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Cytoplasmic dynein is recruited to the cell cortex in early mitosis, where it can generate pulling forces on astral micro-
tubules to position the mitotic spindle. Recent work has shown that dynein displays a dynamic asymmetric cortical local-
ization, and that dynein recruitment is negatively regulated by spindle pole-proximity. This results in oscillating dynein
recruitment to opposite sides of the cortex to center the mitotic spindle. However, although the centrosome-derived
signal that promotes displacement of dynein has been identified, it is currently unknown how dynein is re-recruited to
the cortex once it has been displaced. Here we show that re-recruitment of cortical dynein requires astral microtubules.
We find that microtubules are necessary for the sustained localized enrichment of dynein at the cortex. Furthermore, we
show that stabilization of astral microtubules causes spindle misorientation, followed by mispositioning of dynein at the
cortex. Thus, our results demonstrate the importance of astral microtubules in the dynamic regulation of cortical dynein

recruitment in mitosis.

Introduction

Proper control of the cell division plane orientation is a criti-
cal feature ensuring normal cell division and development. The
positioning of the mitotic spindle plays a crucial role in this pro-
cess, as it defines the cell division axis and the position of the
cleavage furrow."? Failure to properly position the spindle can be
deleterious to organisms and is implicated in causing aneuploidy,
developmental defects, or cancer.?”

The mitotic spindle is composed of dynamic microtubules
that grow and shrink through the addition and removal of tubu-
lin dimers, respectively.® This dynamic behavior of microtubules
allows them to search in intracellular space and to interact with
organelles, diverse cellular structures, and the boundaries of the
cell.”? Astral microtubules are nucleated from the spindle poles
in radial arrays toward the cell peripheral space and probe the cell
cortex for anchor sites. Control of spindle positioning is achieved
through pulling forces exerted on astral microtubules generated
by cortically deposited microtubule minus-end-directed motor
activity.'*"?

In many of the systems utilized for the study of mitotic spindle
positioning, including yeast,""" C. elegans zygotes,'8
progenitors,” as well as cultured mammalian cells,

mouse skin
the spindle

orientation pathways converge on the evolutionarily highly con-

20,21

served multi-subunit motor complex, cytoplasmic dynein 1 (here-
after referred to as dynein). The dynein motor complex interacts
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with several additional accessory and adaptor proteins, including
the dynactin complex, which is essential for proper localization
and activation of the dynein complex.???* The minus-end-directed
motor activity resides in the homodimer of 2 dynein heavy chains
(DHCs), each comprising 6 AAA ATPase motor domains that
bind and hydrolyse ATPs and produce step-like motility with
their microtubule binding “stalk” domains.?»* Dynein anchored
at the cortex is thought to drive spindle movement by “walking”
toward the minus-ends of astral microtubules.?¢-28

The regulation of spindle positioning is well studied in yeast,
where dynein plays a crucial role in pulling the nucleus into the
bud neck between the mother and daughter cells in mitosis. A
number of recent studies support for an active microtubule-medi-
ated delivery process of dynein to the cortical docking factor.?”
Loss of the cortical dynein anchor, Numl, leads to the accumu-
lation of dynein at plus-ends of astral microtubules,?® whereas
dynein mutations that disrupts astral MT plus-end localization
leads to reduction in cortical dynein.?' Moreover, high-resolution
live microscopy of yeast expressing fluorescently tagged dynein
have allowed direct observations of dynein offloading from
microtubule plus-ends to the cortex.?> A similar observation of
a microtubule-dependent 2-step cortical dynein delivery process
was made in fission yeast, where dynein localizes to the cortex to
facilitate meiotic nuclear oscillations.?

In vertebrate systems, dynein-dynactin interacts with an evo-
lutionarily conserved protein complex at the cell cortex, which
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Figure 1. For figure legend, see page 1164.

is distinct from the yeast counterpart and is comprised of Gai/
LGN/NuMA (Ga/GPR-1/2/Lin-5 in C. elegans).”**3*% This

protein complex provides the anchor sites for dynein at the cortex,
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from where it is thought to generate pulling forces on the mitotic
spindle by capturing astral microtubules and subsequently exert-
ing minus-end-directed motility. Kiyomitsu and Cheeseman
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Figure 1 (See previous page). Regulated spindle orientation of micropatterned cells depends on cortical dynein. (A) Fluorescence live cell images of
a micropatterned Hela cell stably expressing DHC-GFP. Images are maximum projections of 7 z-slices, taken every 8 min. 0" indicates the first frame
acquired after NEB. (B) Left: Schematic (top) and an example (bottom) of the cortical DHC-GFP linescan method. The starting position of the linescan
is indicated with a red arrow and moves in a clockwise direction around the cortex with a linescan width of 5 pixels. Right: The relative cortical dynein
enrichment level is determined by the fluorescence intensity of each cortical angle point normalized to the modal value of all measured cortical inten-
sity values. The normalized intensity values are further converted into a heat map (below each plot). The color code assigning the normalized GFP inten-
sity values is shown on the bottom right. Grey shaded areas in the graphs indicate the preferential spindle orientation angles of control cells relative to
the rectangular micropattern, as quantified in Figure 1G and H. (C) Kymograph of cortical dynein intensity heatmap from the example cell in (A). The
angles of the mitotic spindle relative to the shape are plotted at corresponding time points (blue line). (D and E) Heatmaps of DHC-GFP in early (first or
second frame after NEB) and late (last frame in metaphase) mitotic time points, respectively (n = 102). The averaged intensity values of all heat maps with
standard deviations are plotted in a graph (below heat maps). (F and G) The spindle angles of the cells used for the analysis in (D and E) measured at the
corresponding time points, respectively. (H and 1) Spindle angles in siGAPDH (left) and siDHC (right) treated U20S cells co-expressing GFP-tubulin and

H2B-RFP. Measurements were done in the last time point acquired in metaphase.

(2012) have shown that in mammalian cells, cortical dynein
behaves dynamically throughout mitosis, mediating the oscilla-
tory movement of the spindle until it is centered in the middle of
the cell. Dynein forms an asymmetric cortical crescent over the
spindle pole farthest away from the cell cortex. As the spindle
approaches toward the dynein crescent, this dynein population
disappears and reappears on the opposite cortical site. Two dis-
tinct cell intrinsic signals were identified that mediate this dynein
behavior. The chromosome-derived Ran-GTP gradient inhibits
LGN-NuMA localization to the cortex, causing the polarized
distribution of dynein. Furthermore, the spindle pole-localized
kinase Plkl was identified as a negative regulator of dynein—
NuMA interaction, which explains the asymmetric enrichment
of dynein. More recently, the major cell cycle regulator cyclin-
dependent kinase 1 (CDK1) was identified as another negative
regulator of dynein at the cortex, revealing an LGN-independent
cortical targeting mechanism of dynein in anaphase, when Cdkl
activity declines.**¥ Thus, depending on the cell cycle stage, dis-
tinct signaling pathways confer temporal and spatial regulation
of dynein.*

In addition to such cell intrinsic cues, emerging evidence
also indicates that extrinsic cues from the extracellular matrix
contribute to spindle positioning in cultured mammalian cells.
Apparently non-polarized in vitro cultured cells exhibit regulated
spindle orientation when their adhesion geometry is constrained
by the usage of adhesive micropatterns.®* It was proposed that
the extracellular matrix controls actin structure and dynamics at
the membrane, which, in turn, impacts on the orientation of the
mitotic spindle.*# Consistently, a number of factors that local-
ize to and regulate cortical actin networks, such as MISP,*
LIM kinase,* Cdc42,” and PI(3)K*® are found to be required
for regulated spindle orientation. Although a full picture has yet
to emerge, these findings support the idea that a combination of
cell-intrinsic and -extrinsic factors mediates spindle orientation
in cultured mammalian cells.

Here, we dissect the contributions of these distinct signals
by direct observation of dynein at the cortex in cultured cells
on micropatterns. Using this experimental setup, we find that
the initial cortical localization of dynein is determined by cell
external cues and is dictated by the adhesion geometry of the
cell. However, in the later stages of mitosis, sustained localized
enrichment of dynein at the cortex depends on the presence
of microtubules. Moreover, we show that spindle misorienta-
tion causes mispositioning of dynein at the cortex. Thus, these
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findings demonstrate the importance of astral microtubules in
the dynamic regulation of cortical dynein recruitment in mitosis.

Results

Enrichment of dynein at cortical target sites precedes spin-
dle orientation

It has previously been established that adhesion geometry of
cultured mammalian cells can dictate the axis of cell division.
Cells grown on rectangular micropatterns preferentially orient
their mitotic spindle along the long axis of the rectangle.>%
However, whether dynein mediates the rotational spindle move-
ment in cells undergoing mitosis under such geometric constrains
has never been directly shown. Visualizing dynein localization to
the cell cortex in living cells grown on these micropattern would
provide critical insights into dynein’s function. For this pur-
pose, we set up fluorescence live-cell imaging experiments using
micropatterned HeLa cells stably expressing a bacteria artificial
chromosome encoding GFP-tagged mouse dynein heavy chain
(DHC-GFP;¥). Seven focal slide images were acquired every 8
minutes, which allowed us to determine cortical dynein dynam-
ics with good spatiotemporal resolution (Fig. 1A). In order to
obtain a qualitative read-out for cortical dynein localization and
enrichment over time, we generated a macro for image analy-
sis that converts relative cortical DHC-GFP intensities into a
heat-map of 360 pixels corresponding to the 360° circumfer-
ence of a rounded-up mitotic cell (Fig. 1B). Using this macro,
we found that dynein enrichment at the cortex occurred at early
prometaphase and coincided with the first or second time frame
acquired (0—8 min) after nuclear envelope breakdown (NEB).
At this early phase of mitosis, cortical dynein was symmetrically
enriched at 2 opposing sides of the cell (Fig. 1A—C). Only later,
as cells progressed further through prometaphase and metaphase,
dynein became asymmetrically enriched, occasionally switching
its cortical enrichment site as described previously (Fig. 1A-C;
ref. 20). Most importantly, throughout mitosis, cortical dynein
enrichment was restricted to cortical sites that are proximal to
the short edge of the rectangular micropattern (45°-135° and/
or 225°-315°) (Fig. 1D and E). In contrast, the mitotic spindle
assumed random orientations relative to the geometry of the
micropattern immediately after NEB (Fig. 1C and F). Whenever
the mitotic spindle was initially misoriented, we observed quick
and directed rotational movements in prometaphase/metaphase
until the spindle was positioned along the long axis of the shape
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Figure 2. For figure legend, see page 1166.
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Figure 2 (See previous page). Cortical dynein enrichment depends on the stability of the mitotic spindle. (A) Asynchronous cells were treated for 1 h
with the indicated drugs and subsequently scored for the presence of cortical dynein within 2 h. Dynein localization was categorized as polarized, dif-
fuse, and absent (none). Representative images of each category are shown below. Brightness and contrast of images are not scaled equally. Error bars
represent SD of 3 independent experiments. (B) Relative cortical DHC-GFP intensity level of a control untreated HelLa cell at the 3 indicated time points
after mitotic entry. The graphs (right) depict the relative fold enrichment (y-axis) of DHC-GFP at each cortical angle position (x-axis), determined with
the same method as described in Figure 1. (C-E) Time-lapse images and corresponding DHC-GFP enrichment graphs of cells that entered mitosis in
the presence of 100 nM or 250 nM nocodazole, and 1.5 nM taxol, respectively. Black arrowheads in the images indicate cortical enrichment sites. Grey
shaded areas in the graphs indicate the preferential spindle orientation angles of control cells relative to the rectangular micropattern, as quantified in
Figure 1G. (F) Heatmaps (top) and quantification (bottom) of cortical DHC-GFP enrichment obtained from the experiments shown in figures (A-D) at
indicated time points. (G) Quantification of average DHC-GFP enrichment in (F) plotted as a box plot.

(Fig. 1C and G; Video S1). Thus, cortical dynein recruitment
precedes spindle positioning. These results suggest that the initial
cortical localization of dynein is determined by cell external cues
dictated by the adhesion geometry of the cell.

Cortical dynein controls spindle positioning

We next tested whether dynein is required for proper spindle
orientation. For this, we analyzed the orientation of the mitotic
spindle in cells stably co-expressing H2B-GFP and mCherry-
tubulin by fluorescence live-cell imaging. In control cells trans-
fected with GAPDH siRNA, the spindle was preferentially
oriented along the long axis of the shape (Fig. 1H, Video S2).
Depletion of DHC by siRNA resulted in a large number of cells
displaying severe spindle defects with unfocused spindle poles as
described in previous reports.****% Nonetheless, the presence of
a fraction of cells with bipolar spindles (60%; data not shown)
allowed us to analyze spindle orientation in this subpopulation of
DHC-depleted cells. Consistent with a role of dynein in spindle
orientation, DHC knockdown lead to a severe spindle misorien-
tation phenotype, with no preferential spindle orientation along
the long axis of the shape (Fig. 1I; Video S3). Furthermore, we
specifically mislocalized the cortical pool of dynein by siRNA-
mediated depletion of the cortical dynein targeting factor
LGN in the DHC-GFP-expressing cells. As reported eatlier,
LGN RNAI resulted in loss of cortical dynein localization, with
no other observable defects in kinetochore (KT), spindle pole,
and spindle localization of dynein (Fig. S1A and B). Similar to
DHC knockdown, LGN knockdown resulted in random spindle
orientation (Fig. S1C). Taken together, these data indicate that
regulated spindle orientation in cells undergoing cell divisions
under geometric constraints is mediated by cortically localized
dynein.

Local enrichment of cortical dynein depends on the stability
of spindle microtubules

As dynein presents a dynamic behavior from prometaphase
to metaphase, we next set out to examine how the dynamic re-
distribution of dynein at the cortex is regulated. It has previously
been shown that both the centrosome-associated kinase Plk1 as
well as the chromosome-derived Ran gradient negatively regu-
lates recruitment of dynein at the cortex, mediating displacement
of dynein from specific cortical areas.?” This allows repositioning
of the spindle and, as such, facilitates centering of the spindle in
the mitotic cell. However, displacement of dynein must be asso-
ciated with recruitment of dynein to sites that are (no longer) in
the vicinity of the spindle poles or chromosomes. Possibly, this is
a simple consequence of stabilization of dynein at cortical regions
where negative regulators are not present. Alternatively, dynein
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targeting might involve active delivery process via astral microtu-
bules to promote localized enrichment at the cell cortex.

To test the contribution of astral microtubules on corti-
cal dynein localization, we subjected DHC-GFP-expressing
HeLa cells to a range of concentrations of spindle microtubule
de-stabilizing agent, nocodazole (Fig. 2A). In MG132-arrested
control cells, most cells displayed a polarized enrichment of corti-
cal dynein. Upon nocodazole treatment, a large fraction of cells
still maintained dynein at the cortex. However, with increasing
concentration of nocodazole, an increasing fraction of cells lost
dynein from the cell cortex (Fig. 2A). In control cells, only a
small fraction of cells were devoid of cortical dynein (5%),
whereas the cortical dynein-negative fraction increased more
than 3-fold (17%) and 6-fold (30%) in 100 nM and 250 nM
nocodazole-treated populations, respectively. A further increase
in nocodazole concentration (500 nM) did not lead to a dra-
matically enhanced effect than at 250 nM nocodazole (34%).
Consistent with these observations, analysis of spindle structure
by cell fixation and tubulin staining showed that astral micro-
tubules were severely affected at 100 nM nocodazole, whereas
all microtubules were completely de-polymerized at a nocodazole
concentration of 250 nM (Fig. S2A).

In order to examine this in more detail, we performed live-
cell imaging to analyze the effect of nocodazole treatment on
cortical dynein enrichment over time. When cells entered
mitosis in the presence of nocodazole (100 nM and 250 nM),
cortical dynein enrichment was impaired in a dose-dependent
manner (Fig. 2B-D). In 100 nM nocodazole, small patches of
dynein-enriched areas were observed at random cortical regions,
whereas enrichment was completely abolished in cells treated
at a nocodazole concentration of 250 nM (Fig. 2C, D, and F).
Nonetheless, the initial symmetric recruitment of dynein to the
cortex still took place, albeit with lower efficiency under the
detection limit of the macro (Fig. S2B). This might indicate a
highly transient cortical recruitment of dynein that is dependent
on extracellular cues, which needs subsequent stabilization by
microtubules that are nucleated upon NEB. When cells entered
mitosis in the presence of nocodazole, and subsequently were
allowed to re-polymerize spindle microtubules by nocodazole
washout into new media containing the Eg5 inhibitor STLC,
the KT pool of dynein persisted, and cortical dynein enrichment
was re-established to a level comparable to untreated control
cells (Fig. S3A-C; Fig. 2G). Thus, the defect in cortical dynein
enrichment seen after treatment with spindle poisons occurs
independent of the sustained KT-dynein localization caused by

persistent absence of stable KT-microtubule attachments.”*
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Conversely, when cells were treated with a low dose of the
microtubule-stabilizing agent taxol (1.5 nM), dynein was prop-
erly enriched at cortical regions near the short edge of the rect-
angular micropattern immediately after mitotic entry (Fig. 2E).
During the mitotic arrest, however, cortical dynein enrichment
sites became randomized (Fig. 2E and F), presumably because
the spindle started to rotate and/or due to disorganization of the
mitotic spindle. Taken together, these data indicate that spindle
microtubules are required for continued recruitment of cortical
dynein to the cell cortex. Notably, the overall cortical dynein
enrichment level in cells with taxol-stabilized spindles was com-
parable to control untreated cells (Fig. 2G), suggesting that
dynein enrichment does not require dynamic microtubules.

Astral microtubules determine the sites of cortical dynein
enrichment

In order to specifically address the role of astral microtubules in
cortical dynein enrichment, we set up an assay in which we could
selectively modulate the stability of the astrals without affecting
the other population of the spindle microtubules. Kif18b is a
member of the kinesin-8 family that possesses microtubule de-
polymerizing activity. Kif18b was shown to localize to the plus-
ends of astral microtubules and was found to specifically affect the
dynamics and stability of astral microtubules.”®** Despite affect-
ing spindle dynamics at the astral tips, Kif18b depletion does not
cause major defects in bipolar spindle organization, and cells are

capable of progressing normally through mitosis.”® Consistently,
we did not observe any obvious defects in spindle morphol-
ogy when live-cell imaging was performed with H2B-RFP and
GFP-tubulin co-expressing cells transfected with siRNA against
Kif18b (Fig. S4A). Western blot analysis confirmed the effi-
ciency of our siRNA-mediated depletion of Kif18b (Fig. S4B).
Importantly, Kif18b knockdown caused spindle misorientation
in cells plated on the rectangular micropattern (Fig. 3A). The
randomly assumed centrosome positions at the time of NEB were
maintained throughout mitosis in Kif18b-depleted cells, and the
spindle did not rotate into the correct angle relative to the shape
(Fig. 3B and C). We then went on to test the effect of the spindle
misorientation on cortical dynein localization by interfering with
Kif18b expression in the DHC-GFP-expressing cell line. We
found that the initial recruitment of dynein to the cortex was
unaffected when compared with GAPDH-depleted control cells
(Fig. 3B and C). However, as cells progressed further through
mitosis, dynein-enriched sites did not remain restricted to the
cortical areas at 45°—~135° or 225°-315°, but shifted toward corti-
cal regions that contact most of the astral microtubules of the
misoriented spindle (Fig. 3C). By the time cells reached meta-
phase, dynein enrichment sites were dominated by the position of
the misoriented spindle and displayed random localization rela-
tive to the shape (Fig. 3D). These observations further support a
role of astral microtubules in cortical dynein targeting.
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line). (D) Heatmaps (top) and quantification (bottom) of cortical DHC-GFP enrichment obtained from the experiments shown in (A). (E) Quantification of
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Discussion

A large body of evidence indicates that polarization of the
mitotic cell body, which eventually dictates spindle orientation,
depends on the cell’s contacts with its adhesive microenviron-
ment” " (Fig. 1). This suggests that extracellular factors are
determinants for the (initial) sites of cortical dynein enrichment
in mitosis. The molecular mechanism of how these extracellular
cues are linked to cortical dynein recruitment remains elusive.
In yeast, it is clear that there are no extracellular cues that dic-
tate spindle orientation, thus polarization of the cell body occurs
through a cell-intrinsic pathway.” Spindle orientation along the
polarity axis in yeast critically depends on the function of dynein,
and astral microtubules play key functions in dynein’s cortical
targeting pathway. Through high-resolution live cell microscopy,
single dynein molecules were observed while being offloaded
from bundled astral microtubules to the cell cortex.>*** While
reports of astral microtubule localization of dynein components
have been made utilizing fixed assays in some mammalian sys-
tems,” the involvement of astral microtubules in cortical dynein
targeting has never been carefully explored.

Here, we have manipulated (astral) microtubule stability using
a number of different approaches, and find that astral microtu-
bules are required for localized dynein recruitment to the cortex
and can be a determining factor for cortical dynein enrichment
sites in mitosis. A number of previous studies have reported that
de-stabilization of astral microtubules by low-dose nocodazole

treatments have no effect?

or even a positive effect on cortical
dynein localization, where new cortical regions become occupied
with dynein upon nocodazole treatment.” In addition, another
study reported that cortical LGN localization becomes enhanced
upon nocodazole treatment, suggesting that astral microtu-
bules are required for the proper turnover of LGN toward the
spindle poles.”® Indeed, we also find that a substantial fraction
of cells (>65%) display dynein at the cortex when asynchronous
populations are treated with a high dose of nocodazole, and we
observed a minor increase in the fraction of cells where the corti-
cal dynein crescent appeared diffuse and covering a larger area
of the cortex (Fig. 2A; 4% in control, 12% and 11% at 100 nM
and 250 nM nocodazole, respectively), indicating that dynein
has low turnover at the cortex when microtubules are depoly-
merized in mitotically arrested cells. However, through live-cell
imaging we find that nocodazole-treated cells fail to sustain the
dynamic asymmetric distribution of cortical dynein. On the con-
trary, treatment with taxol does not result in a loss of dynein from
the cell cortex. Rather it leads to perturbation of the asymmetric
distribution of dynein. Moreover, depletion of the microtubule-
destabilizing kinesin Kif18b results in spindle misorientation,
which, in turn, over time causes the deposition of dynein at
cortical sites that do not correspond to the initial recruitment
site (Fig. 3B and C). Combined, these data suggest that astral
microtubules have a positive effect on cortical dynein localiza-
tion, and that it is required for the sustained localized enrich-
ment of dynein. However, the level of dynein enrichment at the
cortex is not affected in the taxol-treated or Kif18b-depleted cells
(Figs. 2G and 3E), although microtubule dynamics are severely
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compromised. This suggests that the presence of polymerized
tubulins is sufficient to promote dynein recruitment to the cortex.

Our data show that initial recruitment of dynein to the cortex
is dictated by the geometry of cell adhesion. Following the initial
recruitment phase, we find that further recruitment of dynein
to the cortex depends on astral microtubules. Possibly, a plus-
end-directed motor transports dynein to cortical sites where it
is allowed to anchor to its upstream factors NuMA/LGN/Gai.
Alternatively, dynein is stabilized at the cell cortex whenever
astral microtubules are present. It is not unlikely that the astral
microtubules themselves function to deposit dynein at the cortex,
allowing them to quickly generate a pulling force on the spindle
that helps to establish the proper orientation. In the cells grown
on a micropattern, initial recruitment of dynein is largely dic-
tated by the geometry of adhesion, causing dynein to accumu-
late on opposing sides of the cell along the short axis of the cell.
This pool of dynein can function as the initial force-generating
platform to orient the spindle, such that the majority of astral
microtubules will meet the cortex at the sites of initial dynein
recruitment. This 2-step mechanism can further enforce spindle
orientation along the long axis of the cell. As mentioned above,
recruitment of dynein to the cell cortex is negatively regulated
by chromosome- and centrosome-derived signals. This superim-
poses an additional level of control over cortical dynein dynamics
that allows selective recruitment of dynein to cortical sites that
are not in close proximity of the spindle poles or the chromo-
somes. Combined, these mechanisms provide all the ingredients
to allow a cell to position the spindle in the center of the cell,
aligned with its geometry of cell adhesion.

In summary, we have revealed a role for dynein in linking
extracellular cues to spindle orientation in cells undergoing cell
division under geometric constraints. Furthermore, our data
indicate a function for astral microtubules in cortical dynein tar-
geting in the mammalian system. It will be of great interest for
the future to resolve the molecular link between the extracellular
and intracellular pathways of cortical dynein recruitment, and
how these 2 pathways might interplay or be differentially acti-
vated in different cell types.

Materials and Methods

Cell culture and siRNA transfection

HeLa and U20S cells were maintained in DMEM (Gibco)
supplemented with 6% FCS, 100 U/ml penicillin, and 100 g/
ml streptomycin. HeLa cells expressing mouse DHC-GFP were
obtained from MitoCheck? and further clonally propagated after
fluorescent cell sorting of single cells. For drug treatments, cells
were incubated with respective drugs at the following concentra-
tions: Nocodazole, 100, 250, or 500 nM; Taxol, 1.5 nM (depicted
in each figure); STLC, 20 pM; MG-132, 20 pM; Thymidine,
2 mM. RNAI experiments were conducted using Lipofectamine
RNAi MAX transfection reagent (LifeTechnologies) according
to the manufacturer’s guidelines. We used previously validated
pools of 4 pre-designed siRNA oligonucleotides against human
LGN/GPSM2,% Kif18b,” and GAPDH.> All siRNA transfec-

tions were performed 48 h prior to the start of the experiments.
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Immunofluorescence and microscopy

For live-cell imaging of micropatterned cells, cells were syn-
chronized at the G,/S-phase using a single thymidine block for 24
h and then removed from the dish by trypsinization. Cells were
re-suspended in fresh media and deposited on the micropatterned
coverslip at a density of 3 x 10 cells/cm?. For live-cell imaging,
the media was replaced with Leibowitz L15 CO,-independednt
medium and maintained in a heated chamber at 37 °C. Images
were taken every 8 min= with a microscope (Deltavision Elite;
Applied Precision) equipped with a Coolsnap HQ2 camera.
Seven z-sections were acquired at 2.1-wm intervals using a
PlanApo N 60x/NA 1.42 objective (Olympus). Equivalent expo-
sure conditions and scaling were used in each experiment. Images
were deconvolved using the DeltaVision software. Images were
generated by maximum intensity projection of entire cells and
analyzed using Image] software (National Institutes of Health).

For immunofluorescence experiments, cells were pre-extracted
in PEM buffer (0.1 M PIPES pH 6.8,2 mM EGTA, 1 mM MgCl,,
0.1% Triton X-100) for 1 min and fixed in the same buffer con-
taining 4% paraformaldehyde for 10 min For immunostaining,
anti-o-tubulin (Sigma) was used at 1:10000. The primary anti-
body was incubated overnight at 4 °C and secondary antibodies
(Alexa-488 and Phalloidin-Alexa-561, Molecular Probes) were
incubated for 2 h at room temperature. The same microscope set-
up was used as described above for live-cell imaging. Thirty—40
images were acquired at 200-nm intervals. Equivalent exposure
conditions and scaling was used in each experiment. Images were
deconvolved using the DeltaVision software. Images were gener-
ated by maximum intensity projection of entire cells. Brightness
and contrast were adjusted with Image] software.

Micropatterning on glass

The photomask was custom-made (Delta Mask) and was
printed with rectangular shapes with a dimension of 20 pwm x
80 wm. Adhesive fibronectin micropatterns were produced using
deep-UV illumination through a photomask according to a pre-
viously described protocol.®

Measure of cortical dynein enrichment

We developed an Image] macro that was able to automatically
detect a fluorescent cell on a micropattern. The boundaries of
DHC-GFP-expressing cells were detected through the Otsu dark
thresholding method. Subsequently, edge detection was applied

for creating outlines for the linescan measurement. The center of
the round mitotic cell, defined as a centroid center, was used to
set the position of the linescan. The linescan measured intensity
values around the cell perimeter at a width of 5 pixels in clock-
wise direction, starting from the highest centroid position. The
moment of mitotic rounding and anaphase onset was detected by
recording the centroid’s roundness, defined by its x—y ratio. The
cell roundness threshold was set to 0.7, above which the macro
recorded linescan measurements throughout the time-lapse
images. The macro generated relative values of GFP intensities by
dividing the 5-pixels mean value at each measurement point with
the modal value recorded for the whole linescan at individual
time frames. Relative intensity values were used for generating
heatmaps of 1-pixel height and 360-pixel width for each time
frame. Each heatmap was scaled equally.

Western blotting

Cells were transfected with indicated siRNAs for 48 h.
Mitotic cells were harvested after an overnight treatment with
20 wM STLC and lysed with Laemmli buffer (120 mM Tris,
pH 6.8, 4% SDS, and 20% glycerol). Protein concentration was
determined by the Lowry method, and equal amounts were sepa-
rated on a poly-acrylamide gel. After transfer to nitrocellulose
membranes, the blots were probed with the following antibod-
ies: anti-a-tubulin (1:1000; Sigma) and anti-Kif18b (1:200;%).
HRP-conjugated secondary antibodies (Dako) were used in a
1:2000 dilution.
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