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ABSTRACT All known mechanisms of mitotic spindle orientation rely on astral microtubules.
We report that even in the absence of astral microtubules, metaphase spindles in MDCK and
Hela cells are not randomly positioned along their x-z dimension, but preferentially adopt
shallow B angles between spindle pole axis and substratum. The nonrandom spindle position-
ing is due to constraints imposed by the cell cortex in flat cells that drive spindles that are
longer and/or wider than the cell’s height into a tilted, quasidiagonal x-z position. In rounder
cells, which are taller, fewer cortical constraints make the x-z spindle position more random.
Reestablishment of astral microtubule-mediated forces align the spindle poles with cortical
cues parallel to the substratum in all cells. However, in flat cells, they frequently cause spindle
deformations. Similar deformations are apparent when confined spindles rotate from tilted
to parallel positions while MDCK cells progress from prometaphase to metaphase. The spin-
dle disruptions cause the engagement of the spindle assembly checkpoint. We propose that
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cell rounding serves to maintain spindle integrity during its positioning.

INTRODUCTION

During eukaryotic cell divisions, the bipolar mitotic spindle serves to
accurately partition the duplicated chromosome set into each of the
daughter cells and thereby ensures genomic stability, one of the
most essential aspects of life (Walczak and Heald, 2008). In addition,
spindle placement and orientation within the mitotic cell define the
position of the cleavage furrow and hence determine the relative
cell sizes of the daughters, the symmetric or asymmetric segrega-
tion of cell surface domains and organelles, and the placement of
daughters within a tissue (Bergstralh and St Johnston, 2014). The
spindle parts that have chromosome-separating function are be-
lieved to operate independently from those that mediate spindle
positioning. In fact, significant knowledge has been acquired from
spindle assembly assays in cell-free extracts (Desai et al., 1999). A
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simplified description of the self-organizing core spindle apparatus
in metaphase is that two microtubule (MT)-focusing centrosomes
are kept at a defined distance by repulsive forces exerted on the
poles by antiparallel, overlapping MTs, which slide against each
other, and by the tension of K-fibers, the MT bundles that attach in
an amphitelic way to kinetochores of connected sister chromatids
and to either centrosome (Dumont and Mitchison, 2009b; Mogilner
and Craig, 2010). The result is an ovoid in which the chromosomes
are aligned perpendicular to the spindle pole axis equidistantly from
both poles. Spindle dimensions are described by the pole-to-pole
distance (s) and the diameter of the metaphase plate (p). The forces
that keep the spindle in balance are generated by MT polymeriza-
tion and depolymerization, MT motors, and the viscoelastic re-
sponse of the spindle (Dumont and Mitchison, 2009b).

Spindle orientation, on the other hand, is mediated by astral MTs
that radially emanate from each centrosome and, in most somatic
cells, reach the cell cortex. In cells in which spindle orientation is
critically important, astral MTs position the spindle using cortical
spatial cues: the MT minus end-directed motor dynein is anchored
at discrete cortical regions via protein complexes such as the evolu-
tionarily conserved Gou/leucine-glycine-asparagine repeat protein
(LGN)/nuclear and mitotic apparatus protein (NuMA) module, from
where it exerts pulling forces on astral MTs to align the spindle along
the line connecting the dynein patches that are located at the op-
posite domains of the cell (Kotak and Goncezy, 2013; McNally, 2013).
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In symmetrically dividing cells, the two cortical Gai/LGN/NuMA
patches are placed at equal distance from a cell’s basal surface,
which results in a parallel orientation of the spindle pole axis to the
basal domain and ensures that division occurs within in the plane of
the monolayer. Along the cell’s x-y dimension, tensile forces in actin-
based retraction fibers guide the planar orientation of the mitotic
spindle by yet incompletely understood mechanisms (Fink et al.,
2011; Thery and Bornens, 2006; Thery et al., 2005, 2007). By cultur-
ing cells on patterned substrates, it was shown that the placement
of retraction fibers is largely defined by the cell’s planar shape in
interphase (Thery et al., 2005, 2007). In addition, dynamic clusters
of filamentous actin (F-actin) in the vicinity of the cell cortex have
been suggested to bias astral MT-based cortical attachment
(Mitsushima et al., 2010; Fink et al., 2011). Independently of these
discrete cortical cues, astral MTs can stably equilibrate the spindle in
the geometric cell center by shape-sensing mechanisms that involve
pulling or pushing forces that scale with astral MT length (O'Connell
and Wang, 2000; Grill and Hyman, 2005; Minc et al., 2011). Such
shape-sensing mechanisms can also explain Hertwig’s rule, accord-
ing to which cells with simple elongated shapes along the x-y di-
mension align their mitotic spindle with their long cell axis (Minc
et al., 2011). Whereas the role of cell shape has been well explored
for the planar orientation of the metaphase spindle (i.e., its orienta-
tion within the cell’s x-y plane), less is known about the contribution
of cell shape to spindle positioning along the x-z dimension. Failure
to establish discrete dynein patches at opposite domains of the lat-
eral cortex such as upon depletion or inhibition of Gai, LGN, or
NuMA (Woodard et al., 2010; Zheng et al., 2010; Peyre et al., 2011;
Kotak et al., 2012) upon disruption of cortical actin filaments (Busson
et al., 1998) or by inhibiting phosphoinositide 3-kinase-regulated
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pathways downstream of integrin signaling (Toyoshima et al., 2007;
Toyoshima and Nishida, 2007) leads to loss of the stereotypic align-
ment of the metaphase spindle with the substratum or basal surface
and increases the incidence of “tilted” spindles. Whether spindle
orientation along the x-z dimension is random under these condi-
tions or shape-dependent positioning mechanisms operate in the
absence of cortical cues, however, has not been determined. Here
we investigated this question, which is important for the outcome of
cell divisions in monolayered cells. We determined that in the ab-
sence of astral MTs, which participate in all known spindle-position-
ing mechanisms, metaphase spindle orientation in cultured Madin—
Darby canine kidney (MDCK) and Hela cells became random along
the x-y plane but remained biased toward a shallow spindle tilt
along the x-z dimension. We identified the mismatch of spindle and
cell dimensions in a population of metaphase cells that exhibited
incomplete cell rounding as reason for this bias. We then deter-
mined how this spindle confinement affects spindle alignment with
the substratum during prometaphase-to-metaphase progression
when spindle rotation forces operate under control conditions.

RESULTS

Loss of cortical cues by LGN-knockdown and dynein
inhibition does not result in random spindle orientation

in MDCK cells

We analyzed metaphase spindle orientation in recently confluent
MDCK monolayers by positioning cells such that their spindle pole
axis (SA) aligned with the x-z plane during confocal sectioning and
measured the angle  between SA and the substratum along the x-z
dimension (Figure 1A and Supplemental Movie S1 for the definition
of the parameters). To avoid artifacts in the analysis of the spindle
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Nonrandom x-z spindle orientation upon disruption of cortical cues. (A) Definition of mitotic spindle
orientation relative to the substratum (B angle). Confocal x-y and x-z sections of control GFP- and LGN-KD-GFP-
expressing MDCK clones (B) or control DMSO-, CiD-, and PTx-treated MDCK cells (E) immunostained as indicated. DNA
was stained with DAPI. (C, F) Distribution (left; mean y + SEM, with dots indicating individual data points) and
quantification (right; mean + SD) of the B angle. The B angle distribution was analyzed for randomness (D, G). The red
dashed line marks the %opserved/ %Random index of 1 expected for each column if the B distribution were random.

(B-G) Thirty cells/experiment were analyzed for three independent experiments. (C, F) **p < 0.01, ***p < 0.001,
analyzed by t test. (H) Spherical coordinate system on which the randomness calculation is based (see Materials and

Methods for details).
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angle, which can be caused by mounting cells between two glass
covers and thus squeezing them flatter, we analyzed mitotic profiles
in monolayers on MatTek dishes either in paraformaldehyde (PFA)-
fixed cells that were kept in phosphate-buffered saline (PBS) buffer
after immunostaining or directly by live-cell imaging.

First, we compared a control cell line stably transduced with a
green fluorescent protein (GFP)-encoding lentivirus (control-GFP) to
an MDCK cell line stably expressing GFP alongside an LGN-
shRNAmir (LGN-knockdown [KDI-GFP), which efficiently suppressed
LGN expression (Zheng et al., 2010). Both cell lines had previously
been characterized and compared for spindle orientation in three-
dimensional MDCK cultures (Zheng et al., 2010). In agreement with
this earlier study, which measured spindle alignment with respect to
the cell apex, we observed a disruption of mitotic spindle alignment
with the basal surfaces in LGN-depleted cells compared with con-
trols (20.5 £ 1.5° vs. 6.7 + 0.4°, respectively, for the average B angle;
Figure 1, B and C). To determine whether this distribution of B an-
gles in LGN-KD cells constitutes a random spindle orientation, we
considered the spindle pole axis in a spherical coordinate system
(Figure TH). In this system, our angle  is complementary to the tra-
ditional polar angle ¢, B =n/2 — ¢. In spherical coordinates, the ele-
ment of the surface area is proportional to sin ¢ = cos B. Therefore,
for completely random spindle orientation, the frequency of any
observed B angle divided by cos  must be a constant. For the anal-
ysis, we grouped cells into three bins that are frequently used to
describe spindle orientation along the x-z dimension, 0-30° (parallel
to shallow spindle orientation), 30-60° (oblique spindle angles), and
60-90° (near-vertical to vertical spindle orientation; Juschke et al.,
2014), and used as an index %opserved’%Random: Which corresponds
to the percentage of cells with B angles in each of the three bins
divided by the integral of the cosine between the margins of the
bins (see Materials and Methods). For perfectly random spindle
orientation, an index of 1 is expected, which is shown by the red
dashed line in Figure 1D. To accept the hypothesis of random orien-
tation, the fraction of cells in each bin should be within 1 SD of that
theoretical value. For LGN-KD cells in Figure 1D, however, each bar
graph is at least 1 SD above or below the line denoting random
spindle angles. LGN-KD cells thus exhibit a nonrandom spindle ori-
entation that is biased toward spindles with a shallow spindle tilt.

We obtained similar results when we pharmacologically inhibited
the activity of dynein in metaphase cells with ciliobrevin D (CiD) or
blocked the membrane recruitment of Gai, which in turn recruits
LGN, with pertussis toxin (PTx). With both drugs, metaphase spin-
dles lost their parallel spindle alignment with the substratum (Figure
1, E and F), and yet our randomness analysis rejected a random
spindle distribution in each case (Figure 1G).

Thus loss of the cortical cues that mediate spindle alignment
with the substratum in MDCK cells does not lead to random spindle
orientation along a cell’s x-z dimension but biases spindle orienta-
tion toward a shallow spindle tilt.

Spindle orientation in MDCK and Hela cells is nonrandom
even when actin polymerization or astral MTs are abolished
We considered two principal mechanisms for the nonrandom spin-
dle positioning in the absence of the cortical Gai/LGN/dynein cues:
1) F-actin-based structures, such as recently identified clusters of
subcortical F-actin that can bias astral MT growth and/or their corti-
cal attachment, and 2) astral MT-dependent cell shape-sensing
mechanisms.

In agreement with the original study that described the subcorti-
cal actin clusters in Hela cells but did not detect them in MDCK
cells, we also did not observe an obvious “actin cloud” in MDCK
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cells (Mitsushima et al., 2010; unpublished data), yet we cannot rule
out that less conspicuous F-actin structures affect astral MT growth
and/or attachment to the cortex. Therefore we analyzed MDCK
metaphase spindle positioning after a 1-h latrunculin B (LtB) treat-
ment, which depolymerizes microfilaments (Figure 2A). Of note, LtB
was also effective in disrupting the “F-actin cloud” in Hela cells
(Mitsushima et al., 2010). Removal of cortical microfilaments pre-
vents dynein and LGN/NuMA recruitment to the metaphase cortex
(Lazaro-Dieguez et al., 2013; unpublished data), which accounts for
an increase in the mean B angle from 4.9 + 0.4° to 33.5 £ 1.9° in
fixed cells (Figure 2, A and B) and from 9.4 £ 0.8° to 31.8 + 2.0° in
the live-cell analysis (Figure 2, D and E). Yet, as with LGN and dynein
inhibition, spindle orientation in LtB-treated MDCK cells was non-
random (Figure 2, C and F), making it unlikely that actin filament—
based mechanisms account for nonrandom spindle orientation in
the absence of the LGN/NuMA/dynein cues.

To assess metaphase spindle orientation in the absence of astral
MTs, we used nocodazole (NZ), a drug that interferes with MT poly-
merization. At low doses, NZ selectively depolymerizes astral spindle
MTs and also reduces the number of polar MTs, which exhibit high
turnover, but it leaves intact the metaphase K-fibers that are capped
by kinetochores at their plus ends and anchored by centrosomes at
their minus ends (O'Connell and Wang, 2000; Maiato et al., 2004;
Emanuele and Stukenberg, 2007; Toyoshima and Nishida, 2007;
Figure 2A; +NZ). NZ treatment increased the mean B angle from
4.9 £0.4° to 27.6 + 2.1° in fixed cells (Figure 2B) and from 9.4 + 0.8°
t0 26.9 + 2.0° in the live-cell analysis (Figure 2E). However, even with-
out astral MTs, metaphase spindle orientation was biased toward
shallow B angles. We made similar observations in Hela cells (Supple-
mental Figure S1, A-C). These findings were indeed unexpected be-
cause astral MTs mediate all known spindle alignment mechanisms.

Nonrandom distribution of B angles in the absence of astral
MTs is due to incomplete cell rounding
What, then, is the reason for the overrepresentation of spindles with
shallow B angles in the absence of astral MT—sensing mechanisms?
We noticed that in many of the MDCK NZ-metaphase profiles with
shallow B angle the metaphase plate appeared in contact with the
cell apex, base, or both, whereas chromatin in cells with steeper
angles was always clear of the cell perimeter in x-z views and in three-
dimensional (3D) views and models (Figure 3 and Supplemental
Movie S2). We therefore explored the hypothesis that the spindle di-
mensions are too large to allow free positioning in all cells and that for
a large mitotic spindle, the diagonal fit is the only position possible.
For unconfined spindle rotation the cell’s X', y/, and Z dimensions
must exceed s and p (see schematic in Figure 4A and Supplemental
Movie S1). We determined that of the metaphase cell's mean x', y/,
and Z dimensions, cell height, Z, was the shortest in both control
and NZ-treated MDCK cells (Figure 4B), indicating that not all cells
are spherical during mitosis. The average ratios of measured 7 to s
and to p in NZ-treated cells was 1.49 + 0.23° and 1.16 £ 0.19°, re-
spectively (Figure 4C). When we divided the cell population into
one above and one below the average for Z/s and Z/p, respectively,
and assessed their B angle distributions separately, it became
apparent that whereas the cell population with higher Z/s and Z/p
featured in fact random spindle orientation, cells with low /s and
Z/p distributed their metaphase spindles nonrandomly (Figure 4D).
The lack of clearance could either be caused by a mismatch of
spindle and cell size or result from incomplete cell rounding. In
support of the latter, we found chromatin infarctions with the
cortex restricted to flatter cells (Figure 3B). Cell roundness in this
analysis was described by a circularity index in the x-z plane, C,,,
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The x-z spindle orientation is nonrandom when microfilaments or astral microtubules are depolymerized.
Confocal x-y projections (x-yp) and x-y and x-z sections of control DMSO-, LtB-, and NZ-treated MDCK cells were
recorded after cell fixation and staining with the indicated antibodies and DAPI (A) or by live imaging in MDCK cells
expressing o-tubulin-GFP and stained with DRAQS5 (D). (B, E) Distribution (left; mean y + SEM, with dots indicating
individual data points) and quantification (right; mean + SD) of the B angle. The B angle distribution was analyzed for
randomness (C, F). The red dashed line marks the index expected for each column if the f distribution were random.
Error bars indicate mean + SD. (A-F) Thirty cells/experiment were analyzed for three independent experiments.

(B, E) **p <0.01, ***p < 0.001, analyzed by t test.

where a value of 1 describes completely round cells (see sche-
matic in Figure 4A and Supplemental Movie S1). The C,, of
NZ-treated cells with B angles in the 60-90° bin was larger than
the C,, of cells in the 30-60° bin (Figure 4E, right). When we plot-
ted the B angles against C,_, a larger spreading of  angles was
apparent in the rounder than in the flatter cells (Figure 4F, left). To
test further how higher circularity C,., correlated with a larger
spread of B angles in NZ-treated cells, we binned metaphase
cells according to their C,_, index in intervals of 0.05 from 0.55 to
1 and plotted the SDs of their corresponding  angles against the
C,.; bins. A good, statistically significant, positive correlation (r=
0.74, p = 0.02) between both parameters was indeed apparent
(Figure 4F, right). Furthermore, when we divided the NZ-treated
metaphase cell population into one above and one below the
average for C,., (Figure 4E, left), we observed random distribu-
tion of B angles in cells with higher but not lower C,, (Figure 4G).
We made similar observations in Hela cells (Supplemental Figure
S1, D and E).

To test directly whether cell flattening causes spindles to orient
with smaller B angles upon NZ treatment, we compressed MDCK
monolayers with a pressure of 2 kPa (Supplemental Figure S2), which
significantly reduced Z and B in NZ-treated cells (Supplemental
Figure S2B). We made similar observation when we followed 2z and
B by live-cell analysis upon compression in NZ-treated cells (Supple-
mental Figure S2C).

Note that cell shape only affected spindle positioning along the
x-z dimension. We never observed any contacts between the mi-
totic apparatus and the cell cortex along the x-y dimension in NZ-
treated MDCK cells (Figure 3). The angle § between SA and maxi-
mum cell dimension in the x-y plane (see schematics in Supplemental
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Figure S3A) showed no correlation with cell circularity along the x-y
dimension, C,., (Supplemental Figure S3B).

We conclude that randomization of metaphase spindles upon
removal of astral MTs is hindered by the geometric constrains pre-
sented by the cell’s height, whereas there are no such constraints in
the x-y plane, and the spindle randomizes its orientation along this
plane. For rounder cells, which are taller, there are fewer constraints,
and the x-z spindle position is more random.

Randomization in round cells could occur when metaphase
spindles, aligned parallel to the substratum at the time of NZ ad-
dition, diffuse to equilibration after loss of their cortical anchors.
We estimated from x, z, t time-lapse movies taken at 10-s intervals
over 4 min in six round, NZ-treated metaphase cells that diffusion
would take ~3 h to randomize the spindle (Supplemental Figure
S4). However, if prophase and prometaphase spindles, which
have a larger spread of B angles (Reinsch and Karsenti, 1994;
Supplemental Figure S5, A and B), also contribute to the meta-
phase population that we score after the 1-h NZ treatment, ran-
domization does not require that spindle diffusion reaches its
equilibrium. Our data indicate that the latter indeed applies. In
MDCK cells, 30% of all mitotic profiles are cells in prophase and
prometaphase, compared with 50% that are in metaphase at
steady state (Supplemental Figure S6A), and we determined that
these cells progress to metaphase in the presence of NZ (Supple-
mental Figure S6, B and C). Whereas cells are significantly flatter
in prometaphase (C,, = 0.63) than in metaphase (C,_, = 0.86), we
observed a near-random spindle distribution in prometaphase
cells with above-average circularity (Supplemental Figure S5C).
By contrast, the flat population showed a clear bias toward shal-
low B angles. Thus hindered diffusion after astral MT removal,
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sections, respectively. Cells were grouped according to unobstructed (gray data points) and obstructed (red and yellow
data points) spindles, and the C,_, values for each group were plotted. Right, percentage of cells in which no contact of
the cell cortex with the metaphase plate was apparent (gray) and of cells in which either base or apex (red and yellow)
or both (black) touched the chromatin plate. Cells were grouped according to noncontacting (gray data points) and
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obstructed spindles and metaphase plate contacts with the cell cortex were more frequent in cells with lower C,.,.
Error bars indicate mean + SEM. Thirty cells/experiment were analyzed for three independent experiments.

together with a strong bias toward shallow spindle orientation in
prometaphase, likely causes the nonrandom spindle orientation
that we score in the flat-cell metaphase population after 1 h of NZ
treatment.

Cell rounding is required to maintain spindle integrity
during its metaphase rotation by astral MT-based cues

A corollary of our findings is that confined metaphase spindles, in
the absence of astral MTs, did not acquire random positioning by
pushing the cell cortex outward to allow their free rotation. Because
low doses of NZ not only abolish astral MTs but also promote
rounder cells with shorter spindles compared with controls, control
MDCK cells had even smaller average Z/p ratios in metaphase than
NZ-treated cells (Figure 4C). We therefore wondered how MDCK
cells accomplish their stereotypic spindle orientation in confine-
ment. We considered two principal scenarios: 1) cells assemble their
metaphase plate after astral MTs are already anchored to cortical
cues, that is, after the spindle position is set, or 2) cells rotate their
spindles in place during or after metaphase assembly. In the first
scenario, metaphase plate diameter p and cell height zZ would
evolve as a result of the vertical, outward-directed pushing forces of
the spindle and the resistance of the cortex. In the second scenario,
1290 |
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the torque applied on the spindle poles by astral MTs would push
the cortex outward to allow spindle rotation.

To discriminate between the two scenarios, we monitored the 8
angle as MDCK cells progressed from prometaphase to metaphase,
using X, z, y time-lapse microscopy and analysis of fixed cells. Live-
cell analysis of seven prometaphase cells revealed a progressive
decrease of their B angles between prometaphase and metaphase
(Figure 5A). To evaluate mitotic progression in fixed cells, we as-
signed the chromatin a circularity (C.) value: chromatin with many
unattached kinetochores in early prometaphase was best described
by a round shape, whereas the assembled metaphase disk had the
lowest circularity (Figure 5B). We found that decreasing C. corre-
lated with decreasing B angles in a monotonous manner in MDCK
as well as in Hela cells, suggesting that chromosome and spindle
alignment go hand in hand in both cell lines (Figure 5C). Thus our
data are consistent with a scenario in which confined spindles un-
dergo rotation.

During our live-cell analysis of the prometaphase-to-metaphase
transition, we noticed that flat cells sometimes featured deformed
spindles in which the angle & between the SA and metaphase plate
axis (MA) deviated from the 90° that is characteristic of the force-
balanced metaphase spindle. This defect was visible early after

Molecular Biology of the Cell
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spreading at higher C,_,. Right, when NZ-treated cells were binned according their C,_, index in intervals of 0.05 from
0.55 to 1, a positive correlation between the SDs of mean B and mean C,_, for each category was observed that is
significant (3%8p < 0.001). Green lines correspond to the trend line. (D, G) The B angle distribution in NZ-treated cells was
interrogated for randomness after cells were grouped by above- and below-average z/s, Z/p, or C,, (flat or round),
respectively. The index 1 for randomness is marked with a red dashed line. Error bars indicate mean + SD. (B-G) Thirty
cells/experiment were analyzed for three independent experiments. (B, E) *p < 0.05, **p < 0.01, analyzed by t test.

spindle alignment with the substratum but gave way to the charac-
teristic perpendicular orientation of the MA to the SA in the assem-
bled metaphase plate at later time points (Figure 6A). In fixed cells,
metaphase spindles with € angles >90° stained positive for BUBRT,
a spindle assembly checkpoint protein that is present on unattached
chromatids (reviewed in Wang et al., 2014). This observation indi-
cates that the spindle deviation reflected incomplete amphitelic ki-
netochore-MT attachment and/or lack of tension between sister
chromatids (Figure 6B). Indeed, in some cells, breaks in the straight
MA were apparent in x-z views, indicating that individual K-fibers
had relaxed or snapped (Figure 6D, cell 2). Quantitative analysis of
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fixed cells revealed that the higher € angles were characteristic of
flat cells, that is, the population of cells that had a low Z/p ratio or
Cy., index (Figure 6C). To establish whether the spindle deformation
was contingent on spindle alignment forces, we measured the €
angle of cells in the presence of NZ and compared it to € after NZ
washout (Figure 6D). NZ washout allowed the reformation of astral
MTs (Supplemental Figure S7A) and caused the alignment of the
metaphase SA parallel to the substratum in both round and flat
cells, as determined by live-cell imaging in seven round and seven
flat cells (Supplemental Figure S7C). Similarly, B angles measured
in cells fixed 45 min after NZ washout dropped close to those
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during astral MT-mediated spindle alignment. (A) Sequential x-y-t/x-z-t confocal time-lapse series after the transition
from prophase to metaphase in DRAQS5-stained MDCK cells expressing a-tubulin—-GFP with flat and round shape. Note
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(B) BUBRT, a spindle assembly checkpoint protein, was detected in prometaphase profiles and in metaphase profiles
(white arrowheads) with high . (C) MDCK cells fixed and stained as indicated were grouped by their lower and upper
Z/p ratios and C,_, (below and above quartiles Q1 and Q3, respectively) and their € angle was determined. Thirty cells/
experiment were analyzed for three independent experiments. (D) The € angle was measured in cells from Supplemental
Figure S7A. The NZ-washout population was grouped by its upper and lower z/p ratios. (B, D) Yellow arrowheads
indicate contacts between the cell apex and the metaphase plate. (C, D) Error bars indicate mean £ SD. *p < 0.05,

**p < 0.01, ***p < 0.001, analyzed by t test.
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FIGURE 7: Summary and model. When mitotic cells are subjected to
low doses of NZ, which depolymerizes their astral MTs, the resulting
metaphase spindle orientation along a cell’s x-z dimension is
governed by cell shape. In round cells with high Z/p ratio and C,_,, the
mitotic spindle adopts a random x-z orientation. This randomization is
the result of unconstrained spindle diffusion from the original
positions, which are substrate parallel in the case of metaphase
spindles and random in the prophase and prometaphase spindles that
progress to metaphase in the absence of astral MTs. When confined
by the cell cortex in flat cells, by contrast, spindles are biased toward
shallow spindle tilts because their diffusion is hindered and their
prometaphase orientation is already biased by shape. NZ washout
aligns metaphase spindles with the substratum in round and flat cells,
but confinement in flat cells frequently leads to spindle deformation
during its rotation, such that the metaphase plate deviates from its
perpendicular orientation to the spindle pole axis (e # 90°). This
rotation-dependent spindle disruption also occurs during
prometaphase-to-metaphase progression in unmanipulated control
cells that fail to round up sufficiently. The deformed spindles engage
the spindle assembly checkpoint and need to be properly
reassembled before anaphase progression.

measured in control cells (Supplemental Figure S7B). Of note, within
this time period after NZ washout, most metaphase profiles from
before the washout were maintained, and we did not observe new
metaphases forming (unpublished data). Thus NZ washout caused
metaphase spindle rotations that led to spindle pole alignment with
the substratum. In some of the newly rotated spindles, however, &
significantly deviated from 90°, which was never observed in meta-
phase spindles before NZ-washout (Figure 6D, +NZ).

Our analysis thus revealed that the cortical forces that operate on
astral MTs to rotate the spindle can disrupt the force balance within
the core metaphase spindle in situations in which the metaphase
plate does not clear the cortex. Such spindle disruptions then re-
quire the reassembly of the metaphase spindle after its horizontal
alignment, which would delay mitotic progression.

DISCUSSION

The metaphase spindle scales with cell size, as exemplified by the
extreme case of reductive cell division in early Xenopus embryogen-
esis (Wuhr et al., 2008; Hazel et al., 2013), and the spindle pole axis
is maintained at a reasonably constant length in a given cell type
(Goshima and Scholey, 2010). Mitotic cell height and metaphase
plate diameter also appear coordinated: spindle size correlates with
the amount of chromatin (Dinarina et al., 2009), and immortalized
cells with few chromosomes, and hence a short metaphase plate,
tend to remain flatter during mitosis than do cells with a higher chro-
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mosome number, which assemble longer metaphase plates (dis-
cussed in Lancaster et al., 2013). Does this coordination guarantee
that spindles can rotate without encountering resistance from the
cell cortex while aligning with spatial cues? Our findings in MDCK
and Hela cell cultures reveal that cell and spindle dimensions are in
fact not adapted to each other sufficiently to prevent constraint of
the metaphase core spindle by the cell cortex in a substantial frac-
tion of mitotic cells (Figure 7). We conclude this from experiments in
which the removal of active spindle alignment mechanisms did not
yield random spindle orientation along the cell’s x-z dimension. That
the bias toward an orientation with an angle of ~20-30° to the sub-
stratum was imposed by cell height and not due to insufficient equil-
ibration into a random position was deduced from 1) the observa-
tion that when metaphase cells were divided into populations with
below- and above-average ratios of cell height to spindle pole axis
or metaphase plate diameter, only the population with the lower
ratios showed a spindle-positioning bias toward shallow tilt angles;
2) 3D reconstructions that showed the metaphase plate touching
the cell cortex in flat cells with shallow-tilted spindles but not in tall
cells featuring vertically oriented spindles; and 3) the fact that com-
pression of the cell monolayer increased the incidence of shallow-
tilted metaphase spindles.

The observed spindle infarctions with the cortex are likely the
result of insufficient mitotic cell rounding rather than a mismatch
between cell volume and spindle size. We infer this from the strong
positive correlation between cell circularity in x-z planes and larger
spindle angle spread and from the fact that we only observed the
spindle touch the cortex along the cell’s height Z, which is the short-
est of the cell’s dimensions. Spindle orientation with respect to the
long cell axis along the x-y dimension was in fact random upon NZ
treatment.

Although it is established that MDCK spindles exhibit stereo-
typic substrate-parallel orientation first in metaphase (Reinsch and
Karsenti, 1994), the process leading to that orientation had not
been characterized. We report here that metaphase spindle align-
ment is a gradual process that goes hand in hand with chromosome
capture as cells progress from prometaphase to metaphase. We de-
termined that spindles rotate from positions with larger B angles to
smaller B angles in this process and that rotation occurs even in
confinement, that is, when the spindle does not clear the cortex.
The latter observation is evidence that astral MT-based rotation
forces overcome the resistance of the cortex that prevents spindles
in the absence of astral MTs from freely rotating. However, the rigid-
ity of the cortex prevented the metaphase plate from maintaining its
perpendicular orientation to the spindle pole axis in the population
of cells with Z/p ratio <1. In cells with low Z/p ratios, the tug of
interactions, that is, 1) the torque applied by the astral MTs, 2) the
spindle compression forces exerted by the cortex, and 3) the vis-
coelastic response of the spindle, can result in spindle deformation.
It is conceivable that K-fibers either lost tension or decompressed in
one half of the spindle relative to the other. The deformed spindles
likely require proper amphitelic reestablishment of kinetochore-MT
attachments to pass the spindle attachment checkpoint for progres-
sion through anaphase. Indeed, live-cell imaging showed that spin-
dle deformations observed early after horizontal spindle pole align-
ment appeared to be corrected at later metaphase time points. The
adaptation likely involves spindle widening and lengthening of its
pole-to-pole distance, as observed upon experimental flattening of
metaphase cells with already horizontally aligned spindles (Dumont
and Mitchison, 2009a). A correlation between cell width and spindle
length has indeed been observed in MDCK cells (den Elzen et al.,
2009).
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The importance of mitotic cell rounding for proper spindle mor-
phogenesis has recently been appreciated (Cadart et al., 2014)
based on a study that showed chromosome capture defects and
spindle pole splitting in Hela cells that were experimentally manip-
ulated to assume an extremely flat mitotic cell shape. When cell
height was <8 um, spindle MT length became limiting for efficient
MT-kinetochore capture and for assembly of a longer bipolar spin-
dle (Lancaster et al., 2013). Here we provide an additional reason for
cell rounding: to maintain spindle integrity during its positioning.
The rotation-induced spindle deformations that we attribute to con-
finement are far more sensitive to cell shape than those reported by
Lancaster et al. (2013), as they occurred in unmanipulated epithelial
cell cultures. Although unlikely to disrupt mitosis, repair of deformed
spindles is expected to cause a delay in mitotic progression.

The absence of cortical spindle positioning cues is commonly
associated with aberrant cell divisions and loss of monolayer organi-
zation in epithelial cells. Our findings make it clear that this cannot
be automatically presumed but depends on cell shape and the ex-
tent of mitotic cell rounding. Although the highly columnar shape of
Drosophila wing disk epithelial cells dictates a vertical spindle orien-
tation in the absence of cortical cues that resulted in divisions out of
the monolayer exclusively (Nakajima et al., 2013), the more cuboidal
shape of MDCK cells, combined with their inefficient mitotic round-
ing (den Elzen et al., 2009; Mitsushima et al., 2010; and this study),
makes such aberrant divisions much less frequent in these cells. This
is particularly apparent in 3D cultures that are used to study the re-
lationship between aberrant spindle orientation and tissue organiza-
tion. The hollow cysts with a single lumen that form under control
conditions in 3D MDCK or intestinal cell line cultures are contingent
on symmetric divisions in which cells stay within the monolayer,
whereas frequent divisions out of the monolayer are expected to
resultin a solid cell mass. In the absence of spindle alignment mech-
anisms, cysts generally maintained multiple large lumina, indicating
that divisions out of the monolayer were indeed infrequent (Jaffe
et al., 2008; Qin et al., 2010; Zheng et al., 2010).

Note that although the nonrandom B angle distribution after dis-
ruption of the cortical alignment cues in LGN-KD cells or upon PTx,
CiD, or LtB treatment resembled that after NZ treatment, spindle
positioning in the former cases could result not only from cortical
constraint, but also from MT-dependent shape-sensing mechanisms.
Astral MT-based forces that scale with MT length are expected to
guide spindles toward smaller B angles in flat cells and are consis-
tent with a larger B angle spread in round cells (Minc et al., 2011),
similar to what we described for spindle orientation the absence of
astral MTs. “Active” and “passive” cell shape-dependent spindle
positioning therefore likely work in congruence.

In summary, although cells do not rely on shape when defining
their division axis along the x-z dimension as they do for the planar
orientation of the division axis, mitotic cell height becomes decisive
when lateral cues fail.

MATERIALS AND METHODS

Cell lines and culture

MDCK cells (provided by K. Mostov, University of California at San
Francisco, San Francisco, CA) and Hela cells (CCL-2; American Type
Culture Collection, Manassas, VA) were grown in DMEM without
phenol red (17-205-CV; Corning, Pittsburgh, PA) supplemented with
10% fetal bovine serum (S11050; Atlanta Biologicals, Flowery
Branch, GA) and 2 mM L-glutamine. Stable MDCK cells lines ex-
pressing o-tubulin—-GFP were generated from parental MDCK cells
(Clontech (Clontech, Mountain View, CA). Control GFP- and
LGN-KD-GFP-expressing MDCK clones were provided by Q. Du
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(Medical College of Georgia, Augusta, GA). Cells were maintained
at 37°C in a 5% CO; humidified atmosphere. For experiments,
MDCK or Hela cells were plated on water-prewashed MatTek dishes
or four-compartment CELLview chambers (627870; Greiner Bio-
One, Monroe, NC) for live-imaging simultaneous multiplex analysis
at 1.5x 10° cells/cm?. CiD and PTx were used at 50 pM and 0.5 ug/ml
for 60 min or 3 h, respectively. Microfilaments or astral MTs were
selectively depolymerized by treating cells with LtB (2 pM) or low
doses of NZ (100 nM) for 60 min, respectively. Dimethyl sulfoxide
(DMSOQO) treatment (<0.1% vol/vol) was used as control.

Antibodies and reagents

The following antibodies were used in this study: a-tubulin (ab6160;
Abcam, Cambridge, MA), y-tubulin (T6557; Sigma, St. Louis, MO),
BUBR1T (200-301-902; Rockland, Limerick, PA), and NuMA
(ab36999; Abcam). Ciliobrevin D, pertussis toxin, and nocodazole
were from EMD Millipore (Billerica, MA). Latrunculin B and 4,6-
diamidino-2-phenylindole (DAPI) and phalloidin-tetramethylrho-
damine isothiocyanate were from Sigma. DRAQS5 was from Invitro-
gen (Carlsbad, CA).

Immunofluorescence and confocal microscopy

For immunofluorescence experiments, cells were fixed in 4% PFA in
PBS buffer for 20 min at room temperature. Cells were permea-
bilized in 0.1% saponin-1% bovine serum albumin for 20 min before
antibody incubation. F(ab’), fragment secondary antibodies coupled
to Dylight 488, Rhodamine Red-X, or Dylight 649 were used.
Chromatin was stained with DAPI or DRAQS in fixed or time-lapse
experiments, respectively. Microscopy was performed in a TCS SP5
confocal microscope (Leica Microsystems, Heidelberg, Germany)
equipped with a motorized x-y-z stage for multiple position finding
and with an 8000-Hz resonant scanner. Cells were imaged using a
HCX PL APO 40x/1.25-0.75 oil CS objective on MatTek or CELLview
chambers. Confocal (pinhole, 1 Airy unit [AU]; pixel size, 151.7 nm)
x-y-z stacks or x-z sections were taken from the monolayer. The x-y-z
stack projections (x-y,,) are shown in some figures as indicated. Live-
cell imaging was performed on MatTek or CELLview chambers at
37°Cin a COy-enriched atmosphere in growth medium without phe-
nol red. The x-y-z-t or x-z-t stacks (pinhole, 3—-4 AU; pixel size, 189.6—
379.2 nm) were recorded. Image stacks were processed with LAS AF,
version 2.6.0.7266 (Leica Microsystems CMS, Wetzlar, Germany),
and ImageJ, version 1.47 (National Institutes of Health, Bethesda,
MD). For 3D modeling, x-y-z stacks (1 pm/section) were processed in
IMOD, version 4.5.7 (http://bio3d.colorado.edu/imod/).

Randomness analysis and calculation of diffusion coefficient

For randomness analysis, we define our spherical coordinate system
as having the x-y plane parallel to the substratum and the x-z dimen-
sion describing the cell height Z over the substratum. The x-axis is
aligned with the projection of the spindle onto the x-y plane. In this
coordinate system, the spindle always lies in the x-z plane. In the
corresponding spherical coordinate system, the orientation of the
spindle pole axis relative to the x-y plane is characterized by eleva-
tion (“latitude”) angle B, which is complementary to the traditional
polar angle ¢, B =n/2 — ¢. In spherical coordinates, the element of
the surface area is proportional to sin ¢ = cos . Therefore, for the
completely random spindle orientation, the frequency of any ob-
served B angle divided by cos 3 must be a constant. For the analysis,
we used an index that corresponds to the percentage of cells with
angles in one of the three bins (0-30, 30-60, 60-90°) divided by
the integral of the cosine between the margins of the bins, that is,
sin 30 — sin 0 = 0.5 for the first bin; sin 60 — sin 30 = 0.366 for the
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second bin, and sin 90 — sin 60 = 0.134 for the third bin. In the ideal
case of completely random orientation of the spindle, N=1 in each
bin. In our analysis, we considered the orientation random when the
index (%0observed’ %Random) TOr €ach bin was within 1 SD of 1.

To determine the diffusion coefficient, D, we analyzed six round,
NZ-treated metaphase cells by x-z-t time-lapse imaging in 10-s in-
tervals for 4 min and recorded the deviation of the  angle from its
original position from each frame. We plotted (Biime — Btime = 0)°
versus time. We determined D from the slope of the regression line
for the best linear fit of the data that pass through the point y =0,
t = 0. The time for complete diffusional randomization of spindle
orientation is estimated as [(90°)]%/D.

Quantification and statistical analysis

The circularity index C (= 4n(area/perimeter?) was used to quantify
the roundness of a two-dimensional object corresponding to the
cross section of the cell by a plane. The measurements of the circu-
larity (Cx,, Cxs and C), the cell and spindle dimensions X, y/, and Z
and s and p, respectively, and the B, §, and € angles were obtained
with ImageJ tools in x-y and x-z confocal sections. For measurements
of circularity, we drew regions of interest in the perimeter of the cell
(Cxy, Cxzi see Supplemental Movie S$1) or chromatin (C,). The loca-
tion of the spindle poles for B, 8, and &€ measurements was deter-
mined with a-tubulin—-GFP (live cells) and y-tubulin or NuMA (fixed
cells). We ensured that both spindle poles were contained in the x-z
confocal plane sections. For statistical computation and estimation
of significance, we used Prism, version 6.0 (GraphPad, La Jolla, CA).
Statistical significance was determined using two-tailed unpaired
t test for three independent experiments. Pearson’s coefficient was
applied for correlation analysis.
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