of the RGD peptide, the spindles were
severely misoriented, but not in the presence of RAD peptide
(Figure 2G). These results demonstrate that integrin-
mediated cell-substrate adhesion is required for the proper
spindle orientation in both HeLa cells and nontransformed
NRK cells. Moreover, the time-lapse images of HeLa cells
expressing histone 2B fused to green fluorescent protein
(GFP-H2B) showed that the cells cultured in three dimensions
by totally embedding the cells in a gel of reconstituted base-
ment membrane matrix displayed random spindle orientation
and separated their chromosomes along the axis of their
spindles oriented randomly (Figure 3A and B, 3-D, and
Supplementary Movie 2, 3, and 4), whereas the cells cultured
on top of a matrix gel oriented their spindles parallel to the
substratum (Figure 3A and D, 2-D and Supplementary Movie
1), indicating that the cell-substrate-adhesion-dependent
mechanism for spindle orientation is functioning in cells in
a three-dimensional situation.

Actin cytoskeleton is required for the spindle
orientation parallel to the substrate surface

Integrin couples extracellular matrix with actin cytoskeleton
and plays an important role in reorganization of actin archi-
tecture (Geiger et al, 2001; DeMali et al, 2003). To examine
involvement of actin cytoskeleton in the spindle orientation,
synchronized HeLa cells in G2 phase, which were plated
on fibronectin, were treated with latrunculin B (Lat B), an
inhibitor of actin polymerization (Spector et al, 1983). The
spindles were misoriented in cells treated with Lat B; the
spindle orientation became almost random (Figure 4A, left).
Essentially the same degree of the spindle misorientation was
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observed in cells treated with cytochalasin D (data not
shown). The treatment with Lat B hardly changed the spindle
length (0.8% increase, compared to the cells treated with
DMSO) (Supplementary Figure S1E). To examine the effect of

cell height on the spindle orientation, we measured the cell
height by taking Z-stack images from 0.5 pm-thick sections of
metaphase cells, which were stained with DHCC to visualize
plasma membranes. The normalized values for the average
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spindle angle per the average cell height were 1.0, 1.4, and
5.2, respectively, in control, DMSO-treated, and Lat B-treated
cells (Figure 4A, middle). The spindles were properly
oriented in cells that spread to equal extents on fibronectin
in control and DMSO-treated cells, but misoriented in Lat
B-treated cells (Figure 4A, right). The Lat B treatment hardly
changed the average cell length at midsection of the meta-
phase cells (Figure 4A, right, inset). Thus, the effect of Lat
B-treatment on spindle angle is not due to indirect effects of
cell height, spread basal area, or cell width. Next, synchro-
nized HeLa cells in M phase, which were obtained by
incubating prometaphase cells with MG132, a proteasome
inhibitor (Kisselev and Goldberg, 2001), were treated with Lat
B. This also induced spindle misorientation (Figure 4B). This
result indicates that disruption of actin cytoskeleton even
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after the mitotic entry is able to induce spindle misorienta-
tion. Astral microtubules and kinetochore microtubules ap-
peared to be normally formed in Lat B-treated cells (data not
shown). To further show the integrity of spindle assembly in
Lat B-treated cells, localization of BubR1 was investigated
with anti-BubR1 antibody. BubR1 is known to localize to
kinetochores unattached to microtubules and dissociate from
kinetochores when microtubules attach to kinetochores
(Hoffman et al, 2001). Thus, BubR1 localizes to kinetochores
during prometaphase and dissociates at metaphase. In Lat
B-treated cells, BubR1 localized to the kintochores during
prometaphase, and its kintochore localization was lost
at metaphase (Supplementary Figure S2). This behavior of
BubR1 is normal, indicating that the spindle assembly of
the misoriented spindle in Lat B-treated cells is intact. The
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Figure 3 The cell-substrate adhesion regulates spindle orientation in the cells cultured in three dimensions. (A) Time-lapse images of the
mitotic GFP-H2B-expressing HeLa cells that were cultured on top of (2-D) or within (3-D) a gel of a basement membrane matrix. The merge
images of phase contrast and GFP-H2B are shown. For 3-D culture, three typical images of the cells are shown; the axes of the spindles were
parallel (3-D, upper), tilted (3-D, middle), or perpendicular (3-D, bottom) to the horizontal plane. (B) Percentage of the cells that separate their
chromosomes along the axis of their spindles which is tilted or perpendicular to the horizontal plane (2-D; n =72, 3-D; n=34).

Figure 2 Integrin-mediated cell-substrate adhesion is required for the spindle orientation parallel to the substrate surface. (A) Synchronized
HelLa cells were plated on the fibronectin-coated coverslips immediately after the release from a double-thymidine block with dilution by 10
(Sparse) or without dilution (semiconfluent), incubated for 10h, and subjected to the spindle orientation analysis (right, histogram; n=>50,
inset; mean+s.d.; n=>50). The images of the cells stained with anti-a-tubulin antibody (red), anti-y-tubulin antibody (green), and Hoechst
(blue) are shown in the left. In sparse culture, the spindle angles were measured in cells that had no cell-cell contacts. (B) Synchronized HeLa
cells were diluted by 10, and plated on the coverslips coated with fibronectin, collagen, or poly-L-lysine, and subjected to the spindle orientation
analysis (left, histogram; n =50, inset; mean+s.d.; n=50). *P<0.025, as compared with fibronectin, analyzed by F-test. Spindle angles were
plotted as a function of basal area (right bottom, n=50). The merge images of phase contrast, a-tubulin (green), and Hoechst (blue) of a
metaphase cell on each substrate are shown in the right upper. (C) Synchronized HeLa cells were plated on the fibronectin-coated coverslip
without dilution in the presence of the GRGDNP peptide (RGD) or the GRADSP peptide (RAD), and subjected to the spindle orientation analysis
(left, histogram; n =50, inset; mean+s.d.; n=>50). *P<0.005 as compared with controls RAD, analyzed by F-test. Spindle angles were plotted
as a function of basal area (middle, n = 50). The average cell width at midsection of metaphase cells was measured (right, mean+s.d.; n =>50).
(D) Synchronized HeLa cells were plated on the fibronectin-coated coverslip without dilution in the presence of mouse IgG, or adhesion-
blocking antibodies against B1 integrin, B3 integrin, or aVB6 integrin, and subjected to the spindle orientation analysis (histogram; n=>50,
inset; mean+s.d.; n=>50). *P<0.001, **P=0.59, and ***P=0.46 as compared with control IgG, analyzed by F-test. (E) Synchronized HeLa
cells on fibronectin were transfected with or without pl-integrin siRNA, and subjected to the spindle orientation analysis (right, histogram;
n=>50, inset; mean+s.d.; n=50). *P<0.001 as compared with mock, analyzed by F-test. Cell lysates were prepared and analyzed by Western
blotting with anti-B1 integrin (left, upper) and anti-a-tubulin (left, bottom) antibodies. (F) Synchronized NRK cells were plated on the
fibronectin-coated coverslips immediately after the release from an aphidicolin block with dilution by 10 (Sparse) or without dilution
(semiconfluent), incubated for 8h, and subjected to the spindle orientation analysis (histogram; n=>50, inset; mean+s.d.; n=>50). In sparse
culture, the spindle angles were measured in cells that had no cell-cell contacts. (G) Synchronized NRK cells were plated on the fibronectin-
coated coverslip without dilution in the presence of the GRGDNP peptide (RGD) or the GRADSP peptide (RAD), and subjected to the spindle
orientation analysis (histogram; n =50, inset; mean+s.d.; n=>50). *P<0.005, as compared with control RAD, analyzed by F-test.
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Figure 4 Actin cytoskeleton is required for the spindle orientation parallel to the substrate surface. (A) Synchronized HeLa cells on finronectin
were treated with or without Lat B or DMSO, and subjected to the spindle orientation analysis (left, histogram; n =50, inset; mean+s.d.;
n=>50). *P<0.005, as compared with DMSO, analyzed by F-test. The normalized values for the average spindle angle per the average cell
heights were measured (middle, n=>50). Spindle angles were plotted as a function of basal area (right, n =50). The average cell width at
midsection of metaphase cells were measured (right inset, mean+s.d.; n=50) (B) HeLa cells on fibronectin were synchronized in M phase by
incubating prometaphase cells with MG132, treated with or without Lat B or DMSO for 20 min, and subjected to the spindle orientation analysis
(histogram; n =50, inset; mean+s.d.; n=>50). *P<0.005, as compared with DMSO, analyzed by F-test. (C) The X-Z projections from the
Z-stack images of 20 focal planes (1 pm apart) from an untreated anaphase cell (upper) and Lat B-treated anaphase cells (bottom two panels).
(D) Z-stack images of seven focal planes (1 pm apart) from an untreated cell in metaphase (Control) and a Lat B-treated cell in metaphase
(Lat B). The merge images of phase contrast and GFP-H2B are shown. (E) Synchronized NIH 3T3 cells on fibronectin were treated with or
without Lat B and subjected to the spindle orientation analysis (histogram; n = 50, inset; mean+s.d.; n =50). *P<0.005, as compared with the
control, analyzed by F-test. (F) Distribution of (histogram; n = 50) and the average (inset; mean+s.d.; n=50) time taken from the beginning of
chromosome condensation to the onset of chromosome separation in HeLa cells that were treated with or without Lat B.

Lat B-treated cells were also able to separate their chromo- (Figure 4C, Lat B). This clearly demonstrates that the mis-
somes along the axis of their spindle even when the spindle oriented spindle in the Lat B-treated cells is functionally
axis was tilted or perpendicular to the substrate surface intact. To eliminate the possibility that the tilt of the spindle
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in Lat B-treated cells is an artefact resulting from experimen-
tal procedures such as fixation, we performed time-lapse
observations of live cells. Three-dimensional time-lapse
images of the HeLa cells expressing GFP-H2B were obtained
by taking Z-stack images from 2 pm-thick sections every
3 min (Figure 4D and Supplementary Movie 5 and 6). In Lat
B-untreated control cells, chromosomes (GFP-H2B) were
positioned at the center of the cell on all the focal planes
in metaphase (Figure 4D, Control). In contrast, in a Lat
B-treated cell shown here, the focal point of the GFP-H2B
images was on the bottom right side of the cell in Z=1 and
shifting to the upper left side of the cell in Z=7 on the series
of Z-sections in metaphase (Figure 4D, Lat B), indicating that
the spindle was tilted. It should be noted that both Lat
B-treated and untreated cells remained attached to the
substrate during mitosis (Supplementary Movie 5 and 6).
Therefore, the tilt of the spindle in Lat B-treated cells is not an
artefact. The onset of anaphase was hardly delayed in Lat
B-treated cells compared to that in control cells; the average
times taken from the beginning of chromosome condensation
to the onset of chromosome separation were 29.3 and
36.9 min, respectively, in control and Lat B-treated cells
(Figure 4F). Moreover, the spindles did not align, then carried
on through anaphase without proper orientation in Lat
B-treated cells (Supplementary Movie 6). These results
taken together clearly demonstrate that actin cytoskeleton
is required for proper spindle orientation in HeLa cells and
that disruption of actin cytoskeleton specifically results in
misorientation of the spindle without deteriorating the func-
tion and the integrity of the mitotic spindle. Moreover, our
result shows that Lat B treatment induced severe misorienta-
tion of spindles in NIH 3T3 fibroblasts (Figure 4E) as well as
in HeLa cells, which are derived from epithelium, suggesting
that this mechanism for spindle orientation is functioning in
both epithelial cells and fibroblasts.

Astral microtubules and EB1 are required for the spindle
orientation parallel to the substrate surface

Association of astral microtubules with cortical factors by
a ‘search-and-capture’ mechanism (Kirschner and Mitchison,
1986) is important for spindle positioning, and this asso-
ciation is mediated by a protein family, so called + Tips
(Schuyler and Pellman, 2001; Mimori-Kiyosue and Tsukita,
2003; Gundersen et al, 2004). To examine the role of astral
microtubules in the spindle orientation parallel to the sub-
strate surface, we treated NRK cells on fibronectin with
nocodazole at the concentration of 10 ng/ml. At this concen-
tration of nocodazole, astral microtubules were disrupted,
whereas spindle microtubules were intact (data not shown),
as reported previously (O’Connell and Wang, 2000). This
treatment resulted in severe misorientation of spindles
(Figure 5A, left). In NRK cells, Lat B treatment also induced
severe misorientation of spindles, as in HeLa cells (Figure 5A,
left). The normalized values for the average spindle angle
per the average cell height were 1.0, 11.1, 6.0, respectively,
in control, Nocodazle-treated, and Lat B-treated cells
(Figure S5A, right). Therefore, astral microtubules as well as
actin cytoskeleton are required for the proper spindle orienta-
tion. We then downregulated EB1 protein by siRNA in HeLa-
S3 cells on fibronectin (Figure SB, upper). EB1 protein, a
member of -+ Tips, has an important role in microtubule
dynamics and microtubule-F-actin interaction in many sys-
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tems (Tirnauer and Bierer, 2000; Schuyler and Pellman, 2001;
Mimori-Kiyosue and Tsukita, 2003; Gundersen et al, 2004).
Downregulation of EB1 resulted in severe misorientation of
spindles (Figure 5B, bottom). To confirm that the effect of
EB1 siRNA on spindle orientation results from the knock-
down of EB1 protein, rather than unspecific effects of the
used RNA duplexes, we transfected EB1 siRNA-treated cells
with a rescue construct (GFP-EB1-res) which encodes a GFP
fusion of EB1 and is resistant to the siRNA owing to silent
substitutions in the siRNA target region. Expression of GFP-
EB1-res, but not GFP alone, could restore the proper spindle
orientation in EB1 siRNA-transfected cells (Figure 5C), con-
firming the requirement of EB1 for proper spindle orientation.
To exclude the effect of alteration of the matrix during the
long-term incubation of the cells during transfection (72h),
synchronized HeLa cells transfected with or without EB1
siRNA were plated on fibronectin and incubated for 10h.
This also induced spindle misorientation in EB1 siRNA-trans-
fected cells but not in mock cells (Figure 5D). EB1 siRNA
slightly enhanced the misorientation of the spindle in cells on
poly-L-lysine (Figure 5D), suggesting that EB1 may have an
integrin-independent function in orientation of the spindle. In
the EB1 siRNA-treated metaphase cells, astral microtubules
were drastically reduced (Figure SE), and spindles were
shortened (14.3% decrease) (Supplementary Figure S1F) as
reported previously in Drosophila S2 cells (Rogers et al, 2002;
Goshima et al, 2005). Moreover, the time-lapse images of
GFP-H2B-expressing HeLa cells that are transfected with EB1
siRNA show that one of the two daughter cells with misor-
iented spindles fails to maintain connection to the substratum
after cell division (Figure 5F and Supplementary Movie 7). A
similar phenotype was observed in the cells released from the
nocodazole arrest (Figure 5G and Supplementary Movie 8),
and the cells on fibronectin in the presence of Bl integrin
antibody (Figure SH and Supplementary Movie 10), in which
spindles were misoriented (see Figures 1B and 2D). These
results demonstrate that EB1 and astral microtubules are
necessary for the integrin-dependent mechanism orientating
spindles parallel to the substrate plane, and suggest that one
of the important roles for EB1 in this mechanism is to
promote the stabilization of astral microtubules. This mecha-
nism ensures that both daughter cells remain attached to the
substratum after cell division.

Myosin X is required for the spindle orientation parallel
to the substrate surface and actin reorganization during
M phase

Finally, we addressed the possible involvement of myosin in
this novel mechanism for spindle orientation. We first exam-
ined the role of myosin II, which has an important role
in cytokinesis and spindle assembly in mammalian cells
(Robinson and Spudich, 2004; Rosenblatt et al, 2004). We
used two drugs, Y-27632 and blebbistatin, to inactivate
myosin II. Y-27632 indirectly inhibits myosin II activity by
directly inhibiting the Rho kinase ROCK (Uehata et al, 1997).
Blebbistatin specifically inhibits the ATPase of myosin II
directly (Straight et al, 2003). Either Y-27632 or blebbistatin
inhibited cytokinesis (data not shown), but did not induce
misorientation of the spindles (Figure 6A), indicating that
myosin II is not involved in this mechanism. Recent studies
have shown that myosin X, a member of the unconventional
myosin family (Berg et al, 2000; Zhang et al, 2004), plays an
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important role in nuclear anchoring to the cell cortex by on fibronectin (Figure 6B). We also examined the effect of
linking microtubules and actin cytoskeleton in Xenopus downregulation of myosin IIA and/or myosin IIB on the
oocytes (Weber et al, 2004). Then, we examined the role of spindle orientation (Figure 6B). The population of binucleate
myosin X by knocking it down with siRNA in HeLa-S3 cells cells was increased in the cells transfected with myosin IIA
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siRNA and myosin IIB siRNA, but not in mock, GFP siRNA, or
myosin X siRNA-transfected cells (Figure 6C, left). In mock,
GFP siRNA, and myosin IIA siRNA/myosin IIB siRNA-trans-
fected cells, the spindles were properly oriented. In myosin X
siRNA-transfected cells, however, the spindles were severely
misoriented (Figure 6C, right). Essentially the same degree of
the spindle misorientation was observed in HeLa-S3 cells
transfected with the other myosin X siRNA, which targeted
a different site of myosin X (Supplementary Figure S3). These
results indicate that myosin X, but not myosin II, is required
for proper spindle orientation in our system. Myosin X
siRNA hardly changed the spindle length (1.9% increase)
(Supplementary Figure S1G). The spindles were properly
oriented in cells that spread to equal extents on fibronectin
in mock cells, but misoriented in myosin X siRNA-transfected
cells (Figure 6D), indicating that the effect of myosin X
siRNA on spindle angle is not owing to indirect effects of
spread basal area. Transfection of myosin X siRNA resulted in
the misorientation of the spindle in the synchronized HeLa
cells plated on fironectin for 10h, but did not enhance the
misorientation of the spindle in cells on poly-L-lysine
(Figure 6E), suggesting that myosin X does not have an
integrin-independent function in orientation of the spindle.
Astral microtubules were normal in myosin X siRNA-trans-
fected cells as compared with mock-treated cells (data not
shown). Then, we examined the possible role of myosin X
in actin reorganization during mitosis. HeLa-S3 cells had a
number of stress fibers in prophase (data not shown). At
the beginning of prometaphase, stress fibers disappeared and
cortical actin structures appeared (Figure GF, left, Mock,
Prometa). At metaphase, cells round up, cortical actin struc-
tures became much more dense, and many retraction fibers
were formed (Figure 6F, left, Mock, Meta). In myosin X-
depleted cells, the actin structures were normal in prophase
(data not shown), but the defects in actin organization
became apparent in prometaphase and metaphase. The dis-
appearance of stress fibers was delayed, and the attachment
of the cells to the substrate surface was sustained (Figure GF,
left, MyoX siRNA, Prometa). Then, abnormal cell rounding
(Figure G6F, left, MyoX siRNA, Meta, left, and Figure 6F, right)
and the drastic reduction in cortical actin structures
(Figure GF, left, MyoX siRNA, Meta, right) occurred in meta-
phase. These defects in actin organization were not induced
by the depletion of myosin IIA and myosin IIB (data not
shown). These results clearly demonstrate that myosin X is
necessary for actin reorganization during mitosis.
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Discussion

Our results uncover a novel mechanism determining spindle
orientation in nonpolarized cultured cells, which depends on
integrin-mediated cell-substrate adhesion. This mechanism
requires astral microtubules, actin cytoskeleton, the micro-
tubule plus-end-tracking protein EB1, and myosin X. It
should be noted that the spindle angles are lower in NRK
cells than in HeLa cells (Figure 5A, Control). This may be due
to the difference in the cell shape between these cell types.
HeLa cells completely round up, whereas NRK cells remain
flattened during mitosis. Thus, the geometrical constraints on
the spindle orientation in NRK cells may lower the angles of
misoriented spindles. It should be also noted that the spindle
orientation is less perturbed by RGD peptides in NRK cells
(Figure 3B), compared to HeLa cells. This discrepancy might
be due to the difference in the classes of integrins that are
expressed in these the cells. NRK cells might also express
a subfamily member of integrin, which binds to fibronectin
through the motifs other than RGD motif. The spindle
orientation is perturbed by anti-Bf1 integrin antibody, but
not by anti-B3 integrin or anti-aVP6 integrin antibodies in
HeLa cells. Our RT-PCR measurements could detect abun-
dant expression of 1 integrin, but little, if any, expression of
B3 integrin and B6 integrin in HeLa cells (data not shown).
The specific requirement of 1 integrin for spindle orientation
in HeLa cells might be due to its high level of expression in
this cell line.

Disruption of actin cytoskeleton before or after the mitotic
entry induces spindle misorientation (Figure 4A and B).
However, the spindle orientation is less randomized in the
cells treated with Lat B after mitotic entry (Figure 4B). In
addition, after careful observations of time-lapse images of
GFP-H2B-expressing HeLa cells, we realized that spindles
were misoriented during spindle assembly and never aligned
in most of the cells treated with Lat B before mitotic entry
(Supplementary Movie 6 and data not shown). Therefore,
some of the spindle alignment may occur during spindle
assembly and it alters slightly if the actin cytoskeleton was
disrupted after this event.

It has been reported that depletion of EB1 causes defects
in the mitotic spindle structure, such as loss of astral micro-
tubules, spindle shortening, and mispositioning of the spin-
dle away from the cell center, in Drosophila S2 cells (Rogers
et al, 2002; Goshima et al, 2005). Consistent with this report,
we also observed the loss of astral microtubules and spindle

Figure 5 Astral microtubules and EB1 are required for the spindle orientation parallel to the substrate surface. (A) Synchronized NRK cells on
fibronectin were treated with or without nocodazole (10 ng/ml) or Lat B (left), and subjected to the spindle orientation analysis (left, histogram;
n=>50, inset; mean+s.d.; n=50). *P<0.005, as compared with control, analyzed by F-test. The normalized values for the average spindle
angle per the average cell heights were measured (right). (B) Asynchronous HeLa-S3 cells on fibronectin were transfected with or without EB1
siRNA, incubated for 72 h, and subjected to the spindle orientation analysis (bottom, histogram; n = 50, inset; mean +s.d.; n=>50). *P<0.005,
as compared with the mock, analyzed by F-test. Total RNA was prepared and RNA levels of EB1 and control G3PDH were analyzed by RT-PCR
(upper). (C) Synchronized HeLa cells on fibronectin were transfected with EB1 siRNA together with pEGFP or pEGFP-EB1-res. Cells were
subjected to the spindle orientation analysis (histogram; n =50, inset; mean+s.d.; n=>50). *P<0.005, as compared with the control pEGFP-
transfected cells, analyzed by F-test. (D) Synchronized HeLa cells transfected with or without EB1 siRNA were plated on the coverslips coated
with fibronectin or poly-L-lysine, incubated for 10 h, and subjected to the spindle orientation analysis (histogram; n =50, inset; mean+s.d.;
n=>50). *P<0.001, as compared with the mock, analyzed by F-test. (E) Mock-treated and EB1 siRNA-transfected HeLa-S3 cells were fixed and
immunostained with a-tubulin antibodies. The images of a metaphase cell are shown. (F) Time-lapse images of the mitotic GFP-H2B-
expressing HeLa cells on fibronectin, transfected with EB1 siRNA. The merge images of phase contrast and GFP-H2B are shown. (G) Time-lapse
images of the mitotic GFP-H2B-expressing HeLa cells on fibronectin released from the nocodazole arrest. (H) Time-lapse images of the mitotic
GFP-H2B-expressing HeLa cells that were plated on fibronectin in the presence of mouse IgG (IgG) or adhesion-blocking antibodies against 1
integrin (Anti-f1).
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Figure 6 Myosin X is required for the spindle orientation parallel to the substrate surface and actin reorganization during M phase.
(A) Synchronized HeLa cells on fibronectin were treated with DMSO (Control), Y-27632, or blebbistatin, and subjected to the spindle
orientation analysis (histogram; n =50, inset; mean+s.d.; n=>50). (B) Asynchronous HeLa-S3 cells on fibronectin were transfected with
siRNAs for GFP, myosin X, myosin IIA, or myosin IIB, and incubated for 72 h. Total RNA was prepared and RNA levels of myosin IIA (first row),
myosin IIB (second row), myosin X (third row), and control G3PDH (fourth row) were analyzed by RT-PCR. (C) Percentage of binucleate cells
(left; n>500) and spindle orientation analysis (right; histogram; n = 50, inset; mean+s.d.; n=50) in mock cells and in the cells transfected
with GFP siRNA, myosin X siRNA, or myosin IIA siRNA and myosin IIB siRNA. *P>0.1 and **P<0.001, as compared with the GFP siRNA
transfected cells, analyzed by F-test. (D) Spindle angles were plotted as a function of basal area in mock cells and in the cells transfected with
myosin X siRNA (n=>50). (E) Synchronized HeLa cells transfected with or without myosin X siRNA were plated on the coverslips coated with
fibronectin or poly-L-lysine, incubated for 10 h, and subjected to the spindle orientation analysis (histogram; n = 50, inset; mean+s.d.; n = 50).
*P<0.001, as compared with the mock, analyzed by F-test. (F) Mock cells and the cells transfected with myosin X siRNA were fixed and stained
with fluorescein-phalloidine (red) and Hoechst (blue) (left). Percentage of the metaphase cells with abnormal cell rounding was measured
(right).
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shortening in EB1 siRNA-treated HeLa S3 cells (Figure SE
and Supplementary Figure S1F), in which the spindle was
not oriented parallel to the cell-substrate adhesion plane
(Figure 5B). Moreover, we also frequently observed misposi-
tioning of the spindle away from the cell center (data not
shown) in EB1 siRNA-treated HeLa S3 cells. Thus, EB1 and
astral microtubules may be required for both positioning of
the spindle at the center of the cells and the correct orienta-
tion of the spindle parallel to the cell-substrate adhesion
plane. Further studies will be required to determine whether
spindle positioning at the center of the cells also depends on
integrin-mediated cell-substrate adhesion. EB1 siRNA further
enhanced spindle misorientation in HeLa cells even when the
cells were plated on poly-L-lysine (Figure 5D). The function of
EBI in stabilization of astral microtubules might be indepen-
dent of integrins and the loss of the astral microtubules-
cortex interactions would destabilize the spindle axis in an
integrin-independent manner.

Myosin II has been reported to be involved in centrosome
separation and spindle assembly in PtK2 cells (Rosenblatt
et al, 2004). In our hand, treatment of the cells with Lat B, the
myosin II inhibitor blebbistatin or the ROCK inhibitor Y-27632
did not cause the defect in spindle assembly in HeLa cells
(Supplementary Figure S4), even though these inhibitors
efficiently inhibited cytokinesis (data not shown). This dis-
crepancy might result from the difference in the requirement
of myosin II for spindle assembly between PtK2 cells and
HeLa cells. Proper spindle orientation in HeLa cells requires
myosin X, rather than myosin II (Figure 6C). In budding
yeast, a yeast homolog of EB1, Biml, is shown to orient
the spindle toward the bud, in cooperation with myosin
(Myo2), in a microtubule-actin interaction-dependent
manner (Gundersen and Bretscher, 2003; Pearson and
Bloom, 2004). Thus, the molecular machinery regulating
spindle orientation may be evolutionarily conserved in both
polarized budding yeast and nonpolarized HeLa cells. It is
reported that myosin X associates with microtubules and
plays a role in nuclear anchoring to the cell cortex in
Xenopus oocytes by linking microtubules and cortical actin
(Weber et al, 2004). Therefore, myosin X could be acting like
the yeast Myo2. However, the defects in actin reorganization,
such as abnormal cell rounding and reduced cortical actin
structures occur in metaphase in myosinX siRNA-transfected
HeLa-S3 cells (Figure 6F). Therefore, we speculate that
myosin X controls spindle orientation in an indirect manner
in HeLa-S3 cells. We can hypothesize that myosin X may
transport a hypothetical factor(s), which could have the
ability to facilitate actin polymerization, from basal mem-
branes to the cortex at the beginning of mitosis, and then
would contribute to the assembly of cortical actin, which may
be required for capture of astral microtubules. It is reported
that myosin X transports integrins to facilitate cellular
remodeling (Zhang et al, 2004). It is interesting to examine
whether this myosin X-mediated transport of integrins plays
some roles in spindle orientation.

The recent paper reported that the misorientation of mito-
tic spindles to the substratum leads to mitosis-associated
detachment of cells from epithelial sheets, and may contri-
bute to tumor dissemination in epithelial cells (Vasiliev et al,
2004). We show that one of the two daughter cells with
misoriented spindles fails to maintain connection to the
substratum after cell division in the cells treated with the
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anti-B1 integrin antibodies (Figure 5H and Supplementary Movie
10), transfected with EB1 siRNA (Figure 5F and Supplementary
Movie 7), or in the cells released from nocodazole arrest
(Figure 5G and Supplementary Movie 8). Therefore, the integ-
rin-dependent mechanism for spindle orientation that orients
the spindle along the axis parallel to the cell-substrate adhesion
plane may ensure that both daughter cells remain attached to
the substratum after cell division and prevent the mitosis-
associated detachment of adherent cells from substratum.
While we were preparing this manuscript, Bornens group
reported that the cell-substrate interaction through retraction
fibers controls the planar orientation of the spindle along
the X/Y plane on the substrate surface (Thery et al, 2005).
Therefore, the planar spindle orientation and the spindle orien-
tation parallel to the substrate surface are both shown to be
dependent on cell-substrate adhesion. It will be interesting to
examine how these two mechanisms are regulated coordinately.

Materials and methods

Cell culture, synchronization, and reagents

Cells were cultured and synchronized as described in Supplemen-
tary data. The following reagents are used: Lat B (Calbiochem);
Y-27632 (Calbiochem); blebbistatin (CosmoBio); MG132 (Calbio-
chem); nocodazole (Sigma); aphidicolin (Sigma); GRADSP peptide
(Calbiochem); GRGDNP peptide (Bachem); mouse IgG (Zymed);
the antibodies against 1 integrin, B3 integrin, and «Vf6 integrin
(Chemicon, clone 6S6, 25E11, and 10D5, respectively).

Cell staining and image analysis
The following antibodies and reagents were used for cell staining:
a-tubulin (Sigma); y-tubulin (Sigma); AlexaFluor 594-goat anti-
mouse and 488-goat anti-rabbit IgG (Molecular Probes); rhodamine
phalloidin (Sigma); DHCC (Sigma). Cells were stained and analysed
as described in Supplementary data.

siRNA and rescue experiments

The siRNA of human EB1 and human f1 integrin were designed as
described previously (Wen et al, 2004; Li et al, 2005). The siRNAs
of human myosin X, myosin IIA, and myoin IIB were designed
on the basis of the human myosin X, myosin IIA, and myoin IIB
cDNA sequence, respectively, targeting to the region of nucleotides
628-646, 300-318, 1024-1042, respectively, counted from the start
codon ATG. The siRNA of human myosin X in Supplementary
Figure S3 was designed as described previously (Bohil et al, 2006).
Annealed siRNAs were transfected by using Oligofectamine
(Invitrogen). Media were changed to fresh medium 2 day after
transfection and the cells were analyzed 72 h after transfection. For
the siRNA experiments in synchronized cells, HeLa cells were
transfected with the annealed siRNA for 6 h and then subjected to a
double-thymidine block. For EB1 siRNA rescue experiments, we
constructed pEGFP-EB1-res that was resistant to EB1 siRNA, by
introducing four silent substitutions in the EB1 siRNA-target region.
HeLa cells were transfected with pEGFP-EB1-res by using Lpofecta-
min Plus (Gibco-BRL), incubated overnight, and then transfected
with EB1 siRNA by using Oligofectamine (Invitrogen). After 6h
incubation, cells were washed with fresh medium and subjected to
a double-thymidine block.

Western blotting, RNA isolation, and RT-PCR analysis

To see the expression level of B1 integrin, cells were lysed in lysis
buffer (20mM Hepes pH 7.3, 25mM 2-glycerophosphate, 50 mM
NaCl, 1.5mM MgCl,, 2mM EGTA, 0.5% Triton X-100, 2 mM DTT,
1mM PMSF, 1mM sodium vanadate, and 2ug/ml aprotinin),
centrifuged at 20000g for 15min, and the supernatant was
subjected to Western blotting analysis. To see the expression
levels of EB1, myosin X, myosin IIA, myosin IIB, and G3PDH
(control), total RNAs were isolated from the cells transfected with
siRNAs by the use of RNeasy mini (Qiagen), and reverse-
transcribed with random primers, followed by amplification with
the primers designed specific for EB1 (5’-caaggtcaagaaactgcagtg-3’
and 5'-atactcttcttgctecteetg-3'), myosin X (5'-atcttcgecatcgccaacgag-3’
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and 5'-gttgttgtacacggtcttcge-3'), myosin IIA (5'-gaagcagctcaageggcage
tggag-3’ and 5'-ccgctttgecatctacctettegte-3'), myosin 1IB (5'-agcgacgeg
tgccaacgcatetcgg-3' and 5'-ggetgegtctegttgacatcactgg-3'), and G3PDH
(5'-catccactggtgetgecaaggcetgt-3' and 5’-acaacctggtecteagtgtageeca-3').

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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