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Figure S1
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fig. S1. Characterization of spindle rotation in activated MII oocytes.

(A) Diagram indicating the measurements of the distance between spindle pole and oocyte cortex.
(B and C) Distance between each spindle pole and oocyte cortex over time for a single oocyte (B)
and averaged values (C) for 15 oocytes (mean £ SD). (D) Final angles of spindle rotation in 23
oocytes observed. The color code showed the percent of oocytes. Green square, mean value;

orange dots, individual spindle angles.



Figure S2
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fig. S2. Spindle rotation in fertilized oocyte requires Arp2/3 complex, myosin-11 and
dynamic F-actin network.

(A) Inhibition of actin polymerization (Lat A treatment), actin depolymerization (jasplakinolide
treatment), Arp2/3 complex (CK666 treatment) or myosin-1l (blebbistatin treatment) prevented
spindle rotation in the fertilized oocyte. Arrows indicate the sperm chromatin. (B) Quantification
of spindle rotation percentage after various treatments as indicated. Data are mean + SD. ***P <
0.001. n = oocytes number. (C) Immunofluorescence staining of F-actin (phalloidin), spindle (a-
tubulin), and chromosomes (Hoechst) in oocytes after fertilization. White arrowheads indicate the
paternal chromatin. Red arrow indicates the second polar body. Note that the mature FC actin cap

formed only after PB2 formation. Scale bars for all images, 10 pm.



vL: average vorticity on the left side
VR: average vorticity on the right side

Sum of Vorticity
= |vL1+VvR1| + [vL2+VR2| + |VL3+VR3|

Figure S3
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fig. S3. Observed cytoplasmic streaming patterns under various conditions.

(A), Schematics of the method for Sum of Vorticity (SOV) calculation. Note that a higher SOV
means a greater asymmetric in vorticity between the left and right sides of the oocyte. (B),
Quantification of SOV in control (pre-rotation and during rotation), CK666-, or blebbistatin-
treated oocytes. Note that pre-rotation flow has a small SOV similar to that in CK666- and
blebbistatin-treated oocytes, whereas during-rotation flow SOV was significantly higher,
indicating greater asymmetry. ***P < 0.001; ns, not significant. (C to E), Representative maps of
velocity (top panels) and vorticity (bottom panels) of cytoplasmic flow in an actin polymerization-
(C), depolymerization- (D) or dual Arp2/3 and myosin Il-inhibited (E), oocyte analyzed by using
PIV. Instant plots are shown. The color map in the bottom panel represents the normalized vorticity
distribution, with blue and yellow tones representing counterclockwise and clockwise vorticity,
respectively, as indicated in the color scale bar. White ellipses with magenta outline show the
positions of spindle. (F) Histograms of instantaneous velocity of the cytoplasmic flow after various
treatments as indicated. For each pattern, a Gaussian fit was applied (solid curve). The
corresponding mean values from the fits are shown above the plots. (G) ARP3 distributions when
myosin-11 was inhibited by blebbistatin treatment. (H) Myosin-Il distributions when Arp2/3

complex was inhibited by CK666 treatment. Scale bars for all images, 10 um.



Figure S4
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fig. S4. Evidence for two feedback loops that could drive symmetry breaking during spindle

rotation.

(A) Schematic explanation of the Rango-3 biosensor for Ran®™ gradient. Rango-3 consists of
importin 3 binding domain (IBB) flanked by the EGFP and the non-fluorescent dSREACh. Binding
of importin B to Rango-3 sterically hinders the FRET interaction between EGFP and dsREACH.

Where levels of Ran®™? GTP

are high, the Ran®'"-induced release of Rango from importin B relieves
this steric hindrance, and FRET can occur, resulting in increased FRET and reduced EGFP
fluorescence lifetime. (B) Normalized Ran®™ level as a function of distance from chromosomes
in anaphase 1l oocytes (n=6), with exponential fits (red line) giving length scale at half maximum
of 9.3 um. (C) Schematic explanation of the RhoGEF overexpression experiment. The result of
this experiment is shown in Fig. 4h. (D) Representative immunofluorescence images of pMLC
show that cortical Arp2/3 complex activation reduced myosin-Il from the cortex. Scale bars, 10
pum. (E) Quantification of the averaged cortical pMLC fluorescence intensity after WCA-mCherry-

CAAX overexpression. ***pP < (0.001.
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fig. S5. Sensitivity analysis for major model parameters.

(A) The impact of kaqg, coefficient of effective Arp2/3 complex force, on the spindle rotation angle.
(B) The impact of Da, diffusion coefficient of Arp2/3 complex, on the cortex on the spindle
rotation angle. (C) The impact of kar, nucleation rate of Arp2/3 complex due to the Ran signal, on
the spindle rotation angle. (D) The impact of kaf, off rate of Arp2/3 complex, on the spindle
rotation angle. In each set of analysis in (A) - (D), we sweep one parameter (as indicated on the x-
axes) and keep other parameters constant. Twenty simulations were run for each parameter. In
each box plot, the central mark indicates the median, and the bottom and top edges of the box
indicate the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme data

points not considered outliers, and the outliers are plotted individually using the '+' symbol.
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fig. S6. Optogenetic analysis for biasing spindle rotation.

(A) Schematic diagrams showing the constructs used for optogenetic experiments aimed to bias
spindle rotation. (B) Oocytes expressing RanGAP1-SspB and YPet-iLID-H2B were illuminated
using blue light and immunostained for ARP3. Dashed line indicates oocyte cortex. (C)
Quantification of averaged ARP3 fluorescence intensity at cortical cap regain after blue light
illuminates. ***P < 0.001. (D) Live imaging show optogenetic recruitment of RanGAP1 to the
chromosomes disrupted actin cap assembly. Oocytes were injected with RanGAP1-SspB, YPet-
iILID-H2B, and Lifeact-mCherry. Kymographs show Lifeact-mCherry dynamics following by
illuminating the chromosomes with a 488 nm laser. (E) Lifeact fluorescence intensity at the
cortical cap following optogenetic recruitment (arrow) of RanGAPL1 to the chromatin cluster. Plots
are mean (line) and SD (shade). (F) Characterization of cytoplasm flow in the oocyte shown in Fig. 6B
analyzed by using PIV. Arrows are velocity vectors. White ellipses with magenta outline show the positions
of spindle. (G) Schematic depiction of optogenetic targeting of CA-CA-mCherry-SspB to the

plasma membrane. Related results are shown in Fig. 6g and 6f. Scale bars for all images, 10 pm.



Figure S7
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Fig. S7. CYK4 Trim-Away and rescue experiments demonstrating the requirement for the

anchor/pivot point in spindle rotation.

(A) Predictions on Arp2/3 complex and myosin-Il distributions and spindle movement when the
spindle is not anchored. (B) A representative immunofluorescence image showing that CYK4
accumulated at the spindle midzone (yellow arrowheads) and the contacting furrow membrane
(white arrowheads) in a mouse oocyte after the completion of anaphase. Scale bar, 10 um. (C)
Live oocyte imaging showing that CYK4-EGFP, expressed via mRNA injection, accumulated at
the spindle midzone (green arrowheads) and the contacting furrow membrane (white arrowheads).
Scale bar, 10 um. (D) Schematics of CYK4 Trim-Away and rescue experiments. e,f Montage from
live imaging of an example showing collapsed anaphase spindle that did not rotate after CYK4
Trim-Away (D), as well as the rescue of spindle rotation by CYK4-EGFP mRNA injection (E).
Oocytes were injected with mCherry-Trim21 mRNA, anti-CYK4 antibody, and EGFP-MAP4 (to
label anaphase spindle). For rescue, CYK4-EGFP mRNA was injected together with anti-CYK4
antibody and mCherry-Trim21 mRNA. (G) Quantification of the frequency of the second polar
body extrusion in control, CYK4 Trim-Away and rescue experiments. Data are mean + SD. ***P
< 0.001. Scale bar, 10 pm.



Figure S8
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Fig. S8. Model simulation of cytoplasmic flow induced purely by spindle rotation.

(A) Diagram of the xy-plane of the 3D model showing the external force applied to the spindle.
The spindle is anchored at the top but neither Arp2/3 complex nor myosin-I11 is present. (B) The
spindle rotates as a result of the external force. The cytoplasmic fluid flows according to the motion
of the spindle. The color map shows the strength of vorticity. Black arrows indicate the velocity
of cytoplasmic flow. Longer arrows correspond to higher velocity amplitude. The flow pattern
from the forced spindle rotation is different from the flow pattern generated from Arp2/3 complex
and myosin 1, suggesting that the observed follow pattern in the experiments results from Arp2/3

complex and myosin-11 forcing, not from spindle rotation.



Table S1. Parameters used in the COMSOL model.

Parameters | Physical Meanings Values
Ro (Um) Radius of the oocyte 36

ro (LM) Radius of small protrusions 18

(FXo, Yo) (um) | Center position of the protrusions (+8.5, 20)
(Xs, Ys) (m) Initial center position of the spindle (0, 30.7)
as (um) Long semi-axis of the spindle 16

bs (um) Short semi-axis of the spindle 5

dy (um) Horizontal distance limit of myosin-I1 distribution | 9

d2 (um) Horizontal distance of myosin-I1 separation 23

U (Pas) Dynamic viscosity of the cytoplasm 0.01

p (kg/m?) Density of the cytoplasm 1000




Table S2. Parameters used in the symmetry breaking and spindle rotation model.

Parameters Physical Meanings Values
AX (Um) Spatial discretization of the computational domain £/50

At (S) Temporaldiscretization of the computational domain 0.1

do (um) Distance from the center of the spindle to the cortex 6

¢ (um) Half length of the computational domain 50

{s (Um) Maximum separation distance of chromosomes 30

Tso (Min) Starting time of chromosome separation 30

Ts (min) Time course of chromosome separation 25

A (um) Characteristic length of Ran signal gradient 9.32

S Constant in Ran intensity 2.66
Ran® Maximum active Ran intensity (scaled) 1

D (UmM?/s) Diffusion coefficient of myosin on the cortex 0.05

Da (UmM?/s) Diffusion coefficient of Arp2/3 complex on the cortex 0.005
kmt (1/5) Off rate of myosin 2x10™*
Kat (1/s) Off rate of Arp2/3 complex 2x10™*
Kar (1/s) Ran-dependent activation rate of Arp2/3 complex 8x10°°
k%mo (1/5) Binding rate of myosin from the myosin in the cytoplasm | 9 x 1074
Kam (1/5) Inhibitory coefficient of Arp2/3 complex on myosin-11 24%x10°°
mc Average myosin intensity in the cytoplasm (scaled) 1

Kag (nN/unit | Coefficient of Arp2/3 complex-generated force 10 x 1074
scaled intensity)

Kmq (nN/unit | Coefficient of myosin Il-generated force 6x107*
scaled intensity)

n (UN-pum-s/rad) | Rotational viscosity of the spindle 600
Krandom Scaling factor for random torque 0.1

Notes for both Supplementary Table 1 and 2: The geometry-related parameters and parameters
associated with the Ran gradient were obtained directly from experiments. The viscosity of the
cytoplasm is taken as one order of magnitude higher than the viscosity of water in consideration



of the presence of actin network and other organelles within the cytoplasm. This estimation is
based on the viscosity of actin network, which is 1 Pa-s (55, 56), and the volume fraction of actin
network within the cytoplasm, which is only about 1-2% (57). The density of the cytoplasm and
the spindle are taken as the same as water because proteins or organelles typically have similar
density of water (58). The parameters associated with Arp2/3 and myosin Kinetics were estimated.
It should be noted that relative ratios of kinetic parameters, instead of the absolute values,
determine the dynamics of the system. For instance, the relative diffusion coefficients of myosin
and Arp2/3 are more important than the absolute value for each. This can be seen from the

parameter analysis. The length scale of the spatial pattern of Arp2/3 and myosin were determined

bY \/Dina/kmr,ar- The combination of the parameters predicts the proper dynamic response of the
spindle.



Table S3. Parameters used in the COMSOL model for absence of the anchor (pivot) point.

Parameters | Physical Meanings Values
Ro (Um) Radius of the oocyte 36

ro (LM) Radius of small protrusions 18

(Xs, ¥s) (um) | Initial center position of the spindle (0, 29.5)
as (um) Long semi-axis of the spindle 11.55
bs (um) Short semi-axis of the spindle 3.95

0 (degrees) | Asymmetry degree 5°

d1 (um) Distance associated with myosin-I1 distribution 10

d2 (um) Distance associated with Arp2/3 complex distribution | 25

M (Pas) Dynamic viscosity of the cytoplasm 0.01

p (kg/m?) Density of the cytoplasm 1000




Movie legends

Movie S1. Meiosis 11 spindle rotation occurs after anaphase onset.

Time-lapse imaging of an oocyte expressing mCherry-MAP4 (cyan), EGFP-CDK5RAP2
(magenta) and Hoechst (orange), merged with differential interference contrast (DIC) images of

the oocyte. z projection of five sections, every 3 um; time interval: 132s.
Movie S2. Dynamic actin is required for spindle rotation.

Live-cell time-lapse imaging of a Lat A (inhibition of actin polymerization) or jasplakinolide
(inhibition of actin depolymerization) treated oocyte expressing EGFP-MAP4 (cyan) and H2B-

mCherry (orange). z projection of five sections, every 3 um; time interval: 132 s.

Movie S3. 3D reconstruction of ARP3 and myosin-11 in the anaphase Il oocyte prior to and

during spindle rotation.

Fixed oocyte immunostained for ARP3 (magenta), myosin-11 (pMLC, cyan), and chromosomes
(Hoechst, green). 3D reconstructions were generated in Imaris from z stacks of 55 sections, every

1.5 um.
Movie S4. Cytoplasmic flow before and during spindle rotation.

Time-lapse imaging of an oocyte expression H2B-mCherry (to label chromosomes). Cytoplasmic
particles are visible under the DIC channel. Single confocal section; time interval: 60 s. The same

oocyte was used for PIV analysis in Fig. 3a,b.
Movie S5. Inhibition of actin polymerization or depolymerization prevents spindle rotation.

Live-cell time-lapse imaging of a Lat A (inhibition of actin polymerization) or jasplakinolide
(inhibition of actin depolymerization) treated oocyte showing cytoplasmic streaming are
eliminated. Chromosomes were stained with Hoechst. Single confocal section; time interval: 132

S.
Movie S6. Cytoplasmic streaming in a myosin-I1 or Arp2/3 complex inhibited oocyte.

Time-lapse imaging of a blebbistatin-treated (inhibition of myosin-I1) or CK666-treated (inhibition
of Arp2/3 complex) oocyte showing cytoplasmic streaming remains bilaterally symmetric.



Cytoplasmic particles are visible under the DIC channel. Arrowheads in blebbistatin-treated

oocyte show the positions of chromosomes. Single confocal section; time interval: 132 s.

Movie S7. A simulated movie shows cytoplasmic flow pattern produced by the asymmetric
distribution of Arp2/3 complex and myosin-I1.

Arrows indicate the velocity vectors of cytoplasmic flow; the color map represents the normalized
vorticity distribution, with blue and yellow tones representing counterclockwise and clockwise

vorticity, respectively. The xy-plane is shown where z = 0.

Movie S8. A simulated movie showing symmetry breaking in the cortical distribution of

Arp2/3 complex and myosin-I1I.

Ran signal is symmetrically around each chromatin cluster. Cyan line, myosin-Il; magenta line,

Arp2/3; green line, spindle; blue dot, chromosomes.
Movie S9. A simulated movie showing biased rotation when Ran signal is partially inhibited.

Ran signal is partially inhibited at the left side of the chromosome cluster. This leads to a biased
rotation of the spindle away from the side where Ran is partially inhibited. Cyan line, myosin-II;

magenta line, Arp2/3; green line, spindle; blue dot, chromosomes.

Movie S10. Optogenetic recruitment of RanGAPL1 to one of the chromatin clusters.

Oocytes were injected with YPet-iLID-H2B (heatmap) and RanGAP1-mCherry-SspB (cyan). The
left side of the chromatin cluster was illuminated with 488nm wavelength. The recruitment of
RanGAP1 is pointed by white arrow. Single confocal section; time interval: 30s.

Movie S11. Optogenetic recruitment of WCA domain to the cortical region adjacent to a

chromatin cluster.

Oocytes were injected with WCA-mCherry-SspB (heatmap), iLID-YFP-CAAX (cyan), and Y Pet-
H2B (to label chromosomes, cyan). The cortical region adjacent to the upper chromatin cluster
was illuminated with 488nm wavelength. The recruitment of WCA is pointed out by white
arrowhead. Chromatin clusters are pointed out by white arrows. Note the cyan cluster pointed by
orange arrow resulted from the iLID-YFP-CAAX signal at furrow membrane. Single confocal

section; time interval: 30s.



Movie S12. Optogenetic recruitment of CA-CA domain to the cortical region adjacent to a

chromatin cluster.

Oocytes were injected with CA-CA-mCherry-SspB (heatmap), iLID-YFP-CAAX (cyan), and
YPet-H2B (to label chromosomes, cyan). The cortical region adjacent to the lower chromatin
cluster was illuminated with 488nm wavelength. The recruitment of CA-CA is pointed out by
white arrowhead. Chromatin clusters are pointed out by white arrows. Note the cyan cluster
pointed by orange arrow resulted from the iLID-YFP-CAAX signal at furrow membrane. Single

confocal section; time interval: 30s.

Movie S13. Model simulated movies without the anchoring point.

Part 1, A simulated movie shows cytoplasmic flow and spindle drifts using the COMSOL model
without an anchoring point. Arrows are the velocity vectors of the cytoplasmic flow. Part 2, A
simulated movie from symmetry breaking model when the spindle is not anchored. Cyan line,
myosin-11; magenta line, Arp2/3; green line, spindle; blue dot, chromosomes.

Movie S14. CYK4 Trim-Away induces anaphase spindle to move along the cortex.

In CYK4 Trim-Away experiment, oocytes were injected with Trim21 mRNA and anti-CYK4
antibody. Yellow shows the Hoechst staining of chromosomes. z projection of four sections, every
3 um; time interval: 180 s. In the rescue experiment, CYK4-EGFP mRNA was co-injected with
mCherry-Trim21 mRNA and CYK4 antibody into oocytes. z projection of five sections, every 3

pm; time interval: 132 s.
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