Current Biology

The chirality of the mitotic spindle provides a
mechanical response to forces and depends on
microtubule motors and augmin

Graphical abstract Authors

Monika Trupini¢, Barbara Kokanovic,
Molecular origins of spindle chirality Ivana Ponjavic, lvan Barisic,
Sinisa Segvic, Arian lvec, lva M. Toli¢

Torques at the pole Torques in the overlaps

Correspondence
tolic@irb.hr

In brief

Trupini¢ et al. show that the chirality of the
mitotic spindle is most pronounced near
the metaphase-to-anaphase transition,
and it depends on microtubule motor
proteins and augmin. End-on
compression of the spindle increases its
left-handed twist, suggesting a role of
chirality in allowing the spindle to absorb
mechanical load.

Passive mechanical response to force
Load absorption

Highlights
e Spindle twist depends on torque-generating motors Eg5,
Kif18A, MKLP1, and dynein

e Without the microtubule nucleator augmin, spindles show
right-handed twist

e Compression of the spindle along the axis increases the left-
handed twist

e Rounder spindles are more twisted than elongated ones are

Trupinic et al., 2022, Current Biology 32, 2480-2493
June 6, 2022 © 2022 The Author(s). Published by Elsevier Inc. 35
https://doi.org/10.1016/j.cub.2022.04.035 @ CellPress



mailto:tolic@irb.hr
https://doi.org/10.1016/j.cub.2022.04.035
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cub.2022.04.035&domain=pdf

¢? CellPress

OPEN ACCESS

Current Biology

The chirality of the mitotic spindle
provides a mechanical response to forces
and depends on microtubule motors and augmin

Monika Trupinié¢,’ Barbara Kokanovié,! Ivana Ponjavié,! Ivan Barisié,? Sinisa Segvié,? Arian Ivec,® and Iva M. Toli¢"45*
1Division of Molecular Biology, Laboratory of Cell Biophysics, Ruder Boskovi¢ Institute, Bijenicka cesta 54, Zagreb 10000, Croatia
2Department of Electronics, Microelectronics, Computer and Intelligent Systems, Faculty of Electrical Engineering and Computing, University
of Zagreb, Unska 3, Zagreb 10000, Croatia

3Department of Physics, Faculty of Science, University of Zagreb, Bijenicka cesta 32, Zagreb 10000, Croatia

4Twitter: @Tolicab

5Lead contact

*Correspondence: tolic@irb.hr

https://doi.org/10.1016/j.cub.2022.04.035

SUMMARY

Forces produced by motor proteins and microtubule dynamics within the mitotic spindle are crucial for
proper chromosome segregation. In addition to linear forces, rotational forces or torques are present in
the spindle, which are reflected in the left-handed twisted shapes of microtubule bundles that make the spin-
dle chiral. However, the biological role and molecular origins of spindle chirality are unknown. By developing
methods for measuring the spindle twist, we show that spindles are most chiral near the metaphase-to-
anaphase transition. To assess the role of chirality in spindle mechanics, we compressed the spindles along
their axis. This resulted in a stronger left-handed twist, suggesting that the twisted shape allows for a me-
chanical response to forces. Inhibition or depletion of motor proteins that perform chiral stepping, Eg5/
kinesin-5, Kif18A/kinesin-8, MKLP1/kinesin-6, and dynein, decreased the left-handed twist or led to right-
handed twist, implying that these motors regulate the twist by rotating microtubules within their antiparallel
overlaps or at the spindle pole. A right-handed twist was also observed after the depletion of the microtubule
nucleator augmin, indicating its contribution to the twist through the nucleation of antiparallel bridging micro-
tubules. The uncovered switch from left-handed to right-handed twist reveals the existence of competing
mechanisms that promote twisting in opposite directions. As round spindles are more twisted than the elon-
gated ones are, we infer that bending and twisting moments are generated by similar molecular mechanisms

and propose a physiological role for spindle chirality in allowing the spindle to absorb mechanical load.

INTRODUCTION

Mitosis is a stage of the cell cycle in which replicated chromo-
somes are separated into two new nuclei destined for the two
daughter cells.” In order to segregate the genetic material, the
cell forms a mitotic spindle, a complex microstructure made of
microtubules and numerous associated proteins.”™ The spindle
physically separates the chromosomes to the opposite poles of
the cell and ensures that each daughter cell has the same num-
ber of chromosomes as the parental cell.

The spindle is a mechanical structure that can generate and
balance forces within itself.® The forces in the spindle are crucial
for proper spindle functioning in each phase of mitosis. Kineto-
chore fibers exert forces necessary for the positioning of the
chromosomes at the center of the spindle in metaphase®® and
for pulling the chromosomes apart during anaphase.”'" On
the other hand, overlap bundles balance the forces at kineto-
chores by acting as bridges between sister kinetochore fibers
in metaphase and anaphase'?~'® and also regulate pole separa-
tion in anaphase.'®'® All the forces in the spindle arise from
active processes of motor proteins as well as from microtubule
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polymerization and depolymerization.'®" Direct measurement
of the forces in the spindle, although possible,? is challenging
because of the small scales involved.

Forces are also responsible for the shape of a spindle.
Because of the mechanical properties of microtubules, which
are thin and elastic filaments that are inherently straight and
curve under forces, the spindle obtains its characteristic
shape.'®?%>?* This means that the spindle shape reflects the
forces within it, which allows for an indirect measurement of
forces by inferring them from the shapes of the microtubule bun-
dles,'?2° similarly to studies of forces and shapes of individual
microtubules in vitro.??”

Recently, it was shown that the shape of the mitotic spindle in
human Hela and U20S cells is chiral, as the spindle has a left-
handed twist around the pole-to-pole axis.”® Microtubule
bundles twist because of the torques that exist within them in
addition to linear forces. The experimentally measured three-
dimensional shapes of the microtubule bundles, which are pri-
marily bridging fibers that laterally link sister kinetochore fibers
and are marked by protein regulator of cytokinesis 1 (PRC1),
were used to deduce forces and torques in the spindle by
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Figure 1. Spindle twist culminates at the beginning of the anaphase

(A) Images of spindles immunostained for a-tubulin in a HeLa-Kyoto BAC cell line stably expressing PRC1-GFP (PRC1-GFP signal is not shown). From left to right:
enlarged section of the spindle imaged end-on showing microtubule bundles rotating in a clockwise direction (arrows) through z planes when moving toward the
observer, the end-on view and side view of a spindle, and the corresponding schemes. Images are color-coded for depth (see color bar). See also Figure S1A;
Video S1.

(B) Top row, the spindles in a HeLa cell line as in (A) in different phases of mitosis. PRC1-GFP signal is color-coded for depth (see the color bar, every second plane
was used). Bottom row, the spindles in hnTERT-RPE1 cells expressing CENP-A-GFP and centrin1-GFP in different phases of mitosis. Microtubules are shown in
gray (SiR-tubulin), and kinetochores/centrosomes are color-coded for depth (color bar) and filtered with a Gaussian blur (radius 0.7). Twist values are given. Addi-
tional examples of Hela cell spindles are shown in Figures S1C and S1D-S1F. See also Videos S2 and S3.

(C) Plots on the left, the microtubule bundle rotation along the z axis from the spindle in a Hela cell viewed end-on in different phases of mitosis (twist of this
spindle is shown in orange in the plot at the right and images in Figure S1C); each microtubule bundle is represented by a circular arc of the circle fitted to its trace
with the arrowhead pointing in the rotation direction; the colors denote the bundle length along the pole-to-pole axis (see color bar); the black dot represents the

(legend continued on next page)
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comparison with a theoretical model.”® A left-handed twist was

also observed in spindles lacking NuMA and kinesin-5 activity
in RPE1 cells during anaphase.*® Another organism whose spin-
dles are prominently twisted is a unicellular eukaryote, amoeba
Naegleria gruberi. Interestingly, the amoeba’s spindles are pre-
dominantly twisted in a right-handed fashion.*°

The twist of the spindle is potentially generated by motor pro-
teins that, in addition to linear forces, exert rotational forces on
microtubules by switching protofilaments with a bias in a certain
direction.*"™*? The first molecular motor discovered to generate
torque was the single-headed axonemal dynein. In in vitro gliding
motility assays, surface-attached dynein motors rotated the mi-
crotubules around their axis in a clockwise motion, when viewed
from the minus-end of the microtubules while translocating them
in a linear fashion.®' Similar microtubule rotation was observed
with the minus-end-directed motor kinesin-14 (Ncd).***" Coun-
terclockwise rotation was found for the plus-end-directed motor
kinesin-5 (Eg5)>* and kinesin-8 (Kip3),%%*° whereas another
study found that kinesin-8 can switch protofilaments in both di-
rections.® Several other motor proteins also exhibit rotational
movements, including kinesin-1,%%,% kinesin-2,°° cytoplasmic
dynein,®” and kinesin-6 (MKLP1).** However, in contrast to this
large body of knowledge on chiral motor stepping in vitro, the
role of motor proteins and their asymmetric stepping in the gen-
eration of torques within microtubule bundles in vivo and conse-
quently spindle twist are unknown.

In this paper, we address the biological role and the molecular
origin of spindle chirality. We show that spindle twist changes
through the different phases of mitosis and peaks around
anaphase onset. To test the idea that the chiral shape may
help the spindle to absorb mechanical load, we compressed
the spindles along the pole-to-pole axis, which led to an increase
in spindle twist. Thus, we propose a biological function of spindle
chirality in promoting the flexibility of the spindle and its mechan-
ical response to external forces. By performing a candidate
screen in which we depleted or inactivated motor proteins that
step in a chiral manner and other microtubule-associated pro-
teins, we identified several molecular players involved in the
regulation of spindle chirality, leading us to suggest that the
main mechanism generating spindle chirality is the action of mo-
tor proteins that rotate microtubules around one another within
the antiparallel overlaps.

RESULTS

Spindle twist is most pronounced at anaphase onsetina
cancer cell line and a non-cancer cell line

To explore the twist of the spindle, the first step was to obtain
end-on view images covering the whole spindle from pole to
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pole because this view allows for the visualization of the twist
of microtubule bundles (Figure 1A [end-on view]; Video S1). A
signature of the twisted shape is that microtubule bundles look
like flower petals in the end-on view. In contrast, the twisted
shape is not easily recognized in the side view of the spindle (Fig-
ure 1A [side view]).

To quantify spindle twist, we used the following three comple-
mentary approaches: visual assessment, optical flow, and
bundle tracing (Figure S1A; STAR Methods). As it is still an
open question in the field as to what method is the most appro-
priate to measure spindle twist,?®*°“® visual assessment is use-
ful as a quick and rough estimate of the twist and as a control for
automated or semi-automated methods. In this method, the
spindle is observed end-on and the rotation of the microtubule
bundles around the pole-to-pole axis is estimated visually. If
the bundles rotate clockwise when moving along the spindle
axis in the direction toward the observer, the twist is left-handed,
and vice versa (Figure S1A [left]). We score the twist as left-
handed, right-handed, weak left-handed, weak right-handed,
or no visible twist. Weak twists correspond to a range of
~—1°/um to —2°/um and left and right twists to stronger rota-
tions (Figure S1B; STAR Methods). In the optical flow method,
the movement of the signal coming from the microtubule bun-
dles is estimated by comparing the signal from one z plane to
the next (Figure S1A [middle]; STAR Methods). This method pro-
vides a value for the average twist of all bundles in a spindle, and
it is optimal for experiments on a large number of spindles
because it is automated. The bundle tracing method is an exten-
sion of the approach developed previously,?® where individual
bundles are manually traced by following the bundle contour in
the end-on view of the spindle (Figure S1A [right]; STAR
Methods). Subsequently, a circle is fitted to the bundle trace
and used to calculate the curvature and twist of individual bun-
dles*® (Figure S1A [right]; STAR Methods).

As a label for microtubule bundles, we used SiR-tubulin to
observe all microtubule bundles or PRC1-GFP to observe the
bridging fibers.'>'® To compare the results of the three methods,
we analyzed the twist of 10 metaphase spindles in HelLa cells
stably expressing PRC1-GFP (Figure S1B). All three methods
yielded a left-handed twist, which is expressed by negative
values. The absolute values of the twist of individual spindles ob-
tained by bundle tracing and optical flow were similar, with opti-
cal flow yielding smaller negative values (—1.32°/um + 0.29°/um,
n = 10; all data are given as mean + SEM) than bundle tracing
(—2.07°/um = 0.29°/um, n = 10). This difference is likely due to
the sensitivity of the optical flow method to all signals, including
the background. Based on this cross-check between the three
methods, we conclude that they provide comparable values of
spindle twist. Thus, we use optical flow for experiments in which

pole-to-pole axis. The graph on the right shows spindle twist in five HeLa cells over time; the beginning of anaphase (visible chromosome separation) was set as
time zero; each color represents one cell; the black line with error bars represents mean + SEM.

(D) Twist in different phases of mitosis in HeLa-Kyoto BAC cells expressing PRC1-GFP. Left, visual assessment graph represents the percentages of spindles
showing left, right, weak left, weak right, or no twist (see legend); numbers in the bars and in brackets show the number of cells. Right, the twist values calculated
with the optical flow method. The black line shows the mean; the light and dark gray areas mark 95% confidence interval on the mean and standard deviation,
respectively; numbers above the data show p values (Student’s t test for the mean twist value different from 0). Non-significant differences are not shown. The
circled dots represent the cells that are shown in the images above. Raw data of 10 out of 14 metaphase spindles were re-calculated from Novak et al.”’® and also

used in Figure S1B. See also Figure S1G.

(E) Twist in different phases of mitosis in hTERT-RPE1 cells expressing CENP-A-GFP and centrin1-GFP; legend as in (D). All scale bars, 1 um.
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we test changes in the overall spindle twist in a large number of
cells and bundle tracing for experiments where high spatial pre-
cision is required.

Spindles in cancer cell lines are twisted in a left-handed
manner in metaphase,®® but it is not known whether the twist
is present already when the spindle assembles in prometaphase
or whether it arises as the spindle matures. Furthermore, it is un-
known how the twist changes during anaphase. To examine the
development of spindle twist throughout mitosis (Figure 1B;
Videos S2 and S3), we first measured the twist in individual live
Hela cells expressing PRC1-GFP as they progressed through
mitosis (Figures 1C and S1C). The average twist of the spindle
in prometaphase was close to 0; it was left-handed (negative)
during metaphase, culminated at anaphase onset reaching a
value of —1.88°/um + 0.3°/um (n = 5), and decreased afterward
(Figure 1C). In agreement with this result, experiments in which
different spindles were imaged in different phases showed a
peak of spindle twist around anaphase onset, with a value of
—1.98°/um + 0.26°/um (n = 6) (Figures 1B, 1D, and S1D-S1F;
Videos S2 and S3; Table 1). Expression of PRC1-GFP in this
cell line did not influence the twist, as non-transfected Hel a cells
stained with SiR-tubulin showed similar twist values in meta-
phase (Table 1; p = 0.47, Student’s t test).

To test whether the time spent in metaphase affects spindle
twist, we accelerated entry into anaphase by inhibiting Mps1 ki-
nase, one of the main components of the spindle assembly
checkpoint.** The treatment of Hela cells expressing PRC1-
GFP with the inhibitor AZ3146° during prometaphase shortened
the time to anaphase from 40 min to 8-10 min on average. We
measured the twist at the beginning of anaphase or in early
anaphase and found it to be significantly smaller than in control
cells, —0.17°/um + 0.21°/um (n = 17) (Figure S1G; Table 1). This
result suggests that the reduction of time needed to enter the
anaphase may also mean a reduction of time to build up the spin-
dle twist.

To explore whether spindle twist and its variation over time are
specific to cancer cell lines, we measured the twist in the non-
cancer immortalized epithelial cell line hnTERT-RPE1 (from here
on referred to as RPE1) (Figure 1B) and found that spindles in
these cells also showed a left-handed twist, but the values
were smaller than in HelLa cells (Figure 1E). Moreover, the tem-
poral pattern of twist in RPE1 cells was similar to that in HeLa
cells. Twist was absent in prometaphase; it was very weak left-
handed in metaphase and was at its peak value at anaphase
onset; it decreased during anaphase and vanished in late
anaphase (Figure 1E; Videos S2 and S3; Table 1). The value at
anaphase onset was —0.53°/um + 0.15°/um (n = 26), which indi-
cates a weaker left-handed twist than in Hela cells. Taken
together, our results show that spindles are born without a twist.
The left-handed twist in HelLa cells arises as the spindle acquires
its metaphase shape, peaks at the start of chromosome segre-
gation, and declines afterward. In RPE1 cells, the twist shows
a similar trend, but the values are much less pronounced, and
the twist is mostly noticeable only in early anaphase.

Compression of the spindle along the pole-to-pole axis
increases the left-handed twist

The biological role of spindle chirality is still unknown. Although
chirality may be simply a side effect of the activity of torque-
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generating motors, the twisted shapes of microtubule bundles
may contribute to spindle physiology by allowing changes of
spindle shape as a mechanical response to external forces. To
test this idea, we gently compressed vertically oriented HelLa
cell spindles in metaphase along the pole-to-pole axis for
1.5 min, following the compression protocol from a previous
study®® (Figure 2A; Video S4). We used the bundle tracing
method to measure spindle twist, which allowed us to graphi-
cally reconstruct spindles from the end-on view and side view
(Figure 2B). Traces of the microtubule bundles in the end-on
view after 1 min of compression were more rounded than before
compression, indicating an increase in twist, and the mitotic
spindle shortened (Figure 2B). Spindle shortening was used as
a measure to confirm successful compression, showing that
spindle length decreased from 14.07 + 0.55 um before compres-
sion to 12.75 = 0.80 pum after 1 min of compression (p = 0.013; a
paired t test was used to compare the values before and after
compression, n = 6 spindles) (Figure 2C). Spindle width
increased after compression in some cases, e.g., for the spindle
shown in Figure 2B, but overall, this change was not significant
(p = 0.18) (Figure 2D).

Interestingly, compression resulted in a 2.3-fold increase of
the left-handed spindle twist, from —0.63°/um + 0.28°/um before
compression to —1.42°/um + 0.50°/um after 1 min of compres-
sion (p = 0.040) (Figures 2E and S2A; Video S4). Histograms of
twist values show that the distribution shifted toward more nega-
tive values upon compression (Figure S2B). To quantify this shift,
we analyzed the fraction of bundles having a strong left-handed
twist with a value smaller than —2.8°/um, which is one standard
deviation away from the mean twist before compression. The
twist was smaller than —2.8°/um for 9 out of 80 bundles
(11.3% = 3.5%) before compression, whereas after compression
this was the case for 21 out of 73 bundles (28.8% =+ 5.3%). The
difference was significant (p = 0.0064; two-proportions z test),
suggesting that the compression resulted in a higher proportion
of bundles having a strong left-handed twist.

Contour length of the microtubule bundles did not change
significantly after compression (p = 0.99) (Figures 2F and S2A).
We were unable to detect changes in bundle curvature after
compression (p = 0.41) (Figures 2G and S2A), which is consistent
with the non-significant change in spindle width. Thus, as the
spindle was compressed end-on by an external force, which re-
sulted in spindle shortening, the microtubule bundles did not
shorten substantially but instead became more twisted. These
results support the idea that the twist within the bundles allows
for a mechanical response to external forces.

Motor proteins Eg5/kinesin-5, Kif18A/kinesin-8,
MKLP1/kinesin-6, and dynein regulate spindle twist

To explore the molecular origins of torques in the spindle and
thus its twisted shape, we consider the following molecular ac-
tivities. First, motors that exert torque on the microtubule may
generate the twisted shape of the bundle by twisting the micro-
tubules within the bundle around each other or by twisting the
microtubules with respect to the spindle pole. Second, proteins
that crosslink neighboring microtubules or link microtubules with
the pole may prevent free rotation of the microtubules, thereby
allowing for twisting of the bundles. Third, nucleation of new mi-
crotubules within the bundle may affect the bundle twist.

Current Biology 32, 2480-2493, June 6, 2022 2483
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Table 1. Spindle twist, length, and width in HeLa and RPE1 cells in different phases of mitosis and after protein perturbations

HelLa RPE1
Twist (°/pum) Length (um) Width (um) Twist (°/pum) Length (um) Width (um)
Prometaphase 0.09 + 0.18 (12) 11.8+£0.2 8.3+ 0.004 + 0.09 (20) 121+ 0.2 8.7 +
0.3 0.1
Metaphase —1.20 + 0.22 (14) 11.5+0.3 9.0+ —0.21 + 0.08 (34) 12.8+0.3 9.0+
0.2 0.1
*—1.01 £0.14 (14) *10.6 + 0.1 *9.9+0.2
Anaphase onset —1.98 + 0.26 (6) 122+ 0.4 9.0+ —0.53 + 0.15 (26) 129+0.2 8.7+
0.5 0.1
Early anaphase —0.30 + 0.15 (22) 13.8 0.3 8.4 +
0.2
Late anaphase —0.31 +0.14 (12) 13.3+0.2 9.0+ —0.20 + 0.17 (16) 16.6 + 0.4 75+
0.3 0.3
Mps1 inhibition —0.17 £ 0.21 (17) 119+ 04 8.4+0.2 n.d. n.d. n.d.
Eg5 inhibition (after < 5 min) —0.47 +0.14 (16) 12.0+0.2 9.3+ —0.06 +0.19 (11) 123+ 04 8.8+0.1
0.2
Eg5 inhibition (after 10-20 min) n.d. n.d. n.d. 0.06 + 0.13 (12) 8.3+0.2 7.7+0.2
Eg5 overexpression n.d. n.d. n.d. —0.25 £ 0.12 (11) 127+ 0.4 9.0+
0.3
Kif18A siRNA 0.11 = 12.8 +0.6 8.3+ 0.30 + 15.0 £ 0.6 8.7 +
0.14 (21) 0.2 0.11 (24) 0.2
Kif18A overexpression n.d. n.d. n.d. —0.26 + 0.20 (7) 10.3+0.3 8.1+
0.2
MKLP1 siRNA —0.80 + 0.19 (12) 12.1 £ 0.1 8.4+0.2 0.48 + 0.10 (16) 13.6 + 0.3 9.1+0.3
HSET siRNA —-1.13+0.21 (17) 11.7+0.2 8.4+ —0.19 +0.12 (18) 13.9+04 8.9+
0.2 0.1
Dynein inhibition —0.18 £ 0.11 (18) 9.8 +0.1 8.3+0.2 —0.18 + 0.08 (16) 9.8+ 0.3 8.4+0.1
Dynein KO n.d. n.d. n.d. —0.29 + 0.13 (15) 15.8+0.8 10.7 £ 0.5
PRC1 siRNA *—0.94 + 0.17 (19) *9.9 + *9.9 + 0.22 + 15.3+ 0.4 9.6 +
0.2 0.1 0.11 (22) 0.2
PRC1 overexpression n.d. n.d. n.d. —0.08 £ 0.11 (10) 10.3+0.4 8.0+
0.1
HAUS6 siRNA 0.18 = 11.9+0.3 9.4 + 0.49 = 11.7 £ 0.3 9.0 +
0.21 (16) 0.4 0.21 (16) 0.1
HAUSS8 siRNA —0.35 +0.40 (10) 121+ 04 9.6 + 0.85 + 13.1+04 9.0+
0.5 0.24 (13) 0.2
Mock siRNA *—0.85 +0.20 (17) *10.7 £ 0.3 *9.6 + —0.22 + 0.08 (39) 125+ 0.2 8.6 +
0.2 0.1
—0.94 + 0.16 (13) 11.2+0.3 9.5+
0.3
MG-132 n.d. n.d. n.d. 0.51 +0.14 120+ 0.4 8.8+0.2

All values are shown as mean + SEM. The numbers in the brackets denote the number of cells; n.d., not determined; * represents non-transfected HeLa
cells (the rest of the data on HelLa cells comes from HeLa-Kyoto BAC cells stably expressing PRC1-GFP); RPE1 cells used were hTERT-RPE1 cells
permanently transfected and stabilized using CENP-A-GFP and centrin1-GFP.

To test the role of these activities in the regulation of spindle
twist, we performed a candidate screen on HelLa and RPE1 cells
in which we perturbed motor proteins and other microtubule-
associated proteins one by one using siRNA-mediated depletion,
small-molecule inhibitors, or overexpression and measured the
resulting spindle twist. As the candidates for this mini screen,
we selected spindle-localized motor proteins for which it has
been shown in vitro that they can rotate the microtubule (Eg5/
kinesin-5, Kif18A/ kinesin-8, MKLP1/kinesin-6, HSET/kinesin-
14, and dynein), the main crosslinker of antiparallel microtubules

2484 Current Biology 32, 2480-2493, June 6, 2022

PRC1, and the augmin complex that is responsible for the nucle-
ation of microtubules along existing microtubules. Spindle twist
was measured during metaphase, rather than at the anaphase
onset when the twist is most pronounced, because depletion or
inhibition of some of the candidate proteins, such as Eg5,
Kif18A, and augmin, interferes with anaphase entry.*”~*° Further-
more, the measurement of the twist in metaphase is more repro-
ducible because spindles in metaphase are in a steady state,
whereas anaphase spindles undergo extensive changes. All
candidate proteins were depleted by siRNA, except Eg5 and
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Figure 2. The spindles compressed by an external force have a stronger twist

(A) Setup for spindle compression. The blue layer represents the dish and the gray layer the gel with a metal rod on top; arrow shows the direction of force, F.
(B) Microtubule bundles in a spindle shown from the end-on and side view before compression and after 1 min of compression, as indicated. In the end-on and
side view, the individual bundles are colored with the same color, but colors before and after compression do not represent the same bundles; the lines show
circular arcs of the fitted circles and arrows represent the rotation direction; the gray dots are spindle poles.

(C-G) Spindle parameters from before compression up to 1.5 min of compression are as follows: spindle length (C), spindle width (D), twist of microtubule bundles
(E), length of the bundle contours (F), and bundle curvature (G). Each color represents one cell; the dots represent mean values; the error bars in (C) and (D) show
the estimated errors in the determination of spindle length and width, 1 and 0.25 um, respectively; the error bars in other graphs represent SEM. The black line and
gray area represent mean + SEM. Successful compression was performed on six spindles from five independent experiments on HeLa-Kyoto BAC cells ex-

pressing PRC1-GFP. Individual data points are shown in Figure S2A. See also Figure S2B; Video S4.

dynein. Eg5 was inhibited with S-trityl-L-cysteine (STLC)"°
because siRNA depletion of Eg5 would not allow for spindles to
properly assemble, resulting in monoasters.*® For dynein inhibi-
tion, we used dynarrestin51 in both HeLa and RPE1 cells, as
well as CRISPR/Cas9-inducible DYNC1H1 (dynein heavy chain)
knockout (KO) RPE1 cells.®” Depletion by siRNA of each protein
was confirmed by measurements of the immunofluorescence
signal of that protein on the spindle (Figures S3A and S3B).

In agreement with our previous work on HeLa cells,?® we found
that the acute inhibition of Eg5 with STLC decreased the left-
handed spindle twist in both HeLa and RPE1 cells (Figures 3A,
3B, 3C, S4, and S5; Table 1). In RPE1 cells, the spindles had no
twist 5 min after STLC addition, whereas the spindle length was
the same as before the treatment and after 10-20 min when the
spindles were shorter but still bipolar (Table 1; Figure S5). These
results suggest that changes in the spindle twist due to Eg5 inhi-
bition are independent of the changes in spindle length.

Depletion of Kif18A abolished spindle twist in HelLa cells and,
intriguingly, resulted in a right-handed twist in RPE1 cells,
causing ~71% of RPE1 spindles to twist in the right-handed
fashion, with a mean twist of 0.30°/um + 0.11°/um (n =24, p =
0.0119 for a difference from 0 in a Student’s t test; Figures 3A-
3C, S4, and S5; Video S5; Table 1). Overexpression of either
Eg5 or Kif18A in RPE1 cells did not yield changes in the twist
(Figures 3C and S5; Table 1).

Depletion of MKLP1 did not change the twist in HelLa cells but
significantly changed the twist in RPE1 cells, where 94% of spin-
dles were twisted in a right-handed direction (Figures 3A-3C, S4,
and S5; Video S6; Table 1). The mean twist was 0.48°/um +
0.10°/um (n = 16, p = 0.0003 for a difference from 0 in a Student’s
t test). Depletion of HSET/kinesin-14 did not change the twist
(Figures 3A-3C, S4, and S5; Table 1). Dynarrestin treatment
abolished the twist in Hela cells but did not change the twist
in RPE1 cells (Figures 3A-3C, S4, and S5; Video S7; Table 1).
In DYNC1H1 knockout RPE1 cells, the twist was absent, but it
was challenging to measure the twist in these cells due to the un-
focused spindle poles and altered spindle shape (Figure 3C and
S5; Video S7; Table 1). We conclude that Eg5, Kif18A, MKLP1,
and dynein regulate the torques within the spindle, which lead
to the twisted shape of microtubule bundles, but their contribu-
tion differs in different cell lines.

Depletion or overexpression of PRC1 in RPE1 spindles
results in no twist

PRC1 protein is not only a key regulator of cytokinesis®® but also
the main crosslinking protein of antiparallel microtubules within
bridging fibers.'>'® Without PRC1, bridging fibers are thinner
and spindles have a less curved and more diamond-like
shape,'>°* which led us to hypothesize that the twist might
also be affected. In Hela cells, depletion of PRC1 did not yield
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Figure 3. Motor proteins Eg5 and Kif18A control spindle twist

(A) First row, spindles in HeLa-Kyoto BAC cells expressing PRC1-GFP after inhibition/depletion of Eg5, Kif18A, MKLP1, HSET, and dynein. Second row, spindles
in hTERT-RPE1 cells expressing CENP-A-GFP and centrin1-GFP after the same inhibitions/depletions, as indicated. Color-coding for depth as in Figure 1B.
Scale bars, 1 um. Additional examples are shown in Figures S4 and S5. Third row, schemes showing localization and movement of the targeted motor proteins
within the spindle. See also Videos S5, S6, and S7.

(B) Spindle twist after perturbations of motor proteins in HelLa cells expressing PRC1-GFP. Left, visual assessment of twist; right, twist calculated with the optical
flow method; legend as in Figure 1D. On the right, one-way ANOVA test showed a significant difference between group means (p = 1.39 x 10~8); numbers below
the data show p values (Tukey’s HSD post hoc test); non-significant differences are not shown; the encircled dots represent cells on the images above. The immu-
nofluorescence of the targeted proteins after perturbations is shown in Figure S3A.

(C) Spindle twist after perturbations of motor proteins in RPE1 cells expressing CENP-A-GFP and centrin1-GFP and RPE1 inducible CRISPR/Cas9 DYNC1H1
knockout cells, legend as in (B). One-way ANOVA test showed a significant difference between group means (p = 2.27 x 10~7). Immunofluorescence after per-
turbations is shown in Figure S3B. Data for Eg5 inhibition correspond to 10-20 min after STLC addition.

changes in the spindle twist (Figures 4A, 4B, and S4; Table 1). by limiting the free rotation of microtubules within antiparallel

When we depleted PRC1 in RPE1 cells, the spindles had no twist
on average (Figures 4A, 4C, and S5; Table 1). Overexpression of
PRC1in RPE1 cells also resulted in the abolishment of the spindle
twist, as the microtubule bundles became almost straight
(Figures 4A, 4C, and S5; Table 1). These data suggest that
PRC1 regulates torques within the spindle in RPE1 cells, possibly
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bundles and by modulating the torsional rigidity of the bundle.

Depletion of augmin leads to no twist in HelLa cells and
right-handed twist in RPE1 cells

The augmin complex is responsible for the microtubule nucleation
from the lateral surface of the pre-existing microtubules.*®°°
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Figure 4. Microtubule crosslinker PRC1 and nucleator augmin regulate spindle twist

(A) First row, spindles in a non-transfected HeLa cell line stained with SiR-tubulin (first 2 spindles) and HeLa-Kyoto BAC cells expressing PRC1-GFP (last 3 spin-
dles), after depletion of PRC1 and subunits of the augmin complex HAUS6 or HAUS8. Second row, images of spindles in hTERT-RPE1 cells expressing CENP-A-
GFP and centrin1-GFP after perturbations of PRC1 and depletions of HAUS6 or HAUSS, as indicated. Color-coding for depth as in Figure 1B (see color bar),
except SiR-tubulin is shown in non-transfected Hela cells. In RPE1 spindles, gray represents SiR-tubulin, except in the cell with overexpressed PRC1 that shows
PRC1-mCherry. Scale bars, 1 um. Additional examples are given in Figures S4 and S5. Third row, the schemes showing the localization of PRC1 and augmin in
the spindle. See also Video S8.

(B) Spindle twist after perturbations of PRC1 and augmin in HeLa cells. Left, visual assessment of twist; right, twist calculated with the optical flow method; legend
as in Figure 1D. The black dots denote the cell line/staining used for the corresponding treatment. On the right, the one-way ANOVA test showed a significant
difference between group means (p = 8.06 x 10~%); numbers below the data show p values (Tukey’s HSD post hoc test); non-significant differences are not
shown; the encircled dots represent cells shown on images. The experiments were performed on non-transfected Hela cells (for the depletion of PRC1 and its
control) and HelLa-Kyoto BAC cells expressing PRC1-GFP (for the depletion of HAUS6 and HAUS8 and their controls). Immunofluorescence after protein per-
turbations is shown in Figure S3A.

(C) Spindle twist after perturbations of PRC1 and augmin in RPE1 cells expressing CENP-A-GFP and centrin1-GFP; legend as in (B). One-way ANOVA test
showed a significant difference between group means (p = 1.72 x 10~%); immunofluorescence is shown in Figure S3B.

Augmin is important for the nucleation of the bridging fibers NEDD1,%® the spindles in the Hela cells had zero twist on
and, consequentially, the maintenance of the spindle shape.®® average, whereas those in RPE1 cells had a right-handed twist
When we depleted the augmin subunit HAUS6 (hDgt6/ of 0.49°/um + 0.21°/um (n = 16, p = 0.0341 for a difference
FAM29A), which binds to yTuRC through the adaptor protein  from 0 in a Student’s t test; Figures 4A-4C, S4, and S5; Table 1).
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A similar result was observed after the depletion of the augmin
subunit HAUS8 (hDgt4/Hice1), which binds to pre-existing
microtubules.®”*® This resulted in zero average twist in Hela
cells and a strong right-handed twist in RPE1 cells of 0.85°/
pum + 0.24°/um (n = 13, p = 0.0041 for a difference from 0 in a
Student’s t test; Figures 4A-4C, S4, and S5; Video S8; Table 1).
The twist after the depletion of HAUS6 or after the depletion
of HAUS8 was not significantly different in HelLa (p = 0.26)
or RPE1 cells (p = 0.27) as expected, given that they are part
of the same complex. Thus, the augmin-mediated nucleation
of microtubules along the wall of pre-existing microtubules is
an important determinant of the direction and amount of
spindle twist.

As depletion of the augmin complex subunits prolongs meta-
phase,*® we explored how the twist changes when cells are
arrested in metaphase by adding the proteasome inhibitor MG-
132. Interestingly, the spindles in RPE1 cells that arrested in
metaphase had a right-handed twist of 0.51°/um + 0.14°/um
(n =15, Figure 4C and S5; Table 1), suggesting that prolonging
metaphase may cause a shift in the balance of torque-generating
activities resulting in a right-handed twist.

Round spindles are more twisted than elongated
spindles

To explore the relationship between twisting and bending mo-
ments in the spindle, we tested the correlation between spin-
dle twist and width/length ratio, as higher aspect ratios are a
signature of stronger bending moments in the spindle.?® In
non-transfected Hela cells, whose width/length ratios
were roughly between 0.8 and 1, rounder spindles had a
stronger left-handed twist (Figure 5A), indicating a correlation
between bending and twisting moments. In contrast, no corre-
lation was observed in RPE1 cells, whose width/length ratios
were between 0.5 and 0.8 (Figure 5A). A weak correlation
was found in Hela cells expressing PRC1-GFP, which had
smaller width/length ratios than non-transfected Hela cells
(Figure SBA).

A plot of the twist as a function of the width/length ratio for
various mitotic phases and treatments indicates that different
combinations of twist and bending moments exist in spindles
in different phases of mitosis or in which different molecular
mechanisms are perturbed (Figures 5B and 5C; see Figure S6
for twist versus width or length). In HelLa cells, prometaphase
and late anaphase spindles are elongated with zero and small
left-handed twist values, respectively (Figure 5B). Left-handed
twist rises during metaphase when spindles are the roundest,
and the highest twist values are at the beginning of anaphase
when spindles are still rather round (Figure 5B). In contrast, in
RPE1 cells, such a correlation between twist and roundness
over mitotic phases was not observed (Figure 5B). When
analyzing the twist of metaphase spindles across the treatments,
we found that in Hela cells, a strong left-handed twist was prev-
alent in spindles with high width/length ratios (higher than ~0.8;
Figure 5C), whereas in RPE1 cells, a strong right-handed twist
was found in a subset of treatments with lower width/length ra-
tios (lower than ~0.8, Figure 5C). Taken together, these results
suggest a link between bending moments and left-handed
twisting moments in Hela cells, whereas in RPE1 cells, this rela-
tionship is less clear.
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DISCUSSION

Mechanisms that generate spindle twist

In this work, we reveal biomechanical and molecular mecha-
nisms that regulate the torques within microtubule bundles re-
flected in the spindle twist. From a biomechanical point of
view, we show that forces within or outside the spindle regulate
spindle twist (Figure 6A [box 1]). Among the spindles in HelLa
cells during metaphase, round spindles are more twisted than
elongated ones. In agreement with this, HeLa cell spindles in
metaphase and just after anaphase onset are more round and
more twisted than those in prometaphase and late anaphase,
when the spindles are elongated and twist is largely absent. In
RPE1 spindles, which are overall more elongated than HelLa
spindles are, the twist is weaker and not correlated with the
width/length ratio. Moreover, when we squeezed Hela spindles
along the pole-to-pole axis, they became rounder and their twist
increased. These findings suggest that spindle roundness, which
reflects bending moments within the spindle,® is correlated with
the twist. Thus, the molecular mechanisms that generate larger
bending moments, causing the spindles to be rounder, may
also generate larger twisting moments, visible as stronger twists
of the microtubule bundles. It is interesting to see that spindles,
as complex and dynamic structures, show a relationship be-
tween twisting and bending similar to simple systems from clas-
sical beam mechanics.*®

By performing a candidate screen, we identified several
motor proteins that regulate spindle chirality, with different de-
grees of contribution in the following different cell lines: Eg5,
Kif18A, MKLP1, and dynein. All of these motors exert torque
on the microtubules in vitro.®*%53"40%2 Given that the first
three motors are found within the antiparallel overlaps of
bridging microtubules in the spindle,’***%° we suggest that
they generate the twisted shape of the bundle by rotating the
antiparallel microtubules within the bundle around each other
(Figure 6A [box 2]), whereas dynein acts through microtubule
rotation close to the spindle pole (Figure 6A [box 3]). We pro-
pose that Eg5, which also localizes in the pole region'>°
where it crosslinks parallel microtubules,®"®® prevents their
free rotation within the bundle, thereby promoting the accumu-
lation of torsional stresses, though it may also actively generate
torques at the pole (Figure 6A [box 3]). Additionally, other mo-
tors localized at the pole, such as Kif2a®® and Kif2c/MCAK®*
from the kinesin-13 family, might contribute to spindle twist
by rotating the microtubules with respect to the spindle pole
(Figure 6A [box 3]).

Intriguingly, the strongest effect on spindle twist was obtained
by depletion of the HAUS6 or HAUS8 subunits of the augmin
complex, which promotes nucleation of new microtubules from
the wall of existing microtubules.*®°>°"%" Given that augmin
depletion reduces the microtubule number within bridging fi-
bers,® we suggest that the altered twist is related to the reduced
antiparallel overlaps where torque-generating motors bind (Fig-
ure 6A [box 2]). Overexpression of the crosslinker of antiparallel
microtubules PRC1 led to bundle straightening, indicating that
excessive microtubule bundling due to additional PRC1 in-
creases the torsional stiffness of the bundle (Figure 6A [box 2]).
Arresting RPE1 cells in metaphase resulted in a right-handed
twist, similar to the depletion of Kif18A or augmin. Interestingly,
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Figure 5. Round spindles have a stronger twist than elongated spindles

(A) Spindle twist versus width/length ratio in HeLa and RPE1 cells, as indicated in the legend below the graph. The lines show linear fits for each cell line (untreated
cells together with mock siRNA); y = —7.16 x + 5.62 for HeLa and y = —0.36 X + 0.04 for RPE1; the goodness of fit is shown in the graph. The data for HeLa cells
were also used in Figure 4B and for RPE1 cells in Figures 1E, 3C, and 4C. The cell lines used were non-transfected HeLa and hTERT-RPE1 expressing CENP-A-
GFP and centrin1-GFP; for HelLa cells expressing PRC1-GFP see Figure S6A. The scheme on the bottom depicts the relationship between spindle twist and
roundness.

(B) Spindle twist versus width/length ratio in HeLa-Kyoto BAC cells expressing PRC1-GFP (top) and hTERT-RPE1 cells expressing CENP-A-GFP and centrin1-
GFP (bottom) over different phases of mitosis, as indicated in the legend; the error bars represent SEM; the arrows indicate progression of mitosis. The same data
were used in Figures 1D and 1E. The related graphs showing twist versus spindle length and width are given in Figures S6B and S6C.

(C) Spindle twist versus width/length ratio after perturbations of spindle-associated proteins, as indicated in the legend, the error bars represent SEM. The same
data were used in Figures 3B, 3C, 4B, and 4C. For Hela cells, the experiments were performed on HeLa-Kyoto BAC cells expressing PRC1-GFP (circles) and
non-transfected Hel a cells stained with SiR-tubulin (rectangles). For RPE1 cells, h\TERT-RPE1 cells expressing CENP-A-GFP and centrin1-GFP were used, with
the exception of RPE1 inducible CRISPR/Cas9 DYNC1H1 knockout cells in the case of “Dynein KO.” The related graphs showing twist versus spindle length and
width are given in Figures S6B and S6C.

these depletions also prolong metaphase,*’+*®

contribute to the observed effect on the twist.

The observed switch of the direction of twist from left-
handed to right-handed indicates the existence of competing
mechanisms promoting a twist in the opposite directions.
Hela spindles have a stronger left-handed twist than RPE1
spindles have, and protein depletions that led to zero twist
in HelLa cells largely resulted in a right-handed twist in RPE1
cells; thus, the twist changed in both cell lines by a similar
amount. This implies that torques are regulated by similar
mechanisms in both cell lines, but the torque balance is

which may

shifted more toward the formation of left-handed twist in
Hela than in RPE1 spindles. All the diverse molecular pertur-
bations used here tuned the twist toward more positive values,
suggesting that the corresponding molecular players promote
a left-handed twist. We thus speculate that a right-handed
twist may arise due to the activity of additional microtubule-
associated proteins and/or the helical structure of the microtu-
bule lattice.®®

In contrast to the left-handed twist of human spindles, the
spindles in the amoeba Naegleria gruberi are twisted in a
right-handed fashion,*° which may be due to the differences in
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Figure 6. Biomechanical and molecular origins of spindle twist and its biological role

(A) Forces regulate twist (box 1). Round spindles or those compressed by external forces (straight arrows) are more twisted than elongated ones, suggesting that
larger bending moments (curved arrows) are correlated with a larger twist. Within the antiparallel overlaps of bridging microtubules (box 2), Eg5, Kif18A, and
MKLP1 rotate the microtubules around one another, whereas crosslinking by PRC1 limits free rotation of microtubules and modulates the torsional rigidity of the
bundle. Augmin contributes to the twist by nucleating bridging microtubules. At the spindle pole (box 3), Eg5 crosslinks parallel microtubules, which prevents their
free rotation. Eg5, dynein, and other motors (question mark) may rotate the microtubules around the pole and/or around other microtubules.

(B) Spindle twist allows for a mechanical response to external forces by absorbing load during metaphase (top). In contrast, in late anaphase, twist is absent,
which promotes force transmission for spindle elongation and maintenance of chromosome separation (bottom).

spindle proteins between Naegleria and humans. Naegleria lacks
homologs to subunits of the augmin complex,®® which is in line
with the right-handed twist of spindles in this amoeba and in
RPE1 cells depleted of augmin. Helical structures are also wide-
spread in plants, e.g., lefty mutants in Arabidopsis thaliana have
cortical microtubule arrays that form right-handed helices, re-
sulting in clockwise bending of leaf petioles and flower petals
when viewed from above,”® whereas spiral mutants show coun-
terclockwise bending.”’ What determines the direction and
amount of twist in microtubules of different organisms and
whether there are common elements remain as intriguing areas
for upcoming studies.

The physiological function of spindle twist

Although spindle chirality may be simply a side effect of the ac-
tion of motors that generate torque, the twisted shapes of micro-
tubule bundles may contribute to spindle function. We propose
that the twisted shape observed during metaphase is beneficial
for the spindle because it allows for changes of spindle shape as
a mechanical response to external forces. In this picture, a
twisted spindle can quickly shorten under compressive forces
by increasing the twist in a manner similar to an elastic spring
(Figure 6B [top]). Our experiments in which we compressed the
spindle end-on and observed an increase in twist as the spindle
shortened while the contour length of microtubule bundles re-
mained largely unchanged provide support for the model in

2490 Current Biology 32, 2480-2493, June 6, 2022

which the built-in twist helps the spindle respond to forces
quickly without microtubule shortening.

In contrast to metaphase, during late anaphase, the spindle is
not chiral as the bundles straighten likely due to the accumula-
tion of PRC1 and other midzone proteins. We speculate that
the straight shapes of the bundles are beneficial for the spindle
in late anaphase to allow for force transmission from the central
overlap region to the poles and to move the chromosomes apart
and keep them separated (Figure 6B [bottom]).

Additional functions of spindle chirality may be to promote the
physical separation of adjacent bundles during prometaphase or
to help start spindle elongation at the onset of anaphase by
releasing elastic energy stored in the twisted bundles. Intrigu-
ingly, a recent study showed that changes in twist can be asso-
ciated with chromosome segregation errors.”® Thus, the regula-
tion of twist may also be important for the fidelity of chromosome
segregation, which will be an exciting topic for further research.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse monoclonal anti-PRC1 antibody (C-1)
Rabbit polyclonal anti-KIF18A antibody

Rabbit polyclonal anti-FAM28A antibody
Rabbit polyclonal anti-HICE1 antibody

Mouse monoclonal anti-KIFC1 antibody (M-63)

Rabbit monoclonal anti-MKLP1 antibody (EPR10879)
AF594 donkey anti-mouse preadsorbed secondary antibody

AF594 donkey anti-rabbit preadsorbed secondary antibody

Santa Cruz Biotechnology
Bethyl Laboratories

Abcam
Thermo Fisher

Santa Cruz Biotechnology

Abcam
Abcam

Abcam

Cat# sc-376983;

Cat# A301-080A;
RRID: AB_2296551

Cat# ab150806;

Cat# PA5-21331;
RRID: AB_11153508

Cat# sc-100947;
RRID: AB_2132540

Cat# ab174304;

Cat# ab150112;
RRID: AB_2813898

Cat# ab150064;
RRID: AB_2734146

Chemicals, peptides, and recombinant proteins

Dulbecco’s modified Eagle’s medium (DMEM)
Fetal bovine serum (FBS), sterile-filtered
Penicillin/streptomycin solution (Pen/Strep)
Geneticin selective antibiotic (G418 Sulfate)

Capricorn Scientific GmbH
Sigma Aldrich
Capricorn Scientific GmbH
Thermo Fisher

Cat# DMEM-HPSTA
Cat# F2442

Cat# PS-B

Cat# 10131027

Doxycycline hyclate Sigma-Aldrich Cat# D9891-1G
Silicone rhodamine (SiR)-tubulin Spirochrome AG Cat# SC002
Silicone rhodamine (SiR)-DNA Spirochrome AG Cat# SC007
NucBlue Live Ready Probes Reagent (Hoechst 33342) Thermo Fisher Cat# R37605
(+)-S-Trityl-L-cysteine (STLC) Sigma-Aldrich Cat# 164739-5G
Dynarrestin inhibitor (HY-121802) MedChemExpress Cat# 50-202-9915
Mps1 inhibitor AZ3146 Sigma Aldrich Cat# SML1427-5MG
MG-132 Sigma Aldrich Cat# M7449-1ML
Paraformaldehyde 4% Santa Cruz Biotechnology Cat# sc-281692
Glutaraldehyde 50% Sigma Aldrich Cat# G7651
MgCl, Sigma Aldrich Cat# M8266
PIPES Sigma Aldrich Cat# P6757-500G
EDTA Sigma Aldrich Cat# EDS
Triton-X-100 Sigma Aldrich Cat# 93426
Immunopure Normal Goat Serum (iNGS) Thermo Fisher Cat# 31872
Phosphate-buffered saline Dulbecco Cat# L 182 50
Borohydride Sigma Aldrich Cat# 213462
Methanol 100% Sigma Aldrich Cat# 32213-2.5L-M
Ultra-pure agarose Thermo Fisher Cat# 15510
Trypsin/EDTA Biochrom AG N/A

Critical commercial assays

MycoAlert mycoplasma detection kit Lonza Cat# LT07-218

Lipofectamine RNAIMAX Reagent
Amaxa Cell Line Nucleofactor Kit R

Thermo Fisher
Lonza

Cat# 13778150
Cat# VCA-1001
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Cell lines
human Hela cell line (human adenocarcinoma, female) Max Planck Institute of Molecular N/A
permanently transfected and stabilized using BAC Cell Biology and Genetics,
containing PRC1-GFP Dresden, Germany
human unlabeled (non-transfected, female) HeLa-TDS MPI-CBG, Dresden N/A
cells from the High-Throughput Technology
Development Studio
human hTERT-RPE1 (retinal pigmented epithelium, female) Wadsworth Center, New York N/A
permanently transfected and stabilized using CENP-A-GFP State Department of Health,
and centrin1-GFP (protein of a centrosome complex) Albany, NY
human hTERT-RPE1 inducible CRISPR/Cas9/ DYNC1H1 Massachusetts Institute of N/A
knock-out (KO) Technology, Cambridge,
MA, USA
Oligonucleotides
human Silencer Select Validated Kif18A siRNA Thermo Fisher Cat# 4390824

human ON-TARGETplus SMARTpool PRC1 siRNA
human ON-TARGETplus SMARTpool HAUS6 siRNA
human ON-TARGETplus SMARTpool HAUS8 siRNA
human ON-TARGETplus SMARTpool KIFC1 siRNA
human MKLP1 siRNA

human ON-TARGETplus Control Pool Non-Targeting
pool siRNA

Dharmacon
Dharmacon
Dharmacon
Dharmacon
Santa Cruz Biotechnology
Dharmacon

Cat# L-C19491-00-0010
Cat# L-018372-01-0005
Cat# L-031247-01-0005
Cat# L-004958-00

Cat# sc-35936

Cat# D-001810-10-05

human Silencer Select Negative Control #1 siRNA Thermo Fisher Cat# 4390843
Recombinant DNA
mEmerald-Kinesin11-N-18 plasmid Addgene #54137
EGFP-Kif18A plasmid Laboratory of Jason Stumpff, N/A
University of Vermont,
Burlington, VT, USA
PRC1-mCherry plasmid Laboratory of Casper C. N/A

Hoogenraad, Utrecht
University, Utrecht, Netherland

Software and algorithms

ImageJ
Matlab

Adobe lllustrator CS6 and Adobe Photoshop CS6

72

The Mathworks, Inc.

Adobe Systems, Mountain
View, CA, USA

https://imagej.nih.gov/ij/
https://nl.mathworks.com/
products/matlab.html

https://www.adobe.com/

Python Python Software Foundation https://www.python.org/
R Studio RStudio, PBC https://www.rstudio.com/
Other

Optical flow code for twist analysis

This paper

GitLab: https://gitlab.com/IBarisic/
detecting-microtubules-helicity-
in-microscopic-3d-images

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, lva M. Toli¢ (tolic@irb.hr).

Materials availability
This study did not generate new unique reagents.
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Data and code availability

The datasets generated in this study will be made available on request from the lead contact without restrictions. All original code has
been deposited at GitLab and is publicly available as of the date of publication. DOlIs are listed in the key resources table. Any addi-
tional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

The human cell lines used are: 1. human HelLa cell line (human adenocarcinoma, female) permanently transfected and stabilized us-
ing BAC containing PRC1-GFP which was a gift from Ina Poser and Tony Hyman (Max Planck Institute of Molecular Cell Biology and
Genetics, Dresden, Germany),”® 2. human unlabeled (non-transfected, female) HeLa-TDS cells from the High-Throughput Technol-
ogy Development Studio (MPI-CBG, Dresden), 3. human hTERT-RPE1 (retinal pigmented epithelium, female) permanently trans-
fected and stabilized using CENP-A-GFP and centrin1-GFP (protein of a centrosome complex), which was a gift from Alexey Khod-
jakov (Wadsworth Center, New York State Department of Health, Albany, NY),”* 4. human hTERT-RPE1 inducible CRISPR/Cas9/
DYNC1H1 knock-out (KO) which was a gift from lain Cheeseman (Massachusetts Institute of Technology, Cambridge, MA,
USA).*? Cells were grown in flasks in Dulbecco’s modified Eagle’s medium (DMEM; Capricorn Scientific GmbH, Germany) supple-
mented with 10% fetal bovine serum (FBS; Sigma-Aldrich, MO, USA), 10000 U/ml penicillin/streptomycin solution (Capricorn Scien-
tific GmbH, Germany), and for HeLa-Kyoto BAC cells also 50 ng/mL geneticin (Life Technologies, Waltham, MA, USA). CRISPR/Cas9
knockout of DYNC1H1 in RPE1 cell line was induced with doxycycline hyclate (D9891-1G, Sigma-Aldrich, MO, USA) at the final con-
centration of 1 pg/mL at 24 hour intervals for 4 consecutive days, with imaging and analysis on the fifth day. The cells were kept
at 37 °C and 5% CO2 in a Galaxy 170S CO2 humidified incubator (Eppendorf, Hamburg, Germany) and regularly passaged at the
confluence of 70%-80%. All used cell lines were confirmed to be mycoplasma free by monthly checks using MycoAlert Mycoplasma
Detection Kit (Lonza) and regular checks during imaging experiments with DNA labelling stains.

METHOD DETAILS

Sample preparation

To visualize microtubules in experiments on RPE1 and non-transfected Hela cells, silicon rhodamine (SiR)-tubulin (Aaps 652 NmM, Agm
674 nm) (Spirochrome AG, Stein am Rhein, Switzerland) dye was added to the dish at the final concentration of 100 nM, 2-3 hours
prior to imaging. To visualize chromosomes and determine phase of the mitosis of the spindle in experiments on HeLa PRC1-GFP
cells, 1 hour prior to imaging silicon rhodamine (SiR)-DNA (Aabs 652 Nnm, Agn, 674 nm) (Spirochrome AG, Stein am Rhein, Switzerland)
was added to the dish at a final concentration of 100 nM. To visualize chromosomes and determine phase of the mitosis of the spin-
dles in experiments on non-transfected HelLa cells and RPE1 inducible DYNC1H1 knockout cells, 50 uL of NucBlue Live Ready
Probes Reagent (Hoechst 33342) (Invitrogen by Thermo Fischer Scientific, MA, USA) dye was added to the dishes, 1 min before
imaging.

Lipofectamine RNAIMAX reagent (Invitrogen by Thermo Fisher Scientific, MA, USA) was used for RNAi treatments following man-
ufacturer’s instructions. Transfections with siRNA were always performed 48 hours prior to imaging at the final concentration of
100 nM. For the inhibition of Eg5, cells were treated with (+)-S-Trityl-L-cysteine (STLC, Sigma-Aldrich, MO, USA) at the final concen-
tration of 40 uM right before the imaging so that cells are not yet collapsed into a monopol during imaging. STLC-treated cells were
imaged before spindle shortening (up to 5 min in STLC) and after shortening (10-20 min in STLC). For the inhibition of dynein, cells
were treated with dynarrestin (HY-121802/CS-0083323, MedChemExpress, NJ, USA) at the final concentration of 50 uM, 1 hour prior
to imaging, and were imaged up to 2 hours after the addition of the drug. This time period allowed the spindles to shorten, which was
used to confirm that the inhibition experiment worked.”' For depletion of endogenous Kif18A, cells were transfected with Kif18A
Silencer Select siRNA (4390824, Ambion, Thermo Fisher Scientific, MA, USA). For depletion of endogenous PRC1, cells were trans-
fected with ON-TARGETplus SMARTpool Human PRC1 (L-C19491-00-0010, Dharmacon, CO, USA). For depletions of endogenous
HAUS6 and HAUSS, cells were transfected with ON-TARGETplus SMARTpool Human HAUS6 (L-018372-01-0005, Dharmacon, CO,
USA) and ON-TARGETplus SMARTpool Human HAUSS8 (L-031247-01-0005, Dharmacon, CO, USA), respectively. For the depletion
of endogenous HSET, cells were transfected with ON-TARGETplus SMART pool Human KIFC1 (L-004958-00, Dharmacon, CO,
USA). For the depletion of endogenous MKLP1, cells were transfected with siRNA (sc-35936; Santa Cruz Biotechnology, TX,
USA). In mock experiments cells were transfected with equal amount of ON-TARGETplus Control Pool Non-Targeting pool
(D-001810-10-05, Dharmacon, CO, USA) or Silencer Select Negative Control #1 siRNA (4390843, Ambion, Thermo Fisher Scientific,
MA, USA).

All plasmid transfections were performed using Nucleofactor Kit R with the Nucleofactor 2b Device (Lonza, Basel, Switzerland)
using Y-001 program for human HMEC cells (high efficiency). To overexpress Eg5 protein, cells were transfected with 5 ng of
mEmerald-Kinesin11-N-18 plasmid (Addgene number: 54137) 24 hours prior to imaging. For Kif18A overexpression, cells were trans-
fected with 5 um of EGFP-Kif18A plasmid that was a gift from Jason Stumpff (University of Vermont, Burlington, VT, USA). To over-
express PRC1 protein, cells were transfected with 5 ng of mCherry-PRC1 plasmid that was a gift from Casper C. Hoogenraad
(Utrecht University, Utrecht, Netherlands).
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To reduce the time in which HeLa cells reach anaphase, the Mps1 inhibitor AZ3146 (Sigma-Aldrich, MO, USA) was added in prom-
etaphase at a final concentration of 4 uM. Metaphase arrest in RPE1 cells was performed with the proteasome inhibitor MG-132
(M7449, Sigma-Aldrich, MO, USA) added at least 2 hours prior to imaging at a final concentration of 20 uM.

All experiments were performed at least three times in both cell lines, except Kif18A overexpression that was preformed once. To
prepare samples for microscopy, RPE1 and Hela cells were seeded and cultured in DMEM medium with supplements at 37 °C and
5% CO2 on uncoated 35-mm glass coverslip dishes with 0.17-mm (1.5 coverglass) glass thickness (MatTek Corporation, Ashland,
MA, USA).

Immunofluorescence

HelLa-Kyoto BAC cell line stably expressing PRC1-GFP were grown on glass-bottomed dishes (14 mm, No. 1.5, MatTek Corporation)
and fixed by a microtubule-preserving mixture of 3.2% PFA (paraformaldehyde) and 0.25% GA (glutaraldehyde) in microtubule-sta-
bilizing PEM buffer (0.1 M PIPES, 0.001 M MgCl, x 6 H,O, 0.001 M EDTA, 0.5% Triton-X-100) for 10 min at room temperature. After
fixation with PFA and GA, for quenching, cells were incubated in 1 mL of freshly prepared 0.1% borohydride in PBS (phosphate-buff-
ered saline) for 7 min and after that in 1 mL of 100 mM NH4Cl and 100 mM glycine in PBS for 10 min at room temperature. Cells were
then washed with 1 mL of PBS, 3 times for 5 min. To block unspecific binding of antibodies, cells were incubated in 500 pL blocking/
permeabilization buffer (2% normal goat serum (NGS) and 0.5% Triton-X-100 in water) for 45 min at room temperature. Cells were
then incubated in 500 pL of primary antibody solution (rat anti-alpha Tubulin YL1/2 (MA1-80017, Invitrogen, CA, SAD), diluted 1:500)
for 24 hours at 4 °C. After primary antibody, cells were washed in PBS and then incubated in 500 pL of secondary antibody solution
(donkey anti-rat IgG Alexa Fluor 594 (ab150156, Abcam), diluted 1:1000) for 45 min at room temperature.

Human hTERT-RPE1 cells, permanently transfected and stabilized using CENP-A-GFP and centrin1-GFP, were grown on glass-
bottomed dishes (as described above) and fixed in cold 100% methanol for 1 min on the ice block. After fixation, cells were washed in
PBS 3 times for 5 min at room temperature. Next, cells were additionally permeabilized in 0.5% Triton-X-100 solution for 15 min at
room temperature and then washed in PBS (as described above). To block unspecific binding of antibodies, cells were incubated in
1% NGS solution for 1 hour on 4 °C. After washing in PBS once, cells were incubated with primary antibodies (dilution 1:100 in 1%
NGS) overnight on 4 °C. Next, cells were washed in PBS 3 times for 5 min at room temperature and incubated with secondary an-
tibodies (dilution 1:250 in 2% NGS solution) for 1 hour at room temperature covered with aluminum foil. Before microscopy, cells were
washed in PBS (as described above) and left in PBS during imaging. Cells were kept in the dark in PBS on 4 °C. Primary antibodies
used: PRC1 (C-1) mouse monoclonal IgG4 (sc-376983, Santa Cruz Biotechnology, TX, USA), Rabbit anti-KIF18A Affinity Purified
(A301-080A, Bethyl, TX, USA), Rb pAb to FAM29A (ab150806, Abcam, Cambridge, UK), HICE1 Polyclonal Antibody (PA5-21331, In-
vitrogen, MA, USA), KIFC1 (M-63) mouse monoclonal IgGo, (sc-100947, Santa Cruz Biotechnology, TX, USA), Rb pAb to MKLP1
(ab174304, Abcam, Cambridge, UK); secondary antibodies used: Dnk pAb to Ms IgG (ab150112, Abcam, Cambridge, UK), Dnk
pAb to Rb IgG (ab150064, Abcam, Cambridge, UK).

Spindle compression

Spindle compression method was optimized from Mitchison and Dumont, 2009.%° A solution of 2% ultra-pure agarose (15510 Invi-
trogen by Thermo Fisher Scientific, MA, USA) in PBS was prepared, brought to boil and 2 mL was put in a 35 mm petri dish to solidify
with ~2 mm thickness. A1 cm x 1 cm pad area was cut out, soaked in L-15 medium overnight at 4 °C for equilibration, and warmed to
37 °C just before use. Cells were plated on 14 or 20 mm glass microwell uncoated dishes before imaging. A flat metaphase cell was
chosen among 80-100% confluent cells for pre-perturbation imaging. After imaging of the metaphase cell before compression, the
pad was deposited gently, centered on the cell. Note: it is important to do this step gently and with minimal moving of the dish so the
position of the cell could stay intact. Using an oil hydraulic fine manipulator (InjectMan 4, micromanipulator with dynamic movement
control, 100-240 V/50-60 Hz) and a coarse manipulator attached to the confocal microscope. A metal rod (which is a part of micro-
manipulator where the needle for microinjection is inserted) was centered on the cell and lowered (z-axis) until weak contact was
made with the pad (rod diameter > cell diameter). The rod was lowered slowly (over ~10 s) for several um until the cell area
expanded, and its position kept constant as the cell and spindle responses were imaged. HeLa PRC1-GFP cells were imaged every
30 s for 3 times which gave us 4 different times the cell was imaged at: before compression, 0.5 min after compression, 1 min after
compression and 1.5 min after compression. Cell health was monitored through the presence of the intact cell membrane and the
ability of the cell to enter anaphase after perturbation. Rough estimate of the number of vertically oriented metaphase spindles in
a 35 mm petri dish is around 1 spindle per 50-100 horizontally oriented metaphase spindles. From 31 spindles that were compressed
in about 45 independent experiments, 23 spindles rotated during the first 30 s of compression and could not be used for further anal-
ysis. From 8 spindles that remained vertically oriented during compression, 2 spindles were not compressed enough which was
determined by their length. Successful compression, where spindle length decreased for 0.5 um or more, was achieved on 6 spindles
from 5 independent experiments, which were then used for the analysis.

Confocal microscopy

Live RPE1 and Hela cells were imaged using Bruker Opterra Multipoint Scanning Confocal Microscope’® (Bruker Nano Surfaces,
Middleton, WI, USA). The system was mounted on a Nikon Ti-E inverted microscope equipped with a Nikon CFl Plan Apo
VC x100/1.4 numerical aperture oil objective (Nikon, Tokyo, Japan). During imaging, cells were maintained at 37 °C in Okolab
Cage Incubator (Okolab, Pozzuoli, NA, Italy). A 22 um slit aperture was used for RPE1 and 60 um pinhole for HeLa cells. The xy-pixel
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size was 83 nm. For excitation of GFP and mCherry fluorescence, a 488 and a 561 nm diode laser line was used, respectively. For SiR-
dyes, a 640 nm diode laser line was used. The excitation light was separated from the emitted fluorescence by using Opterra Dichroic
and Barrier Filter Set 405/488/561/640. Images were captured with an Evolve 512 Delta EMCCD Camera (Photometrics, Tucson, AZ,
USA) with no binning performed. To cover the whole metaphase spindle, z-stacks were acquired at 30-60 focal planes separated by
0.5 um with unidirectional xyz scan mode. The system was controlled with the Prairie View Imaging Software (Bruker Nano Surfaces,
Middleton, WI, USA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of spindle twist

To calculate spindle twist, microscopy images of horizontal spindles were analyzed in Fiji Software (ImagedJ, National Institutes of
Health, Bethesda, MD, USA).”? Only images with both spindle poles in the same plane before and during imaging of the z-stack
were used in analysis to avoid unspecific spindle movements in the calculation of spindle twist. Horizontal spindles were transformed
into vertical orientation using a code written in R programming language in RStudio.?® In transformed stack microtubule bundles and
poles appear as blobs.

Visual assessment

In this method, the spindle is observed end-on and the rotation of microtubule bundles around the pole-to-pole axis is estimated
visually. If the bundles rotate clockwise when moving along the spindle axis in the direction towards the observer, the twist is left-
handed, and vice versa (Figure S1A, left). The outcome of our visual assessment is a score of spindle twist, which describes whether
the spindle has a left-handed, weak left-handed, right-handed, weak right-handed, or no visible twist. Weak left-handed or weak
right-handed twists correspond to a range of approximately -1 to -2 °/um in the bundle tracing method. This is visible as a total rota-
tion of 5-10° in the clockwise (left-handed) or counter-clockwise (right-handed) direction in the end-on view of the spindle when mov-
ing towards the observer along the bundle length, where bundles are typically 5 um long. Left-handed or right-handed twists corre-
spond to a rotation of more than 10° in the end-on view. The advantage of this method is its trustworthiness because coarse
classification of spindles into 5 groups is reliable, whereas the main disadvantage is that the results are semi-quantitative rather
than quantitative.

Optical flow

In the optical flow method, the movement of the signal coming from microtubule bundles is estimated automatically by comparing the
signal from one z-plane to the next (Figure S1A, middle). This method yields a value for the average twist of all bundles in a spindle. Itis
the preferred choice for experiments on a large number of spindles because it is automated. Disadvantages are that it provides only
the average twist value rather than the twist of each bundle, and that the results are sensitive to unspecific signal in the images, in-
dividual bundles with atypical behavior, and imperfect alignment of the spindle axis with the z-axis.

First, parts of the images containing the blobs were selected for analysis using Rectangle tool in ImageJ. In all transformed stacks
only images between spindle poles were used for analysis. Transformed spindle images contained a lot of noise that was removed by
using the Mexican hat filter and a threshold. The Mexican hat filter, also called the LoG (Laplacian of Gaussian) filter, was used for
detection of blobs.”®"" After applying the Mexican hat filter, a threshold was applied to the image. It removes all the pixels with in-
tensity lower than the given threshold. Microtubule bundles of transformed spindles were detected and traced automatically using
optical flow for calculating the movement of pixels between two consecutive images. Farneback’s two-frame motion estimation al-
gorithm (dense optical flow algorithm) was used.”® The spindle poles were tracked manually using Multipoint tool in Imaged. In
CRISPR/Cas9 DYNC1H1 knockout RPE1 cell line, only spindles with splayed poles but bipolar shape were imaged, and the pole
positions were determined visually as the outermost points of the spindle along the central spindle axis, which was defined as a
line perpendicular to the metaphase plate passing through its center. Helicities of spindles were calculated using the algorithm called
“All pixels weighted helicity algorithm”. It calculates the total helicity as the average helicity of all pixels in the spindle, weighted by
their normalized intensity. The tilt of the spindle with regard to the imaging plane was calculated from the tracked spindle poles, and
the twist measurement was corrected by this tilt angle. The code for tracing of bundles and helicity calculating was written in Python
programming languange using PyCharm IDE. The external libraries used in image preprocessing, calculating helicity and visualisa-
tion are NumPYy, scikit-image, Matplotib, PIL, OpenCV and SciPy. The code and instructions are available at GitLab: https://gitlab.
com/IBarisic/detecting-microtubules-helicity-in-microscopic-3d-images.

Bundle tracing

Bundles in images of spindles oriented vertically were traced manually using Multipoint tool in Fiji.”® We convert the imaging plane
(z-plane) to its corresponding z-coordinate by multiplying with the distance between successive planes set during image acquisition
(0.5 um) and by a factor of 0.81 to correct for the refractive index mismatch.?® Next, to describe the shape of a microtubule bundle, we
use the Oblique circle method.*® We first position the spindle so that the pole-to-pole axis is aligned with our coordinate system, i.e.,
we untilt the spindle. Next, we fit a plane to the points representing the bundle, and then we fit a circle that lies in this plane to the same
points. From these fits we calculate the curvature and twist of the bundle as follows: (i) The curvature is calculated as one over the
radius, and (i) the twist is calculated as the angle between the plane and the z-axis divided by the mean distance of these points from
the z-axis. Contour length of the bundle was calculated as the length of the fitted circular arc plus the distance of bundle ends from the
corresponding poles. The main advantage of this method is that it yields a value of twist for each individual bundle in the spindle,
whereas the main disadvantage is that it requires manual tracing, which makes it impractical for high-throughput studies.
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Analysis of spindle length and width

To measure spindle length and width, we used the Line tool in Fiji Software (ImagedJ, National Institutes of Health, Bethesda, MD,
USA).” Length was measured by drawing a line from pole to pole of the spindle. Width in HeLa cells expressing PRC1-GFP was
measured by drawing a line across the equatorial plane of the spindle, with the line ending at the outer edges of a spindle. Width
in RPE1 cells expressing CENP-A-GFP and centrin1-GFP was measured by drawing a line across the equatorial plane of the spindle,
with the line ending at the outer kinetochore pairs.

Analysis of protein expression in spindles

To quantify protein expression, the fluorescence intensity signal of the protein of interest was measured on the whole spindle region
using ImageJ Polygon Selection tool Software (ImageJ, National Institutes of Health, Bethesda, MD, USA)’? on the sum-intensity pro-
jection of the whole z-stack. The mean background fluorescence intensity measured in the cytoplasm was subtracted from the mean
value obtained on the spindle, and the resulting value was divided by the number of z-slices used in the sum projection.

Image processing and statistical analysis

Fiji was used to scale images and adjust brightness and contrast. Figures were assembled in Adobe lllustrator CS5 and CC (Adobe
Systems, Mountain View, CA, USA). Graphs were plotted in MATLAB (MathWorks, Natick, MA, USA). For generation of univariate
scatter plots, the open "UnivarScatter" Matlab extension was used (https://github.com/manulera/UnivarScatter). Data are given
as mean = SEM, unless otherwise stated. Significance of data was estimated by Student’s t-test (two-tailed and two sample un-
equal-variance; except for the experiments with spindle compression, where a paired t-test was used to compare the values for
the same spindles before and after compression). p < 0.05 was considered statistically significant. Values of all significant differences
are given with degree of significance indicated (*0.01 <p < 0.05, **0.001 < p < 0.01, ***p < 0.001). Statistically significant differences
between groups of data were determined by one-way ANOVA and Tukey’s HSD post hoc test, p < 0.05 was considered statistically
significant. The number of analyzed cells and microtubule bundles is given in the respective figure panel.
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