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Proper orientation of the mitotic spindle plays a crucial role in embryos, during tissue
development, and in adults, where it functions to dissipate mechanical stress to main-
tain tissue integrity and homeostasis. While mitotic spindles have been shown to reor-
ient in response to external mechanical stresses, the subcellular cues that mediate
spindle reorientation remain unclear. Here, we used a combination of optogenetics and
computational modeling to investigate how mitotic spindles respond to inhomogeneous
tension within the actomyosin cortex. Strikingly, we found that the optogenetic activa-
tion of RhoA only influences spindle orientation when it is induced at both poles of the
cell. Under these conditions, the sudden local increase in cortical tension induced by
RhoA activation reduces pulling forces exerted by cortical regulators on astral microtu-
bules. This leads to a perturbation of the balance of torques exerted on the spindle,
which causes it to rotate. Thus, spindle rotation in response to mechanical stress is an
emergent phenomenon arising from the interaction between the spindle positioning
machinery and the cell cortex.

cell cortex j optogenetics j RhoA j mechanics j spindle orientation

The orientation of the mitotic spindle determines the axis of cell division (1, 2). Cell
division orientation must be carefully regulated during embryonic development to dic-
tate proper cell fate as well as in adult organisms to maintain tissue homeostasis or
enable adaptation to environmental changes (3–6). In tissues, division orientation has
been shown to homogenize cell packing (7) and to prevent the buildup of excessive
mechanical stress, which may endanger tissue integrity. In monolayered epithelia, cell
divisions parallel to the substratum are essential to maintain and direct in-plane tissue
growth (8, 9). When divisions have no favored orientation, growth is isotropic, whereas
orientation along one specific axis can lead to tissue elongation (10, 11). As a conse-
quence, the cues and mechanisms regulating the orientation of cell division have been
the focus of much research.
Mitotic spindles in both isolated cells and tissues can alter their orientation in response

to a variety of cues. Depending on the experimental conditions, spindle orientation can be
influenced by cell shape, junctional cues, signals from the extracellular matrix, the stress
field, or a combination of these cues (6, 12–21). To probe the cellular-scale response to tis-
sue deformation, studies in vivo and in vitro have applied uniaxial deformation to isolated
cells as well as epithelia and shown cell division to be oriented along the stretch axis
(6, 17, 22, 23). Outside of a tissue context, elongated metaphase cells that are subjected to
a uniaxial stretch perpendicular to their long axis reorient their spindle to a position inter-
mediate between the directions provided by the shape and stress cues (17). In developing
tissues, such as the zebrafish enveloping layer, a stress field applied perpendicular to the
spindle axis causes reorientation (14). Collectively, these studies indicate that spindles can
respond to externally applied deformation and stresses. However, how tissue–scale defor-
mation impacts the tension distribution in the cortex of a mitotic cell is unclear. More-
over, whether and how spindles are able to respond to tension inhomogeneities within the
actin cortex remains unknown. Indeed, the reorientation of spindles could arise from
the activation of mechanosensitive signaling pathways or could emerge from changes in
the balance of forces exerted by the spindle positioning apparatus.
To address the role of the mitotic cortex in spindle orientation, we used optogenetic

activators of contractility to generate inhomogeneous tension within the cortex of mitotic
cells and investigated the spindle response. Remarkably, an increase in cortical myosin and
tension, specifically at cell poles, resulted in the reorientation of the metaphase spindle
away from these regions, subsequently affecting the orientation of cell division. Spindle
rotation arises due to a local reduction of the pulling forces exerted by cortical regulators
on astral microtubules. Experiments and mathematical modeling suggest that rotation
emerges from the interaction between the spindle positioning machinery and the cell
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cortex. Our data therefore suggest that mitotic spindles can respond
to inhomogeneities in myosin activity and cortical tension to orient
division away from regions of high tension.

Results

Increase in Cortical RhoA Activity Increases Cortical Tension.
The tension distribution that arises in the cortex of mitotic cells in
response to the application of a stress field remains poorly under-
stood. However, the application of uniaxial stress to rounded
mitotic cells likely leads to inhomogeneous tension in the cortex.
To investigate the response of mitotic spindles to such tension
inhomogeneities, we modulated cortical tension in mitotic cells by
regulating the activity of RhoA at the plasma membrane using
optogenetics. To this end, we used a previously established light-
gated CRY2/CIBN dimerization system (24, 25). In this actuator,
the DH-PH domain of a RhoA-specific GEF, p115-RhoGEF/
Arhgef1 (26), is fused to CRY2-mCherry and stably expressed
in MDCK cells alongside CIBN-GFP, which is targeted to the
plasma membrane with a CAAX domain (Fig. 1A). Exposure to
blue light induces a conformational change in CRY2, causing it to
bind CIBN and relocalize the DH-PH domain to the plasma
membrane (Fig. 1A). With this system, recruitment to the mem-
brane can be restricted to subcellular regions as small as 5 μm (27)
and optogenetic relocalization of GEF DH-PH to the membrane
increases RhoA activity (25). We reasoned that RhoA activation
should lead to an increase in myosin contractility and subsequently
an increase in cortical tension. To verify this line of reasoning, we
measured cortical tension in both interphase and mitotic rounded
cells before and after exposure of the whole cell to blue light using
atomic force microscopy (AFM) (SI Appendix, Fig. S1A). These
measurements revealed a twofold (∼100%) increase in tension fol-
lowing optogenetic activation in interphase cells (Fig. 1 B and C
and SI Appendix, Fig. S1B) and a ∼31% increase in mitotic cells
(SI Appendix, Fig. S1B). The smaller increase observed in mitotic
cells might arise because ∼twofold more myosin is localized to the
cortex in mitosis (28), leading to a ∼twofold larger cortical tension
than in interphase cells (29). These experiments confirm that GEF
DH-PH relocalization modulates cortical tension in both inter-
phase and in mitosis.
Next, we determined whether local accumulation of GEF

DH-PH translated into a local increase in cortical tension. Cell
shape is controlled by cortical tension, which depends strongly on
myosin contractility (30). Therefore, we reasoned that changes in
cell shape, in response to localized optogenetic activation, should
indicate a change in cortical tension. To this end, we illuminated
specific regions in MDCK cells synchronized in metaphase with
brief pulses of a 473 nm blue laser every 2 min to maintain a cons-
tant level of CRY2, and therefore GEF DH-PH, at the membrane
(SI Appendix, Fig. S1C). Optogenetic relocalization of DH-PH to
both poles led to a decrease in the length of the polar axis (P) and
an increase in the length of the equatorial axis (E), causing a small
(∼3%) but significant reduction in the P/E ratio (SI Appendix,
Fig. S1E) and flattening of the cell at the poles, which is indicative
of a localized increase in tension. Along with AFM measurements
showing an increase in cortical tension in response to global activa-
tion (Fig. 1 B and C and SI Appendix, Fig. S1B), these data indicate
that localized optogenetic activation locally increases cortical tension.

Mitotic Spindle Orientation Responds to Local Differences in
Cortical Tension Induced by RhoA Activation. To investigate
the response of mitotic spindles to local inhomogeneities in
cortical tension, we targeted our optogenetic actuator either to
cell poles alone (bipolar), the equator alone (equatorial), or

isotropically along the whole cell cortex (global) and examined
the spindle response until the onset of cytokinesis. Because
spindle orientation is strongly influenced by cell shape cues
(31–33), we focused our experiments on quasi-spherical cells
with a P/E ratio between 0.85 and 1.25 (mean ± SD = 1.06 ±
0.08) to investigate spindle response to changes in cortical ten-
sion with minimal contribution from shape cues (SI Appendix,
Fig. S1D). Localized activation in small square regions (0.62
μm × 0.62 μm) specifically at cell poles (bipolar) led to a
∼20% increase in GEF accumulation in those regions without
significantly affecting GEF levels at the equator (Fig. 1 F and G
and SI Appendix, Fig. S2F). Remarkably, this resulted in an
average ∼35° rotation of the mitotic spindle away from its orig-
inal orientation, subsequently causing a change in the division
axis in these cells (Fig. 1 F and J). Because spindle reorientation
upon bipolar activation could be influenced by changes in cell
shape, we characterized the correlation between cell shape and
spindle rotation angle. We found no correlation between the
final spindle rotation angle and the P/E ratio measured preacti-
vation, 2 min postactivation, or at the first frame of spindle
rotation (SI Appendix, Fig. S1F). In addition, we did not find a
significant correlation between the final spindle rotation angle
and the percentage shape change induced by optogenetic activa-
tion (SI Appendix, Fig. S1G). These analyses suggest that under
our experimental conditions focusing on quasi-spherical cells,
shape change does not appear to control spindle reorientation.

Spindle reorientation was specific to GEF relocalization, as it
was not observed in cells expressing CRY2-mCherry without the
DH-PH domain (control) (Fig. 1 D, E, and J and SI Appendix,
Fig. S2C). Following this observation, we asked whether any spa-
tial heterogeneity or temporal change in RhoA activity and cortical
tension was sufficient to cause spindle reorientation. Although
localized optogenetic activation at the equator (equatorial) (SI
Appendix, Fig. S2A) or whole-cell optogenetic activation (global)
(Fig. 1H) both led to GEF accumulation in those regions (SI
Appendix, Fig. S2 B, D, and E and Fig. 1I), neither perturbed the
average spindle orientation or the division axis (Fig. 1J and SI
Appendix, Fig. S2G). Furthermore, spindle rotation only occurred
in metaphase (Fig. 1J) with very little change in orientation from
anaphase until cytokinesis (SI Appendix, Fig. S2H), suggesting
that this phenomenon may be specific to metaphase. Consistent
with this observation, when we carried out optogenetic activation
at the poles in early anaphase, no spindle rotation was observed,
indicating that rotation was no longer possible after anaphase
onset (SI Appendix, Fig. S2J). Thus, our data show that the spin-
dles specifically respond to a local increase in RhoA activity and
cortical tension at cell poles during metaphase.

Following these observations, we sought to further characterize
the spindle response to optogenetic activation in metaphase. In
principle, the final angle that a spindle reaches should be influ-
enced by its rotation speed and/or the time available for rotation
until anaphase onset. The former proved to be the case as the
speed of spindle rotation, measured from optogenetic activation
until anaphase onset, was significantly higher in cells subjected to
bipolar activation than in those under control condition (Fig. 1K).
Moreover, optogenetic activation of the GEF at the cell poles did
not lead to a significant difference in the time until anaphase onset
(SI Appendix, Fig. S2I). Next, we measured the temporal evolution
of the spindle position by plotting the spindle angle trajectories
averaged over all cells up to 13 min postactivation. Here, we did
not identify a significant difference in the final spindle position
between control and bipolar activation conditions (SI Appendix,
Fig. S2K). Because the time until anaphase onset upon bipolar
GEF activation was more variable than in control cells (SI Appendix,
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Fig. 1. Mitotic spindle orientation responds to inhomogeneities in RhoA activity and cortical tension (A) Schematic depicting the light-gated CRY2/CIBN
dimerization system used to regulate RhoA activity. CIBN is fused to GFP and targeted to the plasma membrane using a CAAX motif. CRY2 is cytosolic,
tagged with mCherry and fused to the DH-PH domain of a RhoA-specific GEF- Arhgef1/p115Rho-GEF. Upon illumination with 473 nm blue light, CRY2 under-
goes a conformational change and binds to CIBN, thereby relocating the DH-PH domain of the GEF to the plasma membrane where it can activate RhoA.
After illumination is stopped, CRY2 undergoes a slow detachment from CIBN and returns to the cytosol. (B) Representative confocal images of rounded
interphase MDCK cells coexpressing CIBN-GFP-CAAX and Arhgef1-GEF-DH-PH-CRY2-mCherry viewed in the mCherry channel at t = 0 (preactivation) and t =
100 s after blue light illumination (postactivation). Time is in seconds. (C) Box plot showing cortical tension in interphase cells measured by AFM pre- and
postexposure to blue light (n = 16 cells). Wilcoxon signed rank test; ***P = 4.37 × 10�4. (D) Left, Schematic showing the localization of CRY2-mCherry (red),
after bipolar optogenetic activation in metaphase cells. Right, Time series showing localization of CRY2-mCherry in cells before and after bipolar optogenetic
activation until anaphase onset. Time is in minutes. The preactivation P/E ratio is 0.96. (E) Temporal plot showing the percentage change in CRY2-mCherry
intensity at the poles and equator after bipolar activation. Plot shows mean ± SEM (n = 9 cells). Blue arrows indicate the times of blue light stimulation.
(F) Left, Schematic showing the localization of Arhgef1-DH-PH-CRY2-mCherry (red) after bipolar optogenetic activation in metaphase cells. Right, Time series
showing localization of GEF-DH-PH-CRY2-mCherry in cells before and after bipolar optogenetic activation until anaphase onset. Time is in minutes. The pre-
activation P/E ratio is 0.93. (G) Temporal plot showing the percentage change in Arhgef1-DH-PH-CRY2-mCherry intensity at the poles and equator after bipo-
lar activation. Plot shows mean ± SEM (n = 8 cells). Blue arrows indicate the times of blue light stimulation. (H) Left, Schematic showing the localization of
Arhgef1-DH-PH-CRY2-mCherry (red) after global optogenetic activation in metaphase cells. Right, Time series showing localization of GEF-DH-PH-CRY2-
mCherry in cells before and after global activation until anaphase onset. Time is in minutes. The preactivation P/E ratio is 1.09. (I) Temporal plot showing
the percentage change in Arhgef1-DH-PH-CRY2-mCherry intensity at the poles and equator after global activation. Plot shows mean ± SEM (n = 9 cells). Blue
arrows indicate the times of blue light stimulation. (J) Box plot showing spindle rotation angle in metaphase for cells under control (n = 9), global (n = 12),
and bipolar (n = 15) activation. Angle is measured at anaphase onset relative to the preactivation orientation. Kruskal–Wallis and posthoc Dunn’s test; Con-
trol vs. Bipolar: ***P = 0.0002; Control vs. Global: P = 0.4239 (N.S.). (K) Box plot showing spindle rotation speed after activation until anaphase onset for cells
under control (n = 9), global (n = 11), and bipolar (n = 15) activation. ANOVA and Tukey–Kramer test; Control vs. Bipolar: ***P = 0.0002; Control vs. Global:
P = 0.21 (N.S.). (L) Left, Trajectories of absolute spindle angles before and for 13 min after optogenetic activation for a subset of cells, whose anaphase
occurs within 15 min of activation. Blue arrows indicate the times of blue light stimulation. Right, Box plot showing an average of the absolute spindle angle
between 11 and 14 min. Control (n = 6), bipolar (n = 5), global (n = 4). ANOVA and Tukey–Kramer test; Control vs. Bipolar: *P = 0.017; Control vs. Global: P =
0.527 (N.S.). In panels D, F, and H, yellow and orange dashed lines indicate the position of the DNA in the metaphase plate before activation and at anaphase
onset, respectively. Blue squares indicate the region of activation. White arrows point to regions of CRY2-mCherry or Arhgef1-DH-PH-CRY2-mCherry accumu-
lation (Scale bars, 10 μm). Box plots show the median (dark line), interquartile range, mean (dark filled circle), and individual data points (light filled circle).
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Fig. S2I), we instead decided to analyze the temporal evolution
of spindle position in a subset of cells that enter anaphase within
15 min of optogenetic activation. Again, in this case, spindles
underwent a greater rotation following bipolar GEF activation
than under the control condition (Fig. 1L). Finally, we plotted
all of our spindle angle trajectories by aligning them to the onset
of anaphase, rather than to the start of the optogenetic stimulus.
Here, we observed a significant difference in the average spindle
position upon bipolar GEF activation (SI Appendix, Fig. S2L).
Taken together, these results demonstrate that the increased

levels of RhoA activity and cortical tension induced by the local
recruitment of GEF DH-PH to cell poles increase the rotation
speed of the spindle to reorient divisions.

Mitotic Spindles Rotate Away from Myosin-Enriched, Tensed
Cortical Regions. Next, we investigated the molecular changes in
the cortex leading to spindle rotation. We first verified that localized
optogenetic actuation of GEF DH-PH indeed led to local activa-
tion of RhoA by imaging the RhoA biosensor iRFP-AHDPH (34).
Bipolar activation led to a ∼15% increase in RhoA biosensor
intensity at the poles without significantly affecting equatorial
levels (SI Appendix, Fig. S3A). RhoA activates Rho-associated
coiled-coiled kinase (ROCK) (35), which increases myosin activ-
ity through two pathways: phosphorylating and activating the reg-
ulatory light chain of myosin-II while simultaneously inhibiting
myosin phosphatase (36, 37). RhoA also acts on the F-actin scaf-
fold directly by activation of the cortical actin nucleator mDia1
(38, 39) and indirectly via ROCK, which has been shown to inac-
tivate cofilin via phosphorylation through LIM-kinase (40). Thus,
a change in RhoA activity can potentially regulate cortical tension
by activating myosins and/or by changing the F-actin scaffold.
To determine how RhoA increased cortical tension, we exam-

ined the response of cortical myosin and F-actin to the optoge-
netic actuation of GEF DH-PH. Bipolar activation led to an
increase in MRLC-iRFP intensity at cell poles, which reached a
steady value within ∼3 min of activation (2.8 ± 0.74 min, n = 8
cells), marking it as a potential early event that preceded spindle
rotation away from the poles (Fig. 2A). Consistent with GEF
relocalization (Fig. 1G), we observed a significant ∼15% increase
in myosin intensity at the poles but no significant changes in the
future pole or at the equator (Fig. 2 B–D). In contrast, F-actin
levels imaged using LifeAct-iRFP displayed no clear changes in
intensity (SI Appendix, Fig. S3B). Thus, these data indicate that
local activation of RhoA leads to local differences in myosin levels
in the cortex that underlie inhomogeneities in cortical tension.
To determine the role of myosin-generated cortical tension in

spindle rotation, we performed optogenetic activation experiments
in the presence of inhibitors of myosin activity (Fig. 2E). Inactiva-
tion of Rho-kinase using Y-27632 or direct inhibition of myosin
activity using photostable s-nitro-blebbistatin (41) abolished spin-
dle rotation, signifying that myosin activity at the poles is essential
to enable spindle rotation (Fig. 2F). As both treatments decrease
cortical tension (29, 42) and do not disrupt spindle organization
(SI Appendix, Fig. S4D), spindles may therefore be sensitive either
to myosin activity directly or to the increase in cortical tension
that it causes.
Taken together, our results suggest that localized RhoA activa-

tion at the poles acts through a local increase in myosin enrich-
ment and cortical tension to induce spindle rotation.

Spindle Rotation Depends on Cortical Localization of NuMA and
Pulling Forces Exerted by Dynein. We next investigated the role
of the previously identified spindle positioning machinery in
driving rotation. Mitotic spindle positioning depends on a

conserved complex of Gαi, LGN, and NuMA localized at the
plasma membrane that recruits the microtubule minus–end
directed motor protein dynein (8, 43, 44) (Fig. 3A). Astral
microtubules that extend from the spindle poles to the cortex
play a key role in spindle positioning by exerting pushing forces
on the cortex generated by microtubule growth and pulling
forces that are associated with a combination of microtubule
shrinkage and dynein motor activity (45–48). To investigate
the contribution of these proteins to spindle rotation, we per-
formed inactivation experiments to block each component in
turn. Inhibition of dynein activity using Ciliobrevin D (49) led
to spindle collapse in 21% of cells upon bipolar optogenetic
activation. However, in the cells that successfully divided, spin-
dle rotation was abolished (Fig. 3B), indicating that dynein-
mediated pulling forces are essential. In control metaphase cells,
NuMA is enriched at the cell poles and depleted at the cell
equator (SI Appendix, Fig. S4A). Therefore, we tested the
importance of NuMA for spindle rotation by reducing its corti-
cal levels using low doses of MLN-8237. This treatment results
in partial inhibition of the activity of aurora-A kinase, which
led to the relocalization of NuMA from the cortex to the spin-
dle pole (50) (SI Appendix, Fig. S4A). Treatment with MLN-
8237 blocked spindle rotation (Fig. 3B). This demonstrated an
essential role for cortical NuMA for spindle rotation in response
to bipolar GEF DH-PH activation. Because these inhibitors may
also affect other processes in the cell, we verified that they did not
alter astral microtubule length or levels of phosphorylated myosin
at the cortex (SI Appendix, Fig. S4 B and D). Finally, depolymeri-
zation of astral microtubules using low doses of nocodazole (SI
Appendix, Fig. S4C) also prevented spindle rotation (Fig. 3B),
indicating that forces exerted by astral microtubules are essential
for spindle rotation. Together, these experiments indicate that cor-
tical regulators and astral microtubules participate in spindle rota-
tion in response to bipolar GEF activation.

We considered two possible mechanisms by which cortical reg-
ulators and astral microtubules could affect spindle rotation. First,
changes in cortical tension following bipolar activation of GEF
DH-PH may affect the localization or enrichment of cortical regu-
lators via mechanotransduction; second, spindle rotation may arise
from a change in the balance of forces exerted on astral microtu-
bules. Recent work has shown that optogenetic cortical targeting
of NuMA in human cells is sufficient to recruit the dynein–
dynactin complex and account for efficient spindle positioning (51).
Therefore, a change in the distribution of NuMA would lead to
localized changes in the forces applied on astral microtubules and
cause spindle rotation. To test this hypothesis, we imaged the
localization of iRFP-NuMA upon optogenetic activation. We
observed no significant change in the intensity of NuMA at both
the pole and the equator, while the future pole showed a small
decrease in intensity over 14 min post bipolar activation (Fig. 3
C–E). To verify that NuMA remains polarized both before and
after optogenetic activation, we measured the ratio of pole to
equator (P/E) and future pole to equator (FP/E) NuMA fluores-
cence over time. This ratio remained significantly above 1.0 over
14 min post activation (Fig. 3F). Finally, to examine whether the
pattern of NuMA changed prior to spindle rotation, we aligned
the intensity traces to the frame where the spindle begins to rotate
and observed no significant changes in NuMA levels at the pole,
equator, or future pole over time (SI Appendix, Fig. S4E), with
NuMA remaining polarized prior to spindle rotation (SI Appendix,
Fig. S4F). These data indicate that the enrichment of NuMA at
the poles, contributing to pulling force generation, is not perturbed
postactivation. Moreover, the localization and intensity of NuMA
does not change prior to spindle rotation.
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Taken together, our data suggest that spindle reorientation
in response to bipolar GEF activation does not occur due to a
change in the localization of cortical regulators. Instead, the
spindle may reorient in response to changes in the cortex itself.

Spindle Rotation Results from a Local Decrease in Pulling Force
Exerted on Astral Microtubules at Regions of High Cortical Tension.
To investigate our second hypothesis, we tested whether spindle
rotation arises from a change in the balance of forces exerted
on astral microtubules upon GEF DH-PH activation. First, we
confirmed that metaphase spindles are subjected to a tensile force
due to the interaction of astral microtubules with the cortex (52).
To this end, we severed astral microtubules at one spindle pole
using laser ablation and imaged changes in the centrosome posi-
tion. The rapid inward movement of the centrosome after ablation

indicated that the centrosomes are subjected to a net pulling force
(SI Appendix, Fig. S5 A and B).

Having established the resultant of the forces acting on the cen-
trosomes in control conditions, we monitored the displacement of
the centrosomes in response to optogenetic activation. We rea-
soned that a displacement of the centrosome toward the cell center
would occur following a reduction in the cortical pulling forces
and/or as a result of an increase in the microtubule pushing forces,
while displacement away from the cell center would suggest an
increase in the pulling forces and/or a decrease in the pushing
forces (Fig. 4A). First, we carried out optogenetic activation at only
one pole (unipolar). This led to a displacement of the centrosome
toward the cell center on the activated side (activated pole), whereas
the centrosome on the nonactivated side (nonactivated pole) under-
went little if any change in position (Fig. 4 B and D). Similarly,
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Fig. 2. Mitotic spindles rotate away from
myosin-enriched tensed cortical regions. (A)
Top, Time series showing localization of Arh-
gef1-DH-PH-CRY2-mCherry in cells before and
after bipolar optogenetic activation until ana-
phase onset. Bottom, Time series showing the
corresponding localization of MRLC-iRFP with
low intensities appearing in black and high
intensities in magenta. Yellow and orange
dashed lines indicate the position of the DNA
in the metaphase plate before activation and
at anaphase onset, respectively. Blue squares
(Top) and blue arrows (Bottom) indicate the
region of activation. White arrows point to
regions of GEF-DH-PH accumulation (Top) and
myosin accumulation (Bottom) (Scale bar, 10
μm). Time is in minutes. The preactivation P/E
ratio is 1.0. (B) MRLC-iRFP image at t = 0 as in
A (Bottom) showing the regions used to mea-
sure fluorescence intensities in (C and D), with
pole in pink, future pole in green, and equator
in yellow (Scale bar, 10 μm). (C) Temporal plot
showing the percentage change in MRLC-iRFP
intensity at the pole, future pole, and equator
after bipolar activation. Plot shows mean ±
SEM (n = 8 cells). Blue arrows indicate the times
of blue light stimulation. (D) Box plot showing
the total percentage change in MRLC-iRFP
intensity between 1 and 12 min at the pole,
future pole, and equator for cells shown in C (n
= 8 cells). Student’s t test compared with 0%
change; Pole: ***P = 1.5 × 10�4; Future pole:
P = 0.0840 (N.S.); Equator P = 0.8247 (N.S.). (E)
Schematic depicting part of the signaling down-
stream of RhoA. Active RhoA-GTP activates Rho-
kinase that in turn activates myosin-II by direct
phosphorylation and indirectly by inhibition of
myosin phosphatase. Y-27632 and s-nitro-bleb-
bistatin block myosin contractility by inhibiting
Rho-kinase and myosin ATPase activity, respec-
tively. (F) Box plot showing spindle rotation
angle in metaphase for control cells treated
with DMSO (n = 9), 50 μM Y-27632 (n = 13), and
20 μM s-nitro-blebbistatin (n = 12), respectively.
Angle is measured at anaphase onset relative
to the preactivation orientation. ANOVA and
Tukey–Kramer test; DMSO vs. s-nitro-blebbista-
tin: ***P = 0.0005; DMSO vs. Y-27632: **P =
0.0028. Box plots show the median (dark line),
interquartile range, mean (dark filled circle), and
individual data points (light filled circle).
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Fig. 3. Spindle rotation depends on cortical localization of NuMA and pulling forces exerted by dynein. (A) Schematic model showing cortical regulators
involved in spindle positioning. The ternary complex of Gαi, LGN, and NuMA is anchored at the plasma membrane and recruits the motor protein dynein.
Dynein exerts minus-end directed pulling forces on astral microtubules (gray arrow) to position the spindle. Ciliobrevin D blocks the ATPase activity of
dynein and low doses of MLN-8237 partially inhibit aurora-A kinase, thus trapping NuMA at the spindle pole and blocking its transport to the cortex, and
low doses of nocodazole block the polymerization of astral microtubules without severely affecting the spindle. (B) Box plot showing spindle rotation angle
in metaphase for control cells treated with DMSO (n = 9), 10 μM Ciliobrevin D (n = 13), 100 nM MLN-8237 (n = 12), and 20 nM nocodazole (n = 10). Angle is
measured at anaphase onset relative to the preactivation orientation. ANOVA and Tukey–Kramer test; DMSO vs. Ciliobrevin D: ***P < 0.001; DMSO vs. noco-
dazole: ***P < 0.001; DMSO vs. MLN-8237: ***P < 0.001. (C) Top: Time series showing localization of Arhgef1-DH-PH-CRY2-mCherry in cells before and after
bipolar optogenetic activation until anaphase onset. Bottom, Time series showing the corresponding localization of iRFP-NuMA with low intensities appearing
in black, medium intensities in magenta, and high intensities at the spindle poles in yellow. Yellow and orange dashed lines indicate the position of the DNA
in the metaphase plate before activation and at anaphase onset, respectively. Blue squares (Top) and blue arrows (Bottom) indicate the region of activation.
White arrows point to regions of GEF-DH-PH accumulation (Top) and NuMA (Bottom) (Scale bar, 10 μm). Time is in minutes. The preactivation P/E ratio is 1.0.
(D) iRFP-NuMA image at t = 0 as in C (Bottom) showing the regions used to measure fluorescence intensity in E, with pole in pink, future pole in green, and
equator in yellow (Scale bar, 10 μm). (E) Left, Temporal plot showing the percentage change in iRFP-NuMA intensity at the pole, future pole, and equator after
bipolar activation. Plot shows mean ± SEM (n = 8 cells). Blue arrows indicate the times of blue light stimulation. Right, Box plot showing the total percentage
change in iRFP-NuMA intensity between 1 and 15 min at the pole, future pole, and equator for cells shown in E (Left). Student’s t test compared with 0%
change; Pole: P = 0.8162 (N.S.); Future pole: **P = 0.0023; Equator: P = 0.1162 (N.S.). (F) Left, Temporal plot showing the P/E ratio and (FP/E) ratio of NuMA
for cells shown in E. Right, Box plot showing the average NuMA intensity ratios of individual cells. Student’s t test compared with a ratio of 1; P/E: *P = 0.011;
FP/E: *P = 0.03. Box plots show median (dark line), interquartile range, mean (dark filled circle), and individual data points (light filled circle).
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following bipolar activation, we observed an inward displacement of
both centrosomes (Fig. 4 C, Top, and E). These results suggest that
optogenetic activation leads to either a reduction in the pulling force
exerted by dynein or to an increase in the pushing force exerted by
astral microtubules in myosin-enriched tensed cortical regions.
To distinguish between these scenarios, we measured centro-

some displacement in cells treated with MLN-8237 that had
reduced levels of cortical NuMA and therefore less cortical
dynein (SI Appendix, Fig. S4A) (50). We reasoned that if opto-
genetic activation increases the pushing force, then we should
still observe centrosome displacement in MLN-8237–treated cells,
whereas if optogenetic activation reduces the pulling force, then
we should observe little or no centrosome displacement. Treat-
ment with MLN-8237 abolished the inward displacement of the
centrosomes (Fig. 4 C, Bottom, and E). Our data therefore suggest
that localized changes in myosin abundance and cortical tension
following bipolar GEF activation lead to a local reduction in the
pulling force exerted on astral microtubules, resulting in centro-
some displacement towards the cell center. We hypothesize that it
is this change in the balance of forces acting on the astral microtu-
bules that enables spindle rotation.

Spindle Rotation is an Emergent Property of the Molecular
Mechanisms of Force Generation on Astral Microtubules.Under
control conditions, the stable bipolar spindle orientation is estab-
lished by forces exerted on astral microtubules by dynein motors,
anchored to the plasma membrane by a complex comprising Gαi,
LGN, and NuMA. To explore how these forces result in a stable
spindle position and how this stable position responds to changes
in cortical tension, we developed a simplified mathematical model
of spindle positioning based on our experimental data and current
knowledge of the forces exerted on spindles (SI Appendix,
Supplementary Theory). We considered a circular mitotic cell of
radius R with two centrosomes separated by a distance 2lc , from
which astral microtubules emanated with a maximal length
lm (Fig. 5A and SI Appendix, Fig. S6 A and B). The spindle’s ori-
entation with respect to a horizontal reference axis was parameter-
ized by an angle (ϕ), and the spindle was subjected to a torque
(Γ) (Fig. 5A and SI Appendix, Fig. S6A). In line with previous
work, Γ arose from dynein motors exerting forces acting at the tip
of astral microtubules touching the cell cortex (33, 53–55). The
distribution of pulling forces along the cortex was taken to be pro-
portional to the experimentally measured NuMA fluorescence
profile (SI Appendix, Fig. S4A and Fig. 5B). In the model, the
cortical force distribution f ðθÞ was parameterized using a func-
tion of the form f ðθÞ ¼ f 0

þ gN ðθÞ, where f 0
þ has a dimension of

a pulling force per microtubule and gN ðθÞ is a periodic function
whose shape was evaluated from the experimentally measured
NuMA fluorescence profile along the cell periphery (SI Appendix,
Supplementary Theory, Figs. S4A and S6E and Fig. 5B). With
these data, our model computed a torque (Γ=Γ0Þ acting on the
spindle as a function of its angular position (ϕ). Under control
conditions (Fig. 5C, control), when ϕ was positive the torque was
negative, signifying that the spindle would move back toward the
0° orientation, and conversely, when ϕ was negative the torque
was positive, again moving the spindle back toward 0°. Therefore,
our model predicted that the 0° orientation is a stable position of
the spindle under control conditions.
We next asked how the spindle position would change under

a theoretical perturbation of the distribution of cortical forces.
We found that when the spindle was subjected to an additional
bipolar profile of cortical forces locally reducing the pulling
force, the spindle could either keep its stable 0° orientation or
leave its original position to move to a new stable orientation,

depending on the magnitude of the perturbation (SI Appendix,
Fig. S6 F–H). Next, we parameterized the cortical force distri-
bution for our optogenetic activation experiments. Since the
polar enrichment of NuMA does not change with optogenetic
activation (Fig. 3 C–F and SI Appendix, Fig. S4 E and F),
gN ðθÞ was kept the same as in the control condition. In addi-
tion, the change in myosin distributions for both bipolar and
global activation conditions was fitted with a periodic function
(Fig. 5B and SI Appendix, Fig. S6 C and E and Supplementary
Theory). The force distribution acting on the spindle was then
computed by adding a new contribution to the force profile, now
taking the form f ðθÞ ¼ gN ðθÞ ½ f 0

þ � f 0
� gM ðθÞ� (SI Appendix,

Supplementary Theory), where gM ðθÞ is proportional to the change
in myosin intensity after activation. Here, based on our experi-
ments, we assumed that the effect of myosin is to decrease cortical
pulling forces on microtubules, with a magnitude that depends on
both the NuMA and the myosin distributions. To simulate
decreased pulling forces following activation, we chose values of
the ratio f 0

� =f
0
þ that were sufficiently large but still low enough

such that f ðθÞ>0 (SI Appendix, Fig. S6I). Our model predicted a
new stable spindle orientation for bipolar activation but no change
for global activation, qualitatively consistent with our experiments
(Fig. 5C, bipolar and global). Indeed, under bipolar activation
conditions, when ϕ was small and positive the torque was positive,
indicating that the spindle would move away from 0° toward a
new, positive tilted orientation. Conversely, when ϕ was small
and negative the torque was negative, indicating that the spindle
moved away from 0° and toward a negative tilted orientation.
Therefore, our model predicted that mitotic spindles move away
from the 0° orientation to a new stable position in response to
bipolar activation but not in response to global activation.

Next, we asked whether our simulation could capture the dynam-
ics of rotation by using a dynamic model of spindle motion. Here,
the spindle moved according to the torque acting on it, and its
movement was resisted by an effective rotational friction force.
Our experimental data indicated that even under control condi-
tions, the spindle angle tends to fluctuate (SI Appendix, Fig. S6D).
We modeled these fluctuations by introducing a random force
acting on the spindle motion, leading to spindle diffusion with a
diffusion constant D (SI Appendix, Supplementary Theory). Experi-
mental measurements of the mean square rotational displacement
of the spindle then allowed us to determine the diffusion constant
D and a characteristic time �τ that depended on friction and on
the pattern of cortical forces (SI Appendix, Supplementary Theory
and Fig. S6D). Incorporating these experimental values into our
model allowed us to predict the temporal evolution of the spindle
orientations. The predicted time that the spindles needed to reach
their stable orientation was a few minutes, although experimentally,
the spindle did not appear to reach a stable state before anaphase
onset (∼15 min) (Figs. 1L and 5D and SI Appendix, Figs. S2I and
S6 J and K).

Increasing the magnitude of the ratio f 0
� =f

0
þ led to spindle

dynamics closer to those observed in experiments, where the spindle
position did not saturate by 15 min (Fig. 1L and SI Appendix, Fig.
S7C). In this case, the model predicted that both bipolar and global
optogenetic activation would give rise to a new stable spindle orien-
tation (SI Appendix, Fig. S7A). The kinetics of reorientation were
slower, with spindles reaching their stable orientation only after
∼40 min, much longer than the median time until anaphase onset
in our experiments (∼15 min, SI Appendix, Figs. S2I and S7 E and
F). When we limited our predictions to durations of 12 min, bipo-
lar activation gave rise to rotations consistent with those observed
experimentally (SI Appendix, Fig. S7 C and D), whereas global
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Fig. 4. Spindle rotation results from a local decrease in pulling force exerted on astral microtubules at regions of high cortical tension. (A) Schematic depict-
ing the displacement of centrosomes as an indicator of forces acting on the spindle after polar optogenetic activation. An inward displacement of the
centrosome toward the cell center (black arrows) could result from a reduction in pulling force and/or an increase in pushing force (Top). In contrast, an out-
ward displacement of the centrosome away from the cell center (black arrows) would result from an increase in pulling force and/or a decrease in pushing
force (Bottom). (B) Time series showing Arhgef1-DH-PH-CRY2-mCherry (gray) and siR-tubulin (red) in cells before and after unipolar optogenetic activation
until anaphase onset. Blue square indicates the region of activation. White arrow points to the region of GEF-DH-PH accumulation. The positions of the two
centrosomes at t = 0’ are marked with a yellow star (centrosome on the activated pole, AP) and a white star (centrosome on the nonactivated pole, NAP),
respectively (Scale bar, 10 μm). Time is in minutes. (C) Top, Time series showing Arhgef1-DH-PH-CRY2-mCherry (gray) and siR-tubulin (red) in cells before and
after bipolar optogenetic activation until anaphase onset. Bottom, Time series as shown in Top, in cells treated with MLN-8237. Blue squares indicate the
regions of activation. White arrows point to the regions of GEF accumulation. The positions of the two centrosomes at t = 0’ are marked with yellow stars
(Scale bar, 10 μm). Time is in minutes. (D) Left, Temporal plot showing the positions of the two centrosomes along the x-axis following unipolar optogenetic
activation for cells shown in B. The displacement of each centrosome is measured with the convention that movement toward the cell center is negative
and movement away from the center is positive. Plot shows mean ± SEM (n = 7 cells). Blue arrows indicate the times of blue light stimulation. Right, Box
plot showing total centrosome displacement along the x-axis until 12 min. Student’s t test compared with 0 μm displacement; NAP: P = 0.1813 (N.S.); AP:
*P = 0.0169; paired Student’s t test; NAP vs. AP: *P = 0.03. (E) Left, Temporal plot showing the position of the two centrosomes along the x-axis following
bipolar optogenetic activation for control (n = 9) and MLN-8237 (n = 7) treated cells shown in C. The displacement of each centrosome is measured with the
convention that movement toward the cell center is negative and movement away from the center is positive. Plot shows mean ± SEM. Blue arrows indicate
the times of blue light stimulation. Right, Box plot showing total centrosome displacement along the x-axis until 12 min. Student’s t test compared with 0 μm
displacement; Control: **P = 0.0078; MLN-8237: P = 0.2518 (N.S.). Unpaired Student’s t test; Control vs. MLN-8237: *P = 0.029. Box plots show median (dark
line), interquartile range, mean (dark filled circle), and individual data points (light filled circle).
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activations only gave rise to small rotations because of the lower tor-
ques generated under this condition (SI Appendix, Fig. S7 A, C,
and D). However, from a mechanistic point of view, this value of

f 0
� =f

0
þ implied that interaction of microtubules with the cortex

resulted in net pushing forces (SI Appendix, Fig. S7B), in contrast
to the situation examined previously in which only pulling forces

A

C

E F

G H

D

B

Fig. 5. Spindle rotation is an emergent property of the molecular mechanisms of force generation on astral microtubules. (A) Left, Schematic depicting the
model of spindle positioning. We consider a circular cell of radius R. The spindle is depicted as a solid line linking two solid circles, which indicate the spindle
poles. The reference spindle position is chosen to be horizontal and is shown in black. The spindle position at time t is shown in light gray. Astral microtu-
bules emanate from the spindle poles with a uniform angular distribution and can contact the cortex if they are sufficiently long (solid black lines). At time t,
the spindle makes an angle ϕ with the horizontal axis and is subjected to a torque Γ arising from cortical forces acting on astral microtubules. The spindle
angle ϕ¼ 0 corresponds to the spindle pointing toward the cell poles, while ϕ¼± 90˚ corresponds to the spindle pointing toward the equator. Right, Sche-
matic showing the distribution of pulling forces at the cortex (green) as observed from the distribution of NuMA. θ denotes the polar angle of a point on the
cell cortex. Astral microtubules are subjected to a pulling force when they interact with force generators at the cortex. In regions of optogenetic activation
(red), they are subjected to a reduced pulling force. (B) Left, Normalized fluorescence intensity cortical profile of NuMA along the cell cortex as a function of
the angle θ obtained from experimental immunostaining data of NuMA. The profile is normalized to the intensity at the equator (n = 8 cells). Middle, Spatial
profile of fluorescence intensity of myosin along the cortex normalized to preactivation intensity after bipolar optogenetic activation (n = 8 cells). Right, Spa-
tial profile of fluorescence intensity of myosin along the cortex normalized to preactivation intensity after global optogenetic activation (n = 8 cells). θ¼ 0
represents the cell pole and θ¼± 908 represents the equator. Plots show mean ± SEM. (C) Predicted normalized torque (Γ=Γ0) as a function of spindle angle
(ϕ) for control (Left), bipolar (Middle), and global (Right) activation. Arrows indicate the direction of spindle rotation. Stable spindle positions are indicated by
black circles. Profiles of cortical pulling forces and reduction in cortical pulling forces are taken proportional to the fluorescence intensity profile of NuMA
and myosin, respectively, as shown in B. See SI Appendix, Supplementary Theory for further information. (D) Predicted average absolute value of the spindle
angle as a function of time after optogenetic activation for different conditions. The spindle angle is measured between �90° and 90°, and the absolute
value is averaged. (E) Predicted probability distribution of the spindle angle pðϕÞ at successive times (t = 0, 6, 12 mins) after optogenetic activation under
control, bipolar, and global activation. (F) Histogram showing the experimental probability distribution of the spindle angles pðϕÞ plotted as a function of
spindle angle (ϕ), preactivation and 14 min postactivation (Left) and preactivation and at anaphase onset (Right) for control cells. Two-sample
Kolmogorov–Smirnov test; Control; preactivation vs. 14’ postactivation: P = 0.23 (N.S.); preactivation vs. anaphase onset: P = 0.60 (N.S.). Preactivation and
anaphase onset (n = 9); 14’ postactivation (n = 6). (G) Histogram, as in F, for cells after bipolar activation. Two-sample Kolmogorov–Smirnov test, Bipolar;
preactivation vs. 14’ postactivation: **P = 0.0065; preactivation vs. anaphase onset: ***P = 2.3 × 10�4. Preactivation and anaphase onset (n = 15); 14’ postac-
tivation (n = 9). (H) Histogram, as in F, for cells after global activation. Two-sample Kolmogorov–Smirnov test, Global; preactivation vs. 14’ postactivation:
**P = 0.0046; preactivation vs. anaphase onset: **P = 0.0025. Preactivation and anaphase onset (n = 11); 14’ postactivation (n = 8).
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acted on the spindle (SI Appendix, Fig. S6I). Given that we did not
observe inward movement of the centrosomes in response to opto-
genetic activation in the presence of MLN-8237 (Fig. 4 C and E)
and that spindle rotation was abolished following treatment with
Ciliobrevin D (Fig. 3B), such pushing forces would have to be
dependent on the activity of NuMA and dynein, a mechanism not
supported by current knowledge of spindle positioning.
The model allowed us to predict not only the average position of

the spindle, but also the probability density function pðt ,ϕÞ) of the
spindle orientation at time t . To test how this probability changed
with a given perturbation, we plotted the probability density func-
tion from the model for our three conditions at different times (Fig.
5E) and compared these with the experimentally observed probabil-
ity distributions (Fig. 5 F–H). We found that under control condi-
tions the distribution of spindle orientations remained steady over
time and was peaked around 0° (Fig. 5E, control). Over 12 min,
pðt ,ϕÞ) split into two symmetric peaks in response to bipolar activa-
tion, whereas pðt ,ϕÞ) retained a single peak that broadened slightly
in response to global activation (Fig. 5E, bipolar, global). These
model predictions were in good qualitative agreement with our
experimental probability distributions, computed preactivation, 14
min postactivation, and at anaphase onset for all three conditions
(Fig. 5 F–H). However, the distribution of spindle orientations in
response to global activation displayed more extensive broadening
under our experimental conditions than in the simulations.
Overall, our model predicted that a reduction of pulling force

in myosin-enriched regions can cause the spindle to become
unstable, rotating away from its initial stable position. Taken
together, our model and experiments argue that spindle orienta-
tion can be understood from the interplay between cortical
mechanics and the spindle positioning machinery.

Discussion

In this study, we have shown that mitotic spindles can change
their orientation in response to inhomogeneities in myosin abun-
dance and cortical tension, thereby affecting the axis of cell division.
In our experiments, we increased cortical tension by activating
RhoA via the optogenetic relocalization of GEF DH-PH. Recruit-
ment of the GEF specifically to polar cortical regions in meta-
phase led to myosin enrichment in these regions, a local increase
in cortical tension, and subsequent rotation of the spindle away
from the cell poles. Whereas pulling forces mediated by cortical
NuMA/dynein are essential to power rotation, their enrichment at
the poles does not change upon GEF recruitment. Instead, our
data suggest that a local reduction in the pulling force exerted on
astral microtubules in tensed, myosin-rich regions destabilizes the
spindle from its original position. The larger pulling force exerted
by NuMA/dynein outside the region of activation generates a

torque on the spindle leading to its rotation. A mathematical model
incorporating this change in the force balance can qualitatively pre-
dict the spindle orientation distributions and rotation dynamics
observed in experiments. Taken together, our data suggest that spin-
dle reorientation in response to localized mechanical changes in the
cortex is an emergent property of the interaction between the cortex
and the spindle positioning machinery (Fig. 6).

Spindle Reorientation is an Emergent Property of the Interplay
between Cortical Mechanics and the Spindle Positioning Machinery.
Our model and experiments suggest that spindle rotation in response
to a change in RhoA activity and cortical tension represents an
emergent property of the interaction between the spindle posi-
tioning machinery and the cortex, rather than resulting from
mechanotransductory signaling pathways. Indeed, our optogenetic
activation experiments along with our laser ablation data indicate
that a localized increase in cortical tension caused by myosin
recruitment at the poles decreases pulling forces on the centro-
somes. Our theoretical model can predict spindle rotation away
from its initial stable position, simply by assuming that the experi-
mentally measured myosin activation profile results in a reduction
of cortical pulling forces. Although our current model is in quali-
tative agreement with our experiments, the magnitude of the rota-
tion it predicts was smaller than our observations and the time
scale necessary for rotation was shorter than in experiments. One
potential reason for the shorter duration of rotation is that our
model assumes that the distribution of pulling forces is immedi-
ately changed by optogenetic activation, whereas in our experi-
ments signaling downstream of RhoA likely introduced a time
lag. A potential source for the discrepancy in the magnitude of
rotation is that although our experiments suggest a reduction of
pulling forces in myosin-rich tensed regions, we currently lack a
detailed characterization of how myosin contractility and tension
impinge on the profile of pulling forces generated by dynein. In
addition, forces generated by hydrodynamic interactions of mov-
ing dynein motors with the viscous cytoplasm may also contribute
to spindle positioning, as in sea urchin embryos (56, 57). More-
over, we do not know whether and how increased cortical tension
affects the number, density, or dynamics of astral microtubules,
which will impact cortical pushing forces and forces generated by
dynein movement along microtubules, both of which may partici-
pate in spindle rotation. In line with our experiments, our simula-
tions only incorporated net reduction in pulling forces; however,
if net pushing forces were present, then our model indicated that
spindles would rotate to a new stable position of 90° rather than
∼20° (SI Appendix, Supplementary Theory and Fig. S7A). Interest-
ingly, the torque and velocity of rotation depended on the relative
magnitude of pushing forces compared with pulling forces. When
pushing forces were comparable or larger than pulling forces, the

Bipolar optogenetic activation
increases myosin-II levels  

Myosin
NuMA

Local reduction in pulling 
forces at the poles 

R
ed

uc
ed

 p
ul

lin
g 
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e

Original spindle position 
becomes unstable

Pulling force

Fig. 6. Schematic model depicting the biophysical mechanism of spindle rotation observed after bipolar activation of Arhgef1-DH-PH in metaphase. Left,
The spindle is initially in a stable position controlled by pulling forces (green) exerted on astral microtubules. Optogenetic activation at the poles (blue)
results in local enrichment of myosin (red) at these regions. Middle, Increased cortical tension at the poles generated by myosin enrichment leads to a local
reduction in the pulling force exerted on astral microtubules. Right, This change in force balance causes the original spindle position to become unstable. As
the distribution of NuMA at the poles is broader than the activated region and not perturbed after activation, pulling forces powered by dynein/NuMA will
exert a torque on the spindle, causing spindle rotation. The spindle rotates toward its new stable position where the cell undergoes anaphase and divides.
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time necessary to reach steady-state orientation became several
times larger than the median time until anaphase onset, poten-
tially limiting how far spindles can rotate away from their initial
orientation (SI Appendix, Supplementary Theory and Fig. S7 B–E).
It will be interesting to investigate the applicability of our model
to organisms in which microtubule pushing has been evidenced,
such as Caenorhabditis elegans (45). Within the framework of our
model, spindles could, in principle, also reorient out of plane.
However, we never observed out-of-plane reorientations in our
experiments, and it will be interesting to determine why spindle
rotation is constrained to the horizontal plane.
How tensed, myosin-enriched cortical regions generate less pull-

ing force on astral microtubules is not understood. In addition, it
is unclear whether myosin enrichment or increased tension causes
reorientation. Although blebbistatin treatment prevents myosin
force generation, it does not prevent myosin binding strongly to
F-actin (58, 59). As blebbistatin abolished spindle rotation, this
suggests that spindles do not respond to myosin enrichment alone
but likely to a change induced by myosin force generation and
increased cortical tension. An increase in myosin contractility and
cortical tension may lead to a more tensed or rigid cortex, causing
a reduced efficiency of force generation by dynein and/or a
decrease in the lifetime of dynein–astral microtubule interaction,
thereby reducing the average pulling force per astral microtubule.
Alternatively, myosin contractility and increased cortical tension at
the poles may change cortical thickness or cortex architecture by,
e.g., reducing the average size of gaps within the cortical F-actin
mesh. Such a reduction in mesh size may prevent astral microtu-
bules from reaching the plasma membrane where the Gαi-LGN-
NuMA-dynein complex is located, again leading to a reduction in
the average pulling force per astral microtubule. Future experi-
ments will be necessary to determine the biophysical mechanism
through which cortical tension and/or myosin enrichment reduce
pulling forces and/or affect pushing forces.

Inhomogeneities in Cortical Tension Control Spindle Orientation.
Previous work has revealed that spindle orientation is sensitive to
dynamic changes in the stress applied to dividing cells (14, 17, 20).
However, little is known about the subcellular mechanical changes
that cause reorientation. In our experiments, spindle reorientation
was induced by a localized increase in RhoA activity at the poles,
which led to a localized change in myosin contractility and a local-
ized increase in cortical tension. A polar increase in myosin con-
tractility leads to a localized increase in cortical tension, giving rise
to a change in the cellular shape, a cue known to influence the
orientation of cell division (31). However, bipolar activation led
to only a small change in shape, a ∼3% decrease in the P/E ratio
(SI Appendix, Fig. S1E). Since previous experimental and compu-
tational work showed that spindle orientation is strongly influ-
enced by shape cues (31–33), we focused on quasi-spherical
mitotic cells (P/E ratio, 0.85 to 1.25) to examine the impact of
inhomogeneous cortical tension on spindle orientation with mini-
mum contribution from shape cues. Under our experimental con-
ditions, we did not find any correlation between the final spindle
rotation angle and cell shape or changes in cell shape following
optogenetic activation (SI Appendix, Fig. S1 F and G). Therefore,
we suggest that spindles likely sense inhomogeneities in cortical
tension possibly directly because of differences in myosin activity,
and they rotate away from regions of high tension. However, we
cannot completely rule out a potential influence of cell shape in
our experiments. In the future, it will be interesting to carefully
dissect the competition between shape cues, controlled with
micropatterning, and inhomogeneous cortical tension, induced by
optogenetics, in governing spindle orientation. Because it was

tuned to our experimental conditions, our model only considered
circular cells. However, in the future, it will be informative to
implement arbitrary cell shapes since noncircular shapes will influ-
ence the torque distribution on the spindle, leading to a complex
interplay between shape cues and cortical tension profiles (31, 33).

In living tissues, tension can arise from either active or pas-
sive processes. Active stress originates from the action of myosin
motors on the cytoskeleton, whereas passive stress arises from
the deformation of cytoskeletal networks in response to external
forces. While in our experiments cortical tension inhomogenei-
ties were generated through differences in active stress due to
myosin enrichment, spindles have also been shown to reorient
in response to passive stress arising from the application of a
uniaxial stretch to isolated cells and tissues (14, 17). Isolated
metaphase cells seeded on elliptical micropatterns have been
stretched along their short axis, rendering the cells spherical.
Spindles that were initially oriented along the long axis of the
cell reoriented with an angle of ∼40° in ∼15 to 20 min before
entering anaphase, similar to our experiments (17). Similarly,
in the zebrafish enveloping layer, the application of an ectopic
tissue stress perpendicular to the long axis of a dividing cell
resulted in spindle reorientation with an angle of ∼30° within
6 to 7 min (14). In both studies, the likely result of mechanical
manipulations was to increase cortical tension at the poles of
the mitotic cell. Interestingly, the dynamics and magnitude of
spindle reorientation in these studies are comparable to our data,
suggesting that reorientation may be independent of the exact pro-
cess through which cortical tension inhomogeneity is generated.

Physiological Consequence of Spindle Rorientation. Reorienta-
tion of mitotic spindles in response to a sudden application of
stress may help optimize cell packing in tissues subjected to defor-
mations as part of their physiological function (60) or in organ
development where mechanical stresses play an integral part in
guiding further morphogenesis (61–63). While previous studies
have examined the orientation of cell divisions in response to a
constant stretch lasting several hours (6, 14, 23), many epithelial
tissues such as the skin, bladder, or intestine are subjected to tran-
sient deformations, which generate transient inhomogeneous stress
fields. Our study indicates that despite their transient nature, these
stresses may be sufficient to reorient the axis of division of meta-
phase cells. Such a phenomenon may allow the tissue to optimize
its organization to reduce stress in the direction of extension.

Materials and Methods

Generation of Optogenetic Cell Lines. All stable cell lines expressing the
optogenetic constructs and the reporter constructs were made either by retroviral or
lentiviral transductions, or by electroporation into MDCKII cells.

Sample Preparation and Optogenetic Activation. For all optogenetic
experiments, ∼50,000 cells were plated on 35 mm glass-bottom dishes ∼36 h
prior to imaging. Activation experiments were carried out on an Olympus
FV-1200 confocal microscope, using the 473 nm light set at 2% laser power.
Defined regions of interest were illuminated for 350 ms every 2 min until the
end of cell division. Images were acquired in the medial focal plane of the divid-
ing cell with a 30 s time interval taken from metaphase until the end of cell divi-
sion. A full description of materials and methods can be found in SI Appendix.

Data Availability. Data, analysis files, and simulation codes have been depos-
ited in the University College London data repository and can be accessed at
https://rdr.ucl.ac.uk/ (DOI: 10.5522/04/16871626) (64).
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