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Spindle orientation defines the plane of cell division and, thereby, the spatial position of all daughter cells. Here, we
develop a live cell microscopy-based methodology to extract spindle movements in human epithelial cell lines and study
how spindles are brought to a pre-defined orientation. We show that spindles undergo two distinct regimes of move-
ments. Spindles are first actively rotated toward the cells’ long-axis and then maintained along this pre-defined axis. By
quantifying spindle movements in cells depleted of LGN, we show that the first regime of rotational movements requires
LGN that recruits cortical dynein. In contrast, the second regime of movements that maintains spindle orientation does
not require LGN, but is sensitive to 2ME2 that suppresses microtubule dynamics. Our study sheds first insight into spa-
tially defined spindle movement regimes in human cells, and supports the presence of LGN and dynein independent

cortical anchors for astral microtubules.

Introduction

At the cortex of polarized cells, the PAR3 module (PAR3-
PARG-aPKC) localizes asymmetrically. This polarized module
recruits macromolecular machines (Gai-LGN-NuMA-dynein/
dynactin) that pull at astral microtubules and orient the mitotic
spindle (reviewed in refs. 1 and 2). In non-polarized mouse NRK
cells’ and amphibian and fish embryos,* cell shape cues can orient
the spindle along the long-axis of the cell in a dynein-dependent
manner. However, the temporal evolution of spindle movements
in cultured human cells is not fully understood, partly due to
the apparent cell-to-cell variability in the nature of spindle
movements.

The importance of interphase cell shape-dependent changes
in spindle orientation is best observed in precancerous lesions of
intestines’ and the epidermis of a developing embryo,° highlight-
ing the importance of cell shape-associated spindle orientation in
tissue organization.

Cell shape is intertwined with cell-cell and cell-substrate
adhesion. In cells that lack neighbor cell contact, the memory
of interphase cell shape is carried through mitosis in the form
of cell-substrate adhesion that determines spindle orientation.”
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This form of “mitotic cell polarity” is dependent on subcortical
actin.”!* The molecular details of how cell—cell and cell-substrate
adhesion may jointly influence the dynamic movements of the
spindle are poorly understood.

In human cells, spindle positioning (parallel to the substra-
tum) and orientation (alonga predefined axis in XY plane) require
a diverse and somewhat non-overlapping set of proteins. While
sSpindle positioning requires the microtubule-associated proteins
EBI, APC, MAP4, CHICA, and HMMR, the motors Dynein
and Myosin-X, the kinases PAK2, PI(3)K, LIMKI, and AblI,
and intracellular signaling regulators Bl-integrin and Cdc42
GTPase, spindle orientation along a predefined axis requires
Dynein, LGN, the centrosomal proteins, CPAP and STIL, and
CLASP1.>"2 To elucidate how spindle positioning and orienta-
tion mechanisms may communicate with each other, we require
a framework to systematically extract spindle movements in cells
that maintain neighbor cell interactions.

Here, we use monolayer cultures of human cell lines for devel-
oping a methodology to study interphase cell shape-associated
spindle orientation in cells that retain neighbor cell interactions.
We developed an automated spindle pole tracking software,
Spindle3D, and using this software, we studied the temporal
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evolution of spindle pole movements in individual cells of a pop-
ulation and extracted statistically significant patterns of spindle
movements with respect to interphase cell shape. We find that
the spindle-axis is initially directed toward the cell’s long-axis
and then maintained close to the long-axis, revealing 2 spatially
distinct regimes of spindle movements in non-polarized cells. By
combining RNAi-mediated protein depletion and live cell imag-
ing, we show that spindle rotation toward the long-axis is an early
mitotic event that is reliant on LGN. However, mechanisms that
maintain spindle alignment close to the long-axis are independent
of LGN, suggesting the presence of LGN-independent mecha-
nisms for orientation maintenance. Orientation maintenance is
selectively sensitive to suppression of microtubule dynamics, but
not increase in microtubule length. We propose that mitotic spin-
dle movements are subjected to spatially distinct molecular mech-
anisms that first mediate spindle rotation toward the long-axis
and then facilitate orientation maintenance along the long-axis.

Results

HeLa and RPEI cells orient their spindle along the inter-
phase long-axis

To study interphase cell shape-associated spindle orientation
in cells that retained cell—cell contact, we studied human epithe-
lial cells grown on a glass surface. Using time-lapse microscopy,
we followed chromosome movements in over a hundred HelLa
and RPE1 cells expressing the chromosome markers His2B-GFP
(HeLa™28-6 ) and His2B-RFP (RPE1M2B-RFP) " respectively, by
imaging once every 4 min for a period of 5 h. In this assay, a line
orthogonal to the segregating chromatid sets was used to approx-
imate the final spindle-axis (Fig. 1A). The long-axis of the cell
was determined 12 min before mitosis onset (Nuclear Envelope
BreakDown [NEBD]). The angle between the final spindle-axis
at metaphase—anaphase transition and the interphase long-axis
was used to register the final orientation of the spindle (Fig. 1A).
We binned the final spindle orientation angles into three sets,
with 0-30 degrees corresponding to the least deviation of spindle-
axis from the cell’s long-axis. This population analysis revealed
that around 90% of cells aligned within 30 degrees, demonstrat-
ing a clear bias in spindle orientation in HeLa and RPE1 cells
(Fig. 1B and C). An unbiased random orientation mechanism
is expected to yield not more than 33% of cells in each of the 30
degrees spindle-axis bins. We conclude that the final orientation
of the mitotic spindle is strongly correlated with the interphase
cell’s long-axis in both HeLa and RPEL1 cells grown on glass sub-
strates, as shown for NRK cells.? Although this system does not
disentangle the effect of cell shape and cell—cell or cell-substrate
adhesion on spindle orientation, it allows us a means to predict
spindle orientation in human epithelial cell cultures that retained
neighbor cell interactions.

Mitotic spindles align along the cell’s long-axis during
prometaphase

In frog and fish embryos,* spindle orientation is achieved by
pre-positioning of the centrosomes prior to mitosis, instead of
active spindle rotation during mitosis.?** In non-polarized cells,
centrosomes are known to separate both before and after nuclear
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envelope breakdown (reviewed in ref. 23); however, the extent
to which prepositioning of centrosomes biases spindle orienta-
tion in HeLa cells is not known. To address this, we studied
the kinetics of spindle orientation relative to chromosome con-
gression. We generated a Hela cell line expressing markers for
both chromosomes (His2B-GFP) and microtubules (mCherry-
Tub), HeLaMis2B-GFPimCherry-Tub " mark mitotic phases and define
spindle-axis (pole to pole axis), respectively. We first confirmed
that the introduction of mCherry-Tub did not perturb mitosis
progression or spindle assembly, as no discernible difference in
mitotic timing, bipolarity extent or segregation accuracy was
observed between HeLa!is2B-GIPs mCherry-Tub 3 He[ qHis2B-GIP ce]|
lines (Fig. S1). Time-lapse movies of HeLal!is2B-GFPimCherry-Tub

showed that in early prophase the spindles first formed at random

cells

orientations with respect to long-axis, and by metaphase, the
spindles had completed orienting their pole-to-pole axis along the
long-axis of the cell (Fig. 2A; Movies S1 and S2). We compared
the time consumed to orient spindle along long-axis (spindle
orientation time) and to congress chromosomes onto the meta-
phase plate (chromosome congression time). Four minutes after
NEBD, more than 80% of cells had their spindle-axis oriented
away from the long-axis, and nearly all cells displayed uncon-
gressed chromosomes, confirming incorrect orientation and
incomplete congression in early prophase (Fig. 2B). However, 12
min after NEBD, nearly 70% of cells had completed orienting
their spindle-axis along the long-axis, but only 20% of cells had
completed chromosome congression, indicating correct orienta-
tion and incomplete congression in prometaphase. The kinetics
of orientation and congression showed two important findings:
first, the completion of chromosome congression is not a prereg-
uisite for spindle orientation along the long-axis. Second, final
spindle orientation is not achieved by pre-positioning of centro-
somes along the long-axis in the vast majority of cells, highlight-
ing the usefulness of the system to study spindle movements that
ensure the proper orientation of the spindle.

Spindle movements are directed toward the long-axis and
are subsequently maintained proximal to the long-axis

Examining the dynamics of spindle movements has allowed
the dissection of orientation mechanisms in model systems.*4-2¢
To study the dynamics of spindle movements in cell cultures,
we developed Spindle3D software (Fig. S2A), which automarti-
cally identifies spindle pole positions and quantifies the displace-
ment of the spindle poles in time-lapse images. In this automated
image analysis approach, the long-axis of the cell was determined
by fitting an ellipsoid to the shape of the interphase cell 20 min
prior to NEBD. We first confirmed that the final orientation
angles were comparable in both Spindle3D automated analysis
and manual analysis, in 2 different experiments (Fig. S2B). In
both Spindle3D and manual analyses, final spindle orientation
bias was slightly reduced in HeLais2B-GFPsmCherry-Tub ¢e]] Jine com-
pared to HeLa"s2B-STF cell line (Fig. S2B; Fig. 1C), presumably
owing to increased precision in identifying spindle pole positions.
Nevertheless, a prominent bias in orienting the spindle along
long-axis was observed in HelLa!is2B-GFPs mCherry-Tub ce]| popula-
tions, highlighting the combined benefit of the spindle reporter
cell line and automated Spindle3D analysis.
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Because population averages might obscure important
dynamic characteristics of spindle movements that are unsyn-
chronized between cells, we included the analysis of spindle
movements in individual cells. To our knowledge, human spindle
movements have not been analyzed at this temporal and numeri-
cal resolution so far. Analyzing spindle movements in relation to
long-axis revealed a biphasic trend in movement before and after
the spindle’s first alignment with the long-axis (Fig. 2C). Prior
to first alignment of spindle-axis with long-axis, the spindle-axis
underwent directed movement toward the long-axis. After the
first alignment, spindle-axis remained within 30 degrees of the
long-axis, suggesting a mechanism that prevents the spindles
from moving away from the long-axis. We conclude that two
distinct regimes of spindle movements exist: (1) a directed move-
ment that rotates the spindle-axis toward the long-axis and (2) a
restrained movement that maintains the spindle position within
30 degrees of the long-axis.

We next studied dynamic switching in the direction of spin-
dle movements during the period when spindle-axis was either
within or outside of 30 degrees of long-axis. For this, we quanti-
fied the occurrence of 2 possible directions of spindle movement:
spindles moving toward or away from the long-axis. When the
angle between the spindle-axis and the long-axis was greater
than 30 degrees, movement toward the long-axis was at least
1.5-fold more frequent than movement away from the long-axis.
We refer to this 1.5-fold bias as “directional bias”. No such direc-
tional bias was observed in spindles that were aligned within
30 degrees of the long-axis (Fig. 2D). We conclude that the
directional bias is specific to spindles oriented away from the
long-axis.

The speed of spindle rotation was reduced one-fourth in
the second regime compared with the first regime spindle rota-
tion speed in degrees/frame: pre-align 13.1 + 0.7°% post-align
9.9 £ 0.5° (n = 123 cells). Although speed values are susceptible
to frame rates, this result, together with directional bias differ-
ences, show the existence of spatially distinguishable regimes of
mitotic spindle movements.

Accuracy of spindle orientation is dependent on the aspect
ratio of the cell

While the majority of HeLaltis2B-GFPmChery-Tub ce][s aligned
the spindle-axis within 30 degrees of the long-axis (Fig. S2B), a
minority of cells failed to align the spindles properly. We hypoth-
esized that there could be a specific “shape threshold” or thresh-
old aspect ratio that is required to specify a sufficiently prominent
longest axis for successful detection by the spindle orientation
machinery. To quantitatively test this hypothesis, we binned cells
with a high (>2), medium (betweeen 1.5 and 2) or low (<1.5)
aspect ratio by fitting cells to nearest ellipsoids and measuring the
ratios of major and minor axes lengths. To carefully analyze ori-
entation bias, we reduced spindle-axis bin size to 15 degrees. An
increased bias in orienting spindles along long-axis was observed
in cells with a high aspect ratio compared with cells with a
medium aspect ratio (Fig. 2E). In cells with low aspect ratio, the
bias in orienting spindles was noticeably reduced. Previous stud-
ies in RPEI cells showed that an aspect ratio of 1.2 can bias the
mitotic spindle toward long-axis.’* Thus, we conclude that aspect
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Figure 1. Epithelial cells cultured on glass orient their spindle along the
interphase long-axis (A) Schematic describing cell shape-associated
spindle orientation. The interphase long-axis (angle a; dashed blue line),
metaphase spindle-axis (@angle b; dashed purple line) and plane of cell
division (dashed green line) orthogonal to spindle-axis are highlighted.
(B and C) Spindle-axis at metaphase-anaphase transition shows biased
alignment along the long-axis of the interphase cell. (B) Time-lapse anal-
ysis of chromosome movements to extract long-axis of the cell (dashed
white line), spindle-axis (dashed red line) in HeLa"?5-6F" and RPE1"is28-RFP
cells. Representative frames of time-lapse movies are shown as a merge
of DIC (cell shape) and either GFP/RFP (chromosome alignment) (C)
Frequency distribution of final orientation angles (spindle-axis relative
to long-axis) in HeLa"s?#:¢F* and RPE1"s?6-% Error bars represent SEM
from 3 independent experiments. Scale bar =40 pm

ratio influences orientation success along long-axis. Because
aspect ratio is closely linked to cell-cell and cell-substrate inter-
action, these findings support the previously demonstrated role
of cell-substrate interaction in orientation® and suggest a possible
role for regulators of cell—cell interaction in spindle orientation
and movements.

2645



LGN is required for spindle rotation toward the interphase
long-axis

Cells grown on ECM substrate showed LGN’s role in orient-
ing the spindle along a pre-defined axis; LGN is required for
cortical localization of Dynein heavy chain (DHC) and spin-
dle oscillations along pole-to-pole axis.” We tested if LGN is
required for spindle orientation in cells grown on glass substrates,
and, if so, whether LGN is required for the 2 regimes of spindle
movements. We used previously described LGN siRNA oligos”
and first confirmed siRNA-mediated depletion of LGN using
immunoblotting (Fig. 3A). We next confirmed functional loss
of LGN by studying spindle oscillations and the status of corti-
cal DHC-GFP in Hela cells expressing DHC-GFP (HeLaP"<
F?). For this study, siRNA-treated and G,-M-synchronized cells
were arrested in metaphase using MG132 treatment and then
imaged once every minute to follow DHC-GFP signals at spin-
dle poles and cell cortex. As reported,” unlike control-depleted
cells, LGN-depleted cells lacked cortical dynein, and spindles
remained in the geometric center of the cell with no oscillation
along the pole-to-pole axis (Fig. 3B), confirming the functional
loss of LGN.

To study spindle rotation and orientation events following
LGN depletion, control or LGN siRNA-treated and G,-M-
synchronized HeLaMis2B-GFPimCherry-Tub ce[g were imaged once every
4 min for 5 h (Fig. 3C). Analysis of time-lapse movies showed
that in control-depleted cells, but not LGN-depleted cells, spin-
dles that aligned along long-axis underwent oscillations along the
pole-to-pole axis (Fig. 3D). Analysis of final spindle orientations
using Spindle3D showed that the bias in orienting spindles along
long-axis was significantly reduced in LGN siRNA-treated cells
compared with control siRNA-treated cells (Fig. 3E), confirming
LGN’s role in spindle orientation.

We tested if orientation failure in LGN siRNA-treated cells
was due to a spindle rotation failure or orientation maintenance
failure. Spindle rotation in both control- and LGN-depleted cells
showed a comparable directional bias toward long-axis (Fig. 3F).
However, the speed of spindle rotation prior to alignment along
long-axis was reduced by half in LGN-depleted cells compared
with control-depleted cells (spindle rotation speed in degrees/
frame: control RNAI: pre-align 15.0 £ 0.8°, post-align 9.8 + 0.4°,
142 cells; LGN RNAi: pre-align 8.7 * 0.4°, post-align
7.7 £0.4° n = 178 cells), revealing LGN’s role in spindle rotation.
To test if the spindle orientation failure arose primarily from a

n =

spindle rotation defect, we analyzed the probability of alignment
along long-axis based on the initial deviation of the spindle-axis

from long-axis. In control cells, the probability of alignment was
similar when spindle-axis was proximal (30—60 degrees) or distal
(60-90 degrees) to the long-axis (Fig. S3). However, in LGN
siRNA-treated cells, probability of alignment was significantly
higher when spindle-axis was proximal (Fig. S3A), indicating a
selective failure in orienting spindles that needed greater rota-
tion to align along long-axis. Collectively, these observations
together with the time-lapse sequences confirm that the spindle
rotation defect leads to spindle orientation failure in LGN-
depleted cells. Analysis of orientation maintenance showed that
although a majority of the spindles failed to arrive at the long-
axis, those spindles that were assembled close to the long-axis
were successfully maintained along long-axis in LGN-depleted
cells (Fig. 3G), indicating that LGN is dispensable for orienta-
tion maintenance. We conclude that LGN is specifically essential
for normal spindle rotation, but not for the directional bias dur-
ing rotation or for orientation maintenance along long-axis. This
suggests the presence of LGN- and cortical dynein-independent
cortical anchors for astral microtubules to tether and maintain
spindle orientation.

2ME2 disrupts mechanisms that maintain orientation along
the long-axis

We investigated the extent to which subtle perturbation to
microtubule dynamics influenced the 2 regimes of spindle move-
ments. This is a technically challenging experiment, as pertur-
bation of microtubules can disrupt chromosome-microtubule
attachments and block anaphase onset. Because low concen-
tration of Nocodazole that caused spindle misorientation was
reported to cause spindle shortening,® we used a subtle micro-
tubule perturbing agent 2-Methoxy Estradiol (2ME2) that
suppresses microtubule dynamics in interphase MCF7 cells
without changing bulk levels of microtubules.”” We chose 100
nM concentration of 2ME2 for our study, as it was the high-
est concentration that allowed mitotic exit (data not shown).
We first tested the extent to which 100 nM 2ME2 treatment
altered mitotic microtubule dynamics in Hela cells expressing
EBI-YFP (HeLa™'"Y"), a marker of growing microtubule ends,
using time-lapse microscopy. EB1-YFP comets were not visually
different between 100 nM 2ME2-treated and control cells (Fig.
S4A). However, 2ME2 treatment induced a significant reduction
in growth and shrinkage rates compared with controls (Table 1),
as assessed using plusTipTracker,?® a software that infers growth
and shrinkage rates of microtubules from the tracks of EB1-YFP-
decorated microtubule end. Microtubule growth rates in control
mitotic cells were comparable to previously reported values in

bars represent SEM from 3 independent experiments.

Figure 2 (See opposite page). Two spatially distinct regimes of spindle movements facilitate the process of cell shape-dependent spindle orientation
(A) Time-lapse images of a HelLatis28-6FPi mChery-Tub ca|| showing the positions of spindle and chromosomes from nuclear envelope breakdown (NEBD)
through anaphase. Dashed lines are drawn parallel to the interphase long-axis (yellow), first alignment along long-axis (blue), and final spindle orienta-
tion axis (pink). Scale bar = 15 um. (B) Cumulative frequency distributions of the first time point when spindle-axis aligns with long-axis and the time
point of completion of chromosome congression. Only cells that properly oriented along long-axis were considered for the analysis. (C) Trace of spindle-
axis through time of a randomly chosen set of 20 cells. The vertical axis measures the angle between the spindle and the cell’s long-axis (0 corresponds
to perfect alignment), each curve has been horizontally shifted, so that the time of first alignment (< 20 degrees) is at time 0. Dashed green vertical
line indicates spindles’ first alignment with long-axis. (D) Bar graph showing direction bias for spindles rotating away from and toward the long-axis.
Spindles were segregated into 2 sets according to their position (> or < 30 degrees from long-axis). (E) Frequency distribution of final orientation angles
(spindle-axis relative to long-axis) in HeLatis28-GFPimCheryTub cal|s that exhibited high (>2), medium (between 1.5 and 2) or low aspect ratio (<1.5) in inter-
phase, 20 min prior to NEBD. Aspect ratio (aspr) is defined as major axis:minor axis of ellipse fitted to interphase cell shape, 20 min prior to NEBD. Error
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A Time-lapse Analysis

Interphase Pro-metaphase

Metaphase Anaphase

9
(@)

0.
TH
&)
o , ,
Nl
2}
L . .
S
2
=
>
©
©
[0)
2
()
=
16 min i 28 min
1st regime: Biased rotation 2nd regime : Orientation maintenance
B Orientation vs congression times C Trace of spindle movements
1st regime: 12nd regime:
Biased Rotation 1Orientation maintenance
— T T T T —
100 ; = - W
(O]
o
(o]
80 1 Chromosome s 7
< congression (n=84) o 60} 7 .
o . . "
T_'; 60 -=—Spindle orientation (n=84) 3
3 2
5] o
o
= 40 A E
2 S a0} o ]
s = ;
20 2
1 =
[0
0 3= £ o 0 1 A 1
4 12 20 28 36 44 52 60 24 12 0 12 24
Time (min) Time relative to first alignment with long axis (min)
D Directional bias E Orientation Bias
BN move away from HEEE move towards 100 B aspr <1.5
57 long axis |0n9'aXlS 1.5 <aspr<2
80 |- N ospr> 2
0.6 E -
(7] =
) <
5 05 - 60 -
£ 5
3 04 g+ 2
5 240 .
c 03 £
s s .
|8}
® 0.2 v
IC 20 _
0.1 L -
0.0 0
> 30 deg <30 deg 15 30 45 60 75 90
from long axis from long axis spindle axis relative to long-axis (in degrees)

Figure 2. For figure legend, see page 2646.
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Figure 3. LGN controls spindle rotation speed but not directional bias in rotation (A) Immunoblot of cell lysates treated with LGN RNAi or control
RNAi as indicated were probed with antibodies against LGN and tubulin. Grey arrow (****) refers to nonspecific band. (B) Single-plane live cell images
(left) and their kymographs (right) of HeLaP"“¢* cells treated with LGN or control siRNA as indicated. DHC-GFP at cell cortex marked with green arrow.
Scale bar = 20 wm refers to indicated panel alone. Other images are cropped 40% to highlight the spindle. Kymographs showing DHC-GFP levels at
spindle poles and cell cortex along pole-to-pole axis are generated from flattened time-lapse Z stacks, acquired once every minute, of cells treated
with LGN or control siRNA. Spindle pole location (red arrows) and DHC-GFP enrichment at cell cortex (green lines) are marked. (C) Time-lapse images of
control or LGN siRNA-transfected Helatis?8-6FPimchery-Tub cal|s undergoing cell division. Dashed lines indicate interphase long-axis (yellow), first alignment
along long-axis (pink) and final spindle orientation axis (blue). Scale bar = 20 um. (D) Graph of percentage of mitotic cells with no spindle oscillation in
cells treated with control or LGN siRNA as assessed from time-lapse movies of HeLatis28-6FPimchery-Tub cal|s_ (E) Frequency distribution of final orientation
angles (spindle-axis relative to long-axis) in cells treated with control or LGN siRNA (n = 3 experiments). (F) Bar graph showing percentage of spindle
movements toward or away from the long-axis, when spindle-axis was at least 30 degrees away from long-axis, in cells treated with siRNA as indicated.
(G) Bar graph showing percentages of spindles that aligned within 30 degrees of long-axis at some point, at anaphase and maintained alignment after
firstalignment in cells treated with control or LGN siRNA. Error bars represent SEM from 3 independent experiments. P values are obtained using propor-
tion test. Symbols # and * refer to insignificant and significant differences, respectively.
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Table 1. Effect of 2ME2 treatment on the dynamic instability of microtubules in mitotic cells

Mode* growth rate
+ SD (um min-1)

Mode shrinkage rate
+ SD (um min-1)

Per cent time growing/
shortening/paused

Pause frequency (s)

Control (DMSO)

14.25+3.74

14.60 £9.01

37.4/37.4/25.1

0.118

2ME2 treatment

4.860 +2.75

5.224+2.25

38.8/36.3/24.9

0.130

*Mode values were chosen since the histograms of growth and shrinkage rates were not distributed normally. To define the mode in this table, we consid-
ered values within the peaks in the histogram and then calculated the mean and SD for the modes in individual cells. List of mode values of microtubule
growth and shrinkage rates, percentage time microtubules spent growing or shrinking or pausing, and frequency of pause events (every s) observed in
HeLaf®"Y* cells that were treated with DMSO or 100 nM 2ME2. Eighty-four tracks of 5 control mitotic cells and 67 tracks of 5 2ME2-treated mitotic cells were
used for analysis.

Table 2. Spindle rotation rates before and after alignment along long-axis

Post-align Pre-align Post-alian Pre-alian Pre-align Post-align
Treatment speed (deg/ S.EM. speed (deg/ S.EM. N frameg framegs speed (deg/ | speed (deg/
frame) frame) min) min)
bmso 9.8986 0.5326 13.0507 0.7360 123 365 369 3.2626 24746
(Control)
100nM 2ME2 8.5838 0.3196 9.1253 0.2953 100 827 1196 2.2813 2.1459
Cntrl RNAT 9.8077 04118 15.0410 0.7714 142 531 430 3.7602 24519
(72 h; syn)
LGN RNAI 7.7368 0.38547 8.6709 0.4061 178 410 509 2.1677 1.9342
(72 h; syn)
Cntrl RNAI 11.1944 1.1866 16.0160 1.3021 66 150 183 4.0040 2.7986
(48 h; asy)
MCAKRNAI 8.8873 0.6562 12.7987 0.7690 97 253 271 3.1996 2.2218
(48 h; asy)

Speeds were calculated using rotational displacement of spindle pole positions between two consecutive frames (T1 and T2) as determined using
Spindle3D. Spindle angle at T1 was used to distinguish pre-align (>30 from long-axis) and post-align (<30 degrees from long-axis) positions. Frame refers
to four minutes intervals. Columns marked “Pre-align frames” and “Post-align frames” indicate the number of frames used to calculate speed. Speed in
degrees/min was calculated by quartering degrees/frame values. SEM refers to Standard Error of Mean. n_ refers to total number of mitotic cells used for
speed calculations. Cntrl RNAI, syn and asy refer to Control RNAI, synchronous cultures and asynchronous cultures, respectively. Hours (h) in column 1 refers
to transfection period. List of spindle rotation speeds from time-lapse movies extracted using spindle pole positions identified by Spindle3D. Speeds were
binned according to positions occupied by the spindle, either before spindle alignment along long-axis (<30 degrees) or after alignment along long-axis

(>30 degrees).

LLCPK cell line.? 2ME2 treatment did not change bipolar spin-
dle size in live or fixed cells (Fig. 4A and B) or mitotic microtu-
bule length (Fig. S4B). These findings show that 100 nM 2ME2
reduces growth and shrinkage rate but does not reduce spindle
size, indicating the drug’s usefulness for perturbing microtubule
end behavior without altering spindle size.
HelLatis2B-GFPimCherry-Tub - collg treated with 100 nM 2ME2,
but not control cells (treated with DMSO alone), displayed
congression defects and delayed anaphase onset (Fig. 4A;
Fig. S4C). Despite the congression defect and delay in ana-
phase onset, 100 nM 2ME2-treated cells underwent ana-
phase and chromosome segregation (Fig. 4A; n = 43 cells).
However, spindle orientation along long-axis was perturbed
following 2ME2 treatment (Fig. 4A). Quantifying the final
orientation bias using Spindle3D confirmed that only 25% of
2ME2-treated cells could orient spindles within 30 degrees of
the long-axis (Fig. 4C). However, the directional bias in rotat-
ing spindles toward long-axis was not lost following either con-
trol or 2ME2 treatment (Fig. 4D), indicating the presence of
2ME2-resistant interphase cell shape memory that guides the
first regime of spindle movements toward the pre-defined axis.

www.landesbioscience.com

The speed of rotation toward long-axis was reduced by
one-third following 2ME2 treatment (spindle rotation speed
in degrees/frame: control: pre-align 13.1 % 0.7°, post-align
9.9 £0.5°% n = 123 cells; 2ME2: pre-align 9.1 + 0.3°, post-align
8.6 £0.3° n = 100 cells). This speed reduction was not the cause
of orientation failure, because time-lapse sequences showed that
even spindles that aligned at long-axis failed to remain near the
long-axis (Fig. 4A). In agreement, Spindle3D analysis showed
that the percentage of cells that aligned along long-axis, at some
point, was only slightly reduced in 2ME2-treated cells compared
with control cells (Fig. 4E). However, the percentage of cells that
maintained orientation within 30 degrees of long-axis was drasti-
cally reduced following 2ME2 treatment compared with controls
(Fig. 4E). This shows that 2ME2 treatment induced orientation
defect arises at least in part from a failure in the second regime
of spindle movements required for orientation maintenance. We
conclude that molecular mechanisms that maintain orientation
are more sensitive to microtubule perturbations compared with
mechanisms that govern rotation toward long-axis.

The orientation maintenance failure in 2ME2-treated cells
could hypothetically be an indirect consequence of the anaphase

Cell Cycle 2649
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delay caused by congression defects. We excluded this possibility,
since control cells that by chance underwent delayed congression
and an associated anaphase delay did not show a spindle orien-
tation failure (Fig. 4F). We conclude that changes to microtu-
bule dynamics can disrupt orientation maintenance mechanisms
severely, without abrogating directional bias in spindle rotation.
2ME2-induced failure in orientation maintenance may explain
the spindle orientation failure observed in mouse uterine tissues
exposed to estradiol.*

MCAK is dispensable for cell shape-associated spindle
orientation

Because suppression of microtubule dynamics using 2ME2
abrogated orientation maintenance, we tested the extent to which
spindle orientation will be perturbed in response to increase in
astral microtubule length. For addressing this, we depleted the
evolutionarily conserved microtubule depolymerizing kinesin,
MCAK/Kif2C that is required for microtubule shrinkage.:%
To deplete MCAK in HeLa!is?B-GFPimCherry-Tub o] (Fig. 4G), we
used previously described siRNAs. Analysis of time-lapse movies
showed a delay in chromosome congression and anaphase onset
in MCAK-depleted cells compared with control-depleted cells
(Fig. $4C), as reported,® confirming a functional loss of MCAK.
Mitotic spindle microtubule lengths, as assessed in monastrol-
arrested prometaphase cells, were longer in MCAK-depleted cells
compared with control-depleted cells (Fig. 4H), in agreement
with previously reported long astral microtubules in MCAK-
depleted cells.®

Analysis of orientation bias showed that the percentage of
cells that aligned along long-axis was not significantly differ-
ent between control and MCAK-depleted cells (Fig. 4I), indi-
cating proper spindle orientation in MCAK-depleted cells. The
speed of rotation toward long-axis was slightly reduced follow-
ing MCAK depletion (spindle rotation speed in degrees/frame:
control RNAi: pre-align 16.0+/-1.3°, post-align 11.2+/-1.2°,
n = 123 cells; MCAK RNAi: pre-align 12.8+/-0.8°, post-align
8.9+/-0.7° n = 100 cells; Table 2). However, directional bias
in the rotation of unaligned spindles was comparable in control
and MCAK-depleted cells (Fig. 4]). Collectively these findings
show that increase in microtubule length does not perturb final
orientation bias or directional bias in rotation. Because MCAK-
depleted cells orient spindles properly, even in cells that showed

a delayed anaphase time of more than 32 min (Fig. 4K), we con-
clude that the memory of interphase shape cues is retained even
during a prolonged delay in anaphase onset. Thus, our findings
demonstrate that although the increase in astral microtubule
length reduces spindle rotation speed, it is well-tolerated by cell
shape-associated orientation process.

Discussion

Here we establish a methodology to study spindle movements
that bring the spindles to a pre-defined axis. By extracting statis-
tically relevant spindle movements in hundreds of cells display-
ing a continuum of shapes, we show the presence of 2 distinct
regimes of spindle movements: first, spindles are actively directed
toward the long-axis and then maintained along the long-axis.
During the latter phase, spindles were found to oscillate along
the pole-to-pole axis. We show that the first regime of spindle
movement is dependent on LGN. The second regime of move-
ments that maintain spindle orientation is independent of LGN,
although spindle oscillations require LGN. We show that orien-
tation maintenance mechanisms are sensitive to suppression of
microtubule dynamics, but not increase in microtubule length
(Fig. 5A). We propose that spindle orientation is controlled by
spatially distinct factors that differently control spindle rotation
and orientation maintenance movements.

Proper regulation of cortical dynein is important for the accu-
rate positioning of spindles parallel to the substratum.'>'*3* Our
study of LGN-depleted cells show that spindle rotation towards
the final axis, alone, is reliant on cortical dynein. However, to
maintain a stable orientation of the spindles, neither LGN nor
cortical dynein is required. This shows that under certain con-
ditions, loss of cortical dynein does not disrupt the stable posi-
tioning of the spindle parallel to the substratum (this study),
consistent with previous findings of p150 dynactin depletions
that did not perturb spindle positioning.** Collectively, these
findings imply that although cortical dynein is an important
regulatory anchor for pulling at astral microtubules, LGN- and
dynein-independent anchors are likely to exist for tethering astral
microtubules to the cell cortex.

Microtubule interactions at the cell cortex that control spindle
orientation are likely to be resilient to increase in microtubule

Figure 4 (See opposite page). Orientation maintenance is exquisitely sensitive to suppression of microtubule dynamics. (A) Time-lapse images show-
ing spindle and chromosome movements in HelLatis28-GFP mcherry-Tub cal|g treated with or without 100 nM 2ME2. Long-axis, first spindle alignment axis,
and final spindle orientation axis are marked in yellow, purple, and blue dashed lines, respectively. Scale bar = 30 um. (B) Immunofluorescence images
showing spindle size and architecture in 100 nM 2ME2- or DMSO- (control-) treated HeLa cells arrested in metaphase using MG132 and immunostained
with antibodies against B-tubulin and CREST (kinetochore marker) and stained with DAPI for DNA. Scale bar = 5 pm. (C) Frequency distribution of final
orientation angles (spindle-axis relative to long-axis) in cells treated with 100 nM 2ME2. (D) Graph showing percentage of spindle movements either
toward or away from the long-axis in unaligned spindles oriented at least 30 degrees away from long-axis, in cells treated with DMSO or 2ME2. (E) Graph
showing percentage of mitotic cells that aligned spindles at some point and maintained alignment, within 30 degrees of the long-axis, in cells treated
with DMSO or 2ME2. (F) Graph showing percentage of mitotic cells that oriented spindles within 30 degrees of the long-axis in unperturbed HeLa"s?8-6F:
mcheryTub cal|s with an NEBD to anaphase onset time greater or lesser than 32 min. (G) Immunoblots of cell lysates treated with siRNA oligos and immu-
nostained with antibodies as indicated to assess the extent of MCAK depletion following MCAK RNAI. (H) Graph showing distribution of microtubule
lengths (.m) in monopolar spindles of cells treated with siRNA as indicated and exposed to monastrol for 3 h prior to immunostaining with antibodies
against B-tubulin. (I) Graph of distribution of spindle orientation angles in MCAK depleted HeLa"is?8-GFPimchery-Tub cals, (J) Graph showing percentage of
spindle movements either toward or away from the long-axis in unaligned spindles oriented at least 30 degrees away from long-axis, in cells treated
with control or MCAK siRNA. (K) Graph of percentage of mitotic cells that oriented spindles properly, within 30 degrees of the long-axis, in HeLas?8-6FP:
mcherryTub cal|s treated with siRNA as indicated with an NEBD to anaphase onset time greater or less than 32 min. Error bars represent SEM from 3 indepen-
dent experiments. n = number of cells. P values are obtained using proportion test, except for (C) where Mann-Whitney U test, was used. Symbols # and
* refer to insignificant and significant differences, respectively.
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length, since orientation is unperturbed following MCAK deple-
tion, a condition that increases astral MT length (this work and
ref. 31). This shows that increased contact between the microtu-
bule wall and the cell cortex, which is likely to provide increased
area for cortical dynein, is tolerated well by orientation mecha-
nisms. In stark contrast, suppression of microtubule dynamics, as
in 2ME2-treated cells, causes a severe spindle orientation defect;
spindles are unable to maintain orientation. This finding shows
the significance of microtubule dynamics-based mechanisms,
rather than cortical dynein-based mechanism, for maintaining
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Figure 5. Model of two spatially regulated regimes of spindle movements
that govern cell shape associated spindle orientation (A) Differential
regulation of three distinct movements of the spindle. (1) Spindle rota-
tion with a directional bias: Misoriented spindles are rotated toward the
interphase cells’ long-axis in an LGN-dependent manner. (2) Orientation
maintenance: Spindle alignment maintained near the long-axis in an
LGN-independent manner. (3) Spindle oscillation along pole-to-pole
axis: During orientation maintenance phase, the spindle oscillates in
an LGN-dependent manner. (B) Orientation maintenance is sensitive to
suppression of microtubule dynamics but not increase in microtubule
length. lllustration depicts spindle behavior in the 2 regimes. 2ME2 dis-
rupts orientation by perturbing the maintenance of due to suppressed
microtubule dynamics. However, an increase in astral microtubule (MT)
length (MCAK-depleted cells) does not perturb directional bias or orien-
tation maintenance.
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the orientation of spindles in a HeLa cell line that is non-polar-
ized (Fig. 5B).

Whether orientation maintenance is achieved through spa-
tially defined cues that: (1) actively retard spindle movements
near the long-axis; or (2) establish mechanical equilibrium near
the long-axis;” or (3) both of the above mechanisms is beyond
the scope of this work and are addressed through simulation
studies (AC, VMD, and AD, unpublished work). The oscillation
of the spindle during the orientation maintenance regime (this
study) and enrichment of cortical dynein into crescents by meta-
357

phase®” are consistent with mechanisms that actively restrain
spindle movements near the long-axis. Interestingly, biphasic
movements of the spindle have been observed in chick embryos
as well, wherein the spindle rapidly orients parallel to the apical
surface (planar orientation) and is then maintained in this planar
orientation.”®

The quantitative framework we establish here to study spindle
orientation in cells, maintaining cell-cell interaction, will allow
future interrogation of the roles of junctional proteins, cell-cell
adhesion, and microtubule networks® in controlling spindle ori-
entation. By defining parameters to distinguish the two regimes
of spindle movements, this study sets up roads for measuring and
modeling the complex movements of the mitotic spindle using
a simple cell culture model system. Spindle orientation mecha-
nisms we describe here may be relevant to cells that are normally
polarized but have depolarized by virtue of epithelial-mesenchy-
mal transformation.

Materials and Methods

Cell culture and G,-M synchronization

RPE-1 and Hela cell cultures were grown on either glass
coverslips or chambered glass coverslips (cover glass Lab-tek
chambers, FISHER, http://www.fishersci.com/ecomm/servlet/
fsproductdetail_10652_651183__-1_0) in DMEM supplemented
with 10% FBS and antibiotics. For cell cycle synchronization,
cells were treated for 24 h with Aphidicolin (I pg/ml; Sigma,
hetp://www.sigmaaldrich.com/catalog/product/fluka/89458),
washed and then imaged 7 h later, when cells are in G,-M phase.
Non-confluent monolayer cultures were chosen for imaging.

Live cell time-lapse imaging and analysis

Cells were imaged 48 h or 72 h after seeding in chambered
glass coverslips (Cover glass Lab-tek Chambers, FISHER) in
CO,-independent L15 medium (Invitrogen, http://products.
invitrogen.com/ivgn/product/2108302721CID =search-product)
at 37 °C. For spindle pole-tracking movies, exposures of 0.1 s
and at least 3 Z-planes, with 3 micron Z-steps, were acquired
every 4 min for 4 h using a 40x NA 0.75 objective on an Applied
Precision Deltavision Core microscope (http://www.api.com/del-
tavision.asp) equipped with a Xenon 100 W lamp, GFP-long pass
filter and cherry-red filter (Chroma), phase-contrast filters, and
Coolsnap HQ camera, and Cascade 2 EMCCD camera. The tim-
ing of anaphase onset was determined as previously described."

siRNA transfection

LGN siRNA oligos (Dharmacon SMART POOL
L-004092-00-005 GAACUAACAGCACGACUUA, CUUC
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AGGGAUGCAGUUAUA, ACAGUGAAAUUCUUGCUAA,
UGAAGGGUUCUUUGACUUA) and MCAK siRNA oligos*
(GATCCAACGCAGTAATGGT) were used to transfect HeLa
cells 48 h after seeding. Forty-eight hours after transfection, cells
were imaged, and cell lysates were collected for testing the extent
of protein depletion using immunoblotting.

Generation of the spindle-position reporter cell line,
HeLaHiSZB-GFP;mCherry-Tllb

HeLaEBl-YFP
HeLaHiSZB—GFP;mCheny—Tub

and microtubule-end reporter cell line

cell line was generated by transfect-
ing mCherry-Tubulin expressing eukaryotic plasmid vector
into HeLa™2B-GfF cells."! HeLa®¥ "™ cell line was generated
by transfecting EB1-YFP-expressing eukaryotic plasmid! into
HeLa cells. BAC transgenic HeLaP"“-S cell line expressing
DHC-GFP from an endogenous promoter was obtained from
Max Planck Institute.*" Flourescent cells were enriched using
FACSORT.

Image processing methods: Spindle 3D

Spindles are identified from the mCherry-Tub images by apply-
ing a difference of Gaussians (DoG) filter that selects for objects
within a chosen size range. The filter size is tuned to detect each
spindle pole as a bright spot. A spindle is identified as 2 such spots
that are separated by less than a threshold distance. The noise
(number of false positives) is reduced by simultaneously search-
ing for rounded cells in the DIC channel and mitotic DNA in the
His2B-GFP channel. Rounded cells are detected using a circu-
lar Hough transform on the gradient of the DIC channel. DNA
acquires a more granular appearance and appears brighter due to
condensation during mitosis, and this is detected again using a
DoG filter. The filter response can be used to infer information
about mitotic timings. From the combined data, a wide range of
dynamic mitotic parameters can be automatically measured from
live cell imaging experiments, including cell size, spindle orien-
tation, spindle size, displacement of spindle from center of cell,
and/or cortex, metaphase plate orientation, velocity of anaphase,
speed of spindle movement/rotation, and the timing of spindle
alignment relative to NEBD, establishment of metaphase plate
and anaphase onset. The simplicity of the spindle identification
is intuitive (i.e., the filtering parameters correspond directly to
physical measurements of the spindle); however, to ensure that
the dynamic properties measured are valid, a manual verifica-
tion step is included to remove false positives and to ensure
that spindle orientation and length measurements are accurate.
Spindle3D work flowchart is presented in Figure S3. MATLAB
code for Spindle3D can be downloaded from http://www.gen.
cam.ac.uk/~vmd20/index.html

Shape detection

The cell boundary is detected by segmenting the stack of
phase contrast images using the SePhace method (Ali et al,
2011) and a custom gradient watershed algorithm. Cell shape
is measured 5 frames (where possible) prior to NEBD, and then
automatically measured boundary is verified manually for each
cell.

For measuring the long-axis and the shape aspect ratio, an
ellipse-fitting method is employed. The eigenvectors and eigen-
values of the second moment tensor of the set of points on the
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perimeter of the cell are calculated. The principal eigenvector
points along the long-axis, and the aspect ratio is given by the
square root of the ratio of the eigenvalues. Conceptually, this
corresponds to fitting an ellipse to the boundary of the cell; the
long-axis of the ellipse lines up with the long-axis of the cell, and
its elongation corresponds to the aspect ratio. The greater the
aspect ratio, the more accurately the long-axis can be measured.
In contrast, when the aspect ratio is close to unity the certainty
with which the long-axis can be assigned is reduced. Therefore,
we apply a minimum value threshold for the aspect ratio of 1.2
to include cells in our analysis.

Immunoflourescence and immunoblotting

For immunofluorescence studies, cells were fixed with
methanol for 90 sec and then primary antibodies against
tubulin (Abcam; hetp://www.abcam.com/tubulin-anti-
body-yl12-loading-control-ab6160.html), and second-
ary antibodies anti-rat Dylight -488 (Abcam; http://www.
abcam.com/goat-polyclonal-secondary-antibody-to-rat-igg-
h-l-dylight-488-pre-adsorbed-ab98420.html) and anti-rabbit
Alexa Fluor 594 (Invitrogen; https://products.invitrogen.com/
ivgn/product/A21207?1CID =search-a21207),
Alexa Fluor 647 (https://products.invitrogen.com/ivgn/prod-
uct/A21445?1CID =search-product) and CREST
(http://www.europa-bioproducts.com/Catalogue/product.
aspx?product=ANA-Centromere%20CREST%20AutoAb%20
Human&id=FZ90C-CS1058) were used. Images of immu-
nostained cells were acquired using 100x NA 1.2 objective on
a DeltaVision Core microscope equipped with CoolSnap HQ
Camera (Photometrics). For immunoblotting, antibodies against
MCAK?* and Tubulin (Sigma; http://www.sigmaaldrich.com/
catalog/product/sigma/t40262lang=en&region=GB) were used.

anti-human

antisera

Immunoblots were developed using fluorescent secondary anti-
bodies (LICOR) and analyzed using Odyssey (LI-COR).

EBI-YFP imaging and comet tracking

HeLa™'"** cells in mitosis were imaged for 15 s, once every
300 ms. At each time point, we acquired 5 z-planes to facilitate
deconvolution. A step size of 0.4 pm was optimized to ensure the
counting of all comets in given region and to exclude the count-
ing of the same comet in more than one Z step. Image planes
were manually chosen to allow EB1 comet tracking of astral
microtubule ends using the plusTipTracker software.?®4

Microtubule length measurements

Cells were treated with monastrol and then immunostained
with antibody against a-tubulin, HEC1, and CREST antisera
and stained with DAPI for DNA. Z stack images with 0.2 um
Z step were acquired. Length of microtubule from spindle pole
to microtubule tip was measured using the SoftWorx “measure”
tool. To exclude measurement artifacts, only those non-curled
microtubules that were in the plane of imaging were considered
for quantification. Microtubule lengths from 3 cells for each
RNAI condition from 3 experimental repeats were combined to
generate the length distribution graph.

Inhibitor treatment

One hundred mM 2ME2 (Sigma; http://www.sigmaaldrich.
com/catalog/product/sigma/m6383) was prepared in DMSO
and serially diluted in DMEM without FCS. During the filming

2653



process, 100 nM 2ME2 in DMEM was added to L15, a Co2-
and serum-independent media. For fixed-cell studies, cells were
treated with 2ME2 for an hour prior to fixation. Cells were
treated with 10 wM Monastrol (Tocris; http://www.tocris.com/
dispprod.php?ItemlId=1911) for 3 h and 10 wM MG132 (Tocris;
heep:/fwww.tocris.com/dispprod.php?ItemId=69832) for either
1 h (fixed-cell imaging) or up to 3 h (live cell imaging).

Statistical analysis

Error bars represent SEM values (standard error of mean).
Values obtained across experiments, cells, or directional switches
are as indicated in legend. This allowed us to compare differences
in the spread of the means, in addition to differences in the mean
values per se. P values representing significance were obtained
using Mann—-Whitney U test or proportion test (on percentage
values). Symbols # and * refer to insignificant and significant dif-
ferences, respectively as assessed using a 95% confidence inter-
val.* For growth and shrinkage rates, mode values were chosen,
since histograms of growth and shrinkage rates did not distribute
normally. Hence we avoided the use of mean values (average) to
represent the value of the population Table 2.
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