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Abstract17

Collective cell dynamics play a crucial role in many developmental and physiological contexts.18

While two-dimensional (2D) cell migration has been widely studied, how three-dimensional19

(3D) geometry and topology interplay with collective cell behavior to determine dynamics and20

functions remains an open question. In this work, we elucidate the biophysical mechanism21

underlying rotation in spherical tissues, a phenomenon widely reported both in vivo and in vitro.22

Using murine pancreas-derived organoids as a model system, we find that epithelial spheres23

exhibit persistent rotation, rotational axis drift and rotation arrest. Using a 3D vertex model,24

we demonstrate how the interplay between traction force and polarity alignment can account25

for these distinct rotational dynamics. Furthermore, our analysis shows that the spherical26

tissue rotates as an active solid and exhibits spontaneous chiral symmetry breaking. Using27

a continuum model, we demonstrate how the types and location of topological defects in the28

polarity field underlie this symmetry breaking process. Altogether, our work shows that tissue29

chirality can arise via topological defects in the pattern of cell traction forces, with potential30

implications for left-right symmetry breaking processes in morphogenetic events.31

Main text32

Collective cell migration is an important phenomenon in many biological systems [1], ranging33

from bacterial colonies [2, 3] to morphogenesis [4] and wound healing in multicellular organ-34

isms [5]. Through the interplay between directed motion, neighbor alignment and mechanical35

interactions, cell collectives exhibit emergent structures and dynamics that are crucial for their36

function. These include topological defects in 2D [6, 7] and 3D [8, 9] tissues during morpho-37

genesis, jamming transition during vertebrate body axis elongation [10], and chiral tissue flows38

during gastrulation [11]. Recent work in synthetic active matter shows that curved surfaces and39

topological constraints can modulate the collective dynamics in active matter systems, result-40

ing in shape changing vesicles [12], curvature-dependent defect unbinding [13] and topological41
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sound [14]. This raises the question of how geometry and topology govern the emergence of42

collective patterns of cell migration from cellular properties and cell interactions.43

44

A prominent phenomenon of collective cell migration on curved surfaces is tissue rotation in45

spherical geometry, which has been reported both in vitro, in the case of MDCK spheres [15, 16]46

and cancer spheroids [17], and in vivo, as in Drosophila egg chamber rotation [18]. Rotations47

were also recently described in organoid systems derived from primary cells from the mammary48

gland [19–22], indicating that tissue rotation is an intrinsic dynamics of many 3D multicellular49

structures. Yet, the biophysical mechanisms underlying tissue rotational dynamics and how50

different rotational modes can be biologically controlled remain open questions.51

Distinct rotational dynamics in pancreas spheres52

Here, we use spherical pancreas organoids (henceforth ‘pancreas spheres’), derived from mouse53

pancreas progenitor cells [23] (see SI Sec. 1), as a model to investigate the collective cell motion54

in tissue rotation. These pancreas spheres are single-layer epithelia with apico-basal polarity.55

The apical side faces the fluid-filled lumen while the basal side faces outwards towards the56

Matrigel (which acts as extracellular matrix) (Fig. 1a). Live imaging experiments show that57

pancreas spheres derived from E13.5 mice exhibit a range of rotational dynamics. In the short58

term (of the order of hours), they either rotate (Fig. 1f(i), SI Video 1) or not rotate (Fig. 1f(ii),59

SI Video 2). At longer timescale (> 10 hours), more complex transitional dynamics are ob-60

served, such as rotation arrest (Fig. 1g(i), SI Video 3) and change in rotation axis (Fig. 1g(ii),61

SI Video 4).62

63

To quantitatively characterize the complex rotational dynamics, we develop a computational64

pipeline to segment the spheres’ apical surface and visualize its fluorescence intensity by a65

Mercator projection (Fig. 1b, SI Sec. 2.2). By performing particle image velocimetry (PIV)66

analysis, we find that the resultant time-lapsed projection shows long range correlated tissue67

flow, with localized vortical motion that corresponds to the two poles of tissue rotation (SI68

Fig. 2, SI Video 5). This confirms that collective cell migration underlies the rotational motion69

of pancreas spheres.70

71

To determine the angular velocity and the rotation axis, we reconstructed the full three-72

dimensional (3D) tissue flow field on the sphere (Fig. 1d) and computed its angular momentum73

(see SI Sec. 2.3). We find that the azimuthal velocity with respect to the instantaneous rotation74

axis follows a sine profile (Fig. 1e), suggesting that the pancreas spheres rotate akin to a solid75

sphere.76

77

The dynamics of pancreas sphere observed on shorter time-scales up to 4 hours can be classified78

as either rotating (Fig. 1f(i)) or non-rotating (Fig. 1f(ii)). During persistent rotation, the79

angular speed remains roughly constant and the orientation of rotation axis remains stable. In80

contrast, when there is no rotation, the sphere is characterized by a small angular speed and81

large jumps in rotation axis orientation. We then imaged the dynamics of pancreas spheres82

on longer time scales up to 30 hours. This allowed us to capture transitions between the83

rotating and non-rotating states (Fig. 1g(i)). During a transition, the angular velocity slows84

down and the rotation axis becomes unstable, leading to a marked increase in axis angle change85

(Fig. 1g(i)). Furthermore, we have observed persistently rotating spheres that occasionally86

change their axis of rotation (Fig. 1g(ii)). This is characterized by a slow meandering in the87

orientation of rotation axis, coinciding with periods of lower angular velocity and higher rate of88

axis angle change.89
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Figure 1: Distinct rotational dynamics in pancreas spheres. a, Experimental setup: pan-
creas progenitor cells form single layer epithelial spheres when cultured in Matrigel.
b, Mercator projection of the apical surface of a pancreas sphere. c, Schematic defin-
ing the angular conventions: φ denotes azimuthal angle, θ the polar angle and ψ the
angular change of rotation axis. d, Surface velocity of a rotating sphere as measured
by particle image velocimetry (PIV). e, Surface velocity of a rotating sphere as a
function of polar angle θ. f-g, Rotational dynamics that pancreas spheres exhibit
in the short (f) and long (g) term. The first row shows a schematic for the type of
rotational dynamics. The second row shows the angular position of the rotation axis
as a function of time in the (θ, φ) polar plot. The third row shows the magnitude of
the angular velocity and the rotational axis angular change. We show a representative
case for each type of dynamics here. Additional data is included in SI Fig. 1.

Solid and flowing regimes of active vertex model90

These various forms of dynamics appear within the same culture condition, suggesting that an91

underlying biophysical mechanism is responsible for the observed types of dynamics and transi-92

tions between them. To identify this mechanism, we developed a mechanical model of pancreas93
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spheres using a 3D vertex model. Vertex models have been used to study the mechanical aspects94

of epithelial morphogenesis that regulate their packing geometry [24], motility-driven rigidity95

transition [25], and developing tissues as amorphous solids that exhibit yielding transition under96

shear [26]. Due to the active nature of our system, we included two necessary ingredients: (1)97

traction force that allows the cells to move with respect to the ECM; and (2) cell polarity that98

determines the direction of the traction force.99
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Figure 2: Solid and flowing regimes of the active vertex model. a, Schematic of the
active vertex model. Cells are represented as polygons with vertices subjected to
forces from the vertex model work function and the polarity-directed active forces.
b, Dynamic phase diagram of the active vertex model, color-coded with cell-cell re-
arrangement rate, with a dashed-line separating the solid and the flowing regimes. c,
Simulations of the active vertex model in the solid (i) and flowing (iii) regimes , and
in transition regime between the two (ii). The top row shows a single snapshot with
polarity denoted by red arrows. The second row shows the angular position of the
rotation axis through time in the (θ, φ) polar plot. The third row shows the magni-
tude of the angular velocity and the angular change of the rotational axis. d-e, The
solid body rotation fraction of the surface velocity frot (see Methods) in simulations
of the solid and flowing regimes of active vertex model. f, The rotation fraction frot
in experiments indicates that pancreas spheres rotate as an active solid.

Specifically, we extend the model in ref [24] to a spherical geometry and define the forces101

stemming from the mechanical properties of individual cells and the interaction between them102

based on the work function103

W =
∑
α∈cells

1

2
Kα (Aα −Aα0 )2 +

∑
α∈cells

1

2
ΛαLα . (1)

4
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This model captures the cell shapes on the sphere surface as polygons. The first term accounts104

for cell area elasticity, with Aα0 being the preferred cell area and Kα the area stiffness. The105

second term accounts for cell bond tension, where Λα is the bond tension magnitude, and Lα106

denotes cell perimeter [24, 27]. Here, we consider for simplicity the case where the mechanical107

parameters are uniform in the tissue and equal for all cells: Kα = K, Aα0 = A0 and Λα = Λ.108

At each vertex m located at position Xm, force balance reads:109

ξvm = F 〈p〉m −
∂W

∂Xm
+ fnmn̂m, (2)

where vm is the velocity of vertex m, and ξ is the friction coefficient with the external environ-110

ment. The first term on the right-hand side (r.h.s.) describes traction forces of magnitude F111

exerted by the (three) cells abutting at vertex m and in the average direction of their polarities112

〈p〉m =
∑
〈α|m〉 pα/Mα, where pα and Mα are each cell’s polarity and number of vertices, re-113

spectively (see Fig. 2a). We consider a non-deforming spherical geometry by setting vm ·n̂m = 0,114

which specifies the normal force at vertex m with magnitude fnm (see SI Sec. 3).115

116

The cell polarity pα directs the traction force exerted by the cell α on the surrounding matrix.117

The time evolution of cell polarity follows the dynamics:118

Dpα
Dt

= γ〈p〉α +
√

2Drη(t) + µpα + pnαn̂α , (3)

where D/Dt denotes a co-rotational time derivative (see SI Sec. 3). The first term on the r.h.s.119

of the equation (3) accounts for the alignment of cell polarity with the average polarity of its120

Mα nearest neighbors 〈p〉α = (1/Mα)
∑
〈α′|α〉 pα′ with a rate γ. The second term accounts for a121

rotational noise with a diffusion coefficient Dr. The polarity noise η(t) = ŝ⊥η(t) is perpendicu-122

lar to both cell polarity and the normal vector at the cell center ŝ⊥ = n̂α × pα/|n̂α × pα|. The123

polarity noise magnitude η is a Gaussian variable with mean 0 and variance 1. The third term124

is used to impose |pα| = 1 at each time through a Lagrange multiplier µ(t) = −γpα · 〈p〉α. With125

the last term we ensure that the polarity remains in the tangent plane of the sphere by adding126

a normal component with the magnitude pnα = −γ〈p〉α · n̂α. In this study, we initialize the127

tissue with the force balanced configuration of a Voronoi diagram construction of N randomly128

distributed cell centers on a sphere of radius Rs = (NA0/4π)1/2, and we initialize the direction129

angle of cell polarity from a uniform random distribution (see SI Sec. 3).130

131

We first explore the vertex model dynamics on a sphere in the absence of noise by setting Dr = 0.132

We identify two distinct dynamic regimes; the solid and the flowing regimes. In the solid regime133

cells do not rearrange. At finite alignment rate γ > 0 the polarity vectors are globally aligned134

(Fig. 2c(i), SI Video 6) and the sphere rotates as a solid body around a constant axis, consistent135

with the experimentally-observed rotational motion (Fig. 1f(i)). In the flowing regime cells con-136

tinuously rearrange and the sphere rotation speed is significantly lower than in the solid regime137

(Fig. 2c(iii)). We identify these regimes in a dynamic phase diagram (Fig. 2b) by measuring the138

cell rearrangement rate R. The flowing regime appears only when the traction force magnitude139

F is greater than the threshold value Fc which increases with the alignment rate γ. Near the140

transition, the sphere dynamics is erratic with sudden bursts of cell rearrangements occasionally141

punctuating the otherwise solid-like rotating state, leading to changes in the orientation of the142

rotation axis (Fig. 1c(ii), SI Video 7). This behaviour is reminiscent of the yielding transition143

[26], and the sphere dynamics is consistent with the rotation axis drift found in experiments144

(Fig. 1g(ii)).145

146

A key question is which dynamic regimes do rotating pancreas spheres exhibit. Due to the high147

uncertainty to identify cell rearrangements in the experimental data, a reliable measurement of148

5
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the rearrangement rate R was not feasible. Instead, we address this question by decomposing149

the surface velocity field V(θ, φ) in spherical harmonic modes. We then define the solid body150

rotation fraction quantity frot that captures the solid body rotation component of the full151

surface velocity field (Fig. 2d, see SI Sec. 2.4). In our simulations in the solid regime, the152

surface velocity V(θ, φ) has a high fraction frot > 0.8 of l = 1 (rotational) mode, compared to153

the flowing regime with fraction frot ≈ 0.3 of this mode. In experiments, the quantified surface154

velocity V(θ, φ) of pancreas spheres has a fraction of the rotation mode of frot & 0.8, consistent155

with signatures of solid rotation in the active vertex model (Fig. 2e, SI Fig. 3). Altogether, the156

quantitative comparisons between experiments and simulations indicates that pancreas spheres157

rotate as active solids, with some spheres positioned near the yielding transition regime that158

shows drift in the rotation axis.159

Polarity alignment and traction force control cell shape patterns160

To further investigate how polarity alignment and traction force govern different aspects of161

sphere rotational dynamics, we performed single cell segmentation (Fig. 3a, see SI Sec. 2.5) and162

quantified two key cell shape parameters: (i) norm of the cell elongation tensor |Q| and (ii) cell163

elongation orientation angle β with respect to the azimuth in the direction of motion (Fig. 3(b)).164

Surprisingly, in experiments, we found that the cell shape orientation is nearly aligned system-165

wide (Fig. 3c) with the orientation angle distribution P (β) showing a pronounced peak at either166

β ≈ 45◦ or β ≈ 135◦ (Fig. 3d). In the active vertex model, when polarity alignment is turned167

off, the random traction force will still result in a net torque that generates a rotation. However,168

in this case, the rotation speed is slower and the cell shape orientation does not show a pre-169

ferred angle β (Fig. 3e) and P (β) shows a flat distribution. This distinction from experiments170

indicates that polarity alignment is required to generate the observed rotational dynamics in171

pancreas spheres.172

173

To investigate the role of traction forces in sphere dynamics, we focus on cell shape dynamics174

during rotation arrest. We found that during rotation, the cell shape elongation (as quantified175

by the mean cell elongation 〈|Q|〉, see SI Sec. 2.5) shows a maximum near the equator (polar176

angle θ = 90◦), with cells at both poles being more isotropic (Fig. 3g, blue line). In contrast,177

cell elongation in non-rotating spheres is roughly spatially homogeneous (Fig. 3g, orange line).178

Interestingly, we found that as spheres stop rotating, the shape of cells becomes more isotropic,179

reaching a level that is comparable to cells in non-rotating spheres (Fig. 3h). Within the active180

vertex model, a sphere can stop rotating in two ways: (i) by turning off the traction force or181

(ii) by turning off the alignment rate. We reason that the experimental observation corresponds182

to case (i), since turning off alignment while keeping traction force constant would put the183

system in a mechanically frustrated state, where polarity vectors are misaligned and cells would184

become more stretched. Indeed, by performing the respective simulations (Fig. 3k), we found185

that turning off traction force recapitulates the reduction in cell shape elongation as observed186

during rotation arrest in experiments. Consistent with experiments, the mean elongation of187

cells near the equator is higher in rotating spheres, compared to non-rotating spheres (Fig. 3j).188

Furthermore, we found that the cell orientation β exhibits a unimodal distribution during189

rotation (with a peak ≈ 45◦), which subsequently homogenizes after rotation arrest (Fig. 3e).190

This behavior is similarly observed in our simulation with traction force turned off (Fig. 3h).191

Chiral symmetry breaking in the cell shape orientation field192

Cell morphology patterning is known to encode information about tissue mechanics during de-193

velopment [28] and apoptosis [6]. In the absence of external signaling, as in the case of a rotating194

sphere, we do not expect the cells to be oriented in any specific pattern. Remarkably though,195

we found that the cell shape orientation β in rotating pancreas spheres shows a preference to196
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Figure 3: Polarity alignment and traction force control cell shape patterns. a, Cell
segmentation performed on the projection of pancreas sphere. b, Schematic defining
cell shape elongation parameter Q and cell shape orientation angle β (defined with
respect to azimuth). c,e, A Mercator projection showing the cell elongation pattern
in experiments (c) and active vertex model (without polarity) (e). d, The cell shape
orientation distribution P (β) in two different experiment states, showing a unimodal
distribution with a peak at either 45◦ or 135◦. f, The cell shape orientation distribution
P (β) in active vertex model (without polarity) shows a uniform distribution. g-i,
Cell shape dynamics in experiments during rotation arrest. Mean cell elongation
〈|Q|〉φ (azimuthal average) as a function of polar angle θ before (blue curve) and after
(orange curve) rotation arrest (g). Mean cell elongation 〈|Q|〉 (whole system average)
as a function of time for 2 spheres that undergo rotation arrest (blue curves, brown
arrow denotes start of arrest) and 2 spheres that do not rotate (orange curves) (h).
Probability-time kymograph of cell orientation angle β for a sphere that undergoes
rotation arrest (i, brown dotted line denotes start of arrest). g-i, The corresponding
cell shape dynamics in the active vertex model during rotation arrest. In (k), we
compare the mean cell elongation 〈|Q|〉 (whole system average) when either traction
force (solid blue curve) or polarity (dotted blue curve) is turned off. In (j) and (l),
we show the plots for the case when traction force is turned off.

be either ≈ 45◦ or ≈ 135◦ for a sustained period of time (Fig. 4a). This is clearly reflected in197

the unimodal orientation distribution P (β), which in non-rotating sphere is distinctively uni-198

form (SI Fig. 5). The fact that these cell arrangements are mirror images (and thus cannot be199

superimposed on one another, Fig. 4b(i)) imply that chiral symmetry has been spontaneously200

broken. Careful reasoning reveals that up-down symmetry is also broken (SI Fig. 4). When201

we computed the mean orientation angle 〈β〉φ (averaged azimuthally), we found that the cell202
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orientation is roughly independent of the polar angle θ (Fig. 4c, SI Fig. 6).203

204

0 45 90 135 180

Probability P(
)

Probability P(
)

Pr
ob

ab
ilit

y 
P(

)
Pr

ob
ab

ilit
y 

P(
)

Pr
ob

ab
ilit

y 
P(

)

-0.2

-0.1

0

0.1

Ex
pe

rim
en

t
Si

m
ul

at
io

n

b.

e.
0 45 90 135 180

Orientation angle 
0

0.05

0.10

0 45 90 135 180
Orientation angle 

0.05

0.1

O
rie

nt
at

io
n 

an
gl

e 

Time (h)

180

90

0

180

90

0

a.

d.

O
rie

nt
at

io
n 

an
gl

e 

180

90

0

180

90

0

j.

Time (h)

O
rie

nt
at

io
n 

an
gl

e 

180

90

0
k.

R
es

id
ua

l a
zi

m
ut

ha
l v

el
oc

ity
 

V

0 45 90 135 180
Polar angle 

V

0 45 90 135 180
45

90

135

O
rie

nt
at

io
n 

an
gl

e 

c.

f.
Polar angle 

0 45 90 135 180

45

90

135

O
rie

nt
at

io
n 

an
gl

e 

Polar angle 

Si
m

ul
at

io
n 

+ 
N

oi
se

h.

Orientation angle 

0.05

0.1

g.

O
rie

nt
at

io
n 

an
gl

e 

180

90

0

180

90

0

l.

180

90

0

O
rie

nt
at

io
n 

an
gl

e 

R
es

id
ua

l a
zi

m
ut

ha
l v

el
oc

ity
 

V

0 45 90 135 180
Polar angle 

m.i.

45

90

135

O
rie

nt
at

io
n 

an
gl

e 

Polar angle 

friction

b(i)

0.1

0.05

0.1

0.05

0 4 8

0.05

0.10

0 5 10

0

0 100 200
Time

Time
0 100 200

0 250 500
Time

0.1

0.2

0.2

0.1

0

0.2

0.1

0

0.2

0.1

0

0.2

0.1

0 -0.1

0

0.1

V

~45o ~135o

e(i)

Probability P(
)

Probability P(
)

Probability P(
)

Probability P(
)

Probability P(
)

Probability P(
)

0.15

0 45 90 135 180

Figure 4: Chiral symmetry breaking in the cell shape orientation field. a, Probability-
time kymograph of the cell orientation β for two different pancreas spheres undergoing
persistent rotation. b, The cell orientation probability distribution P (β) for the two
spheres in (a) shows unimodal distributions with peaks at around 45◦ (purple) and
135◦ (green). c, Azimuthally-averaged cell orientation angle 〈β〉φ as a function of po-
lar angle θ for the two spheres in (a). Note that β remains less (more) than 90◦ for the
purple (green) state for the entire sphere, as illustrated in the schematic (b(i)). d-f,
Analogous cell orientation analysis performed on simulations (without noise). P (β)
shows bimodal distribution with peaks at both 45◦ and 135◦ (e). The polar depen-
dence of 〈β〉φ (f) indicates that cell orientation is symmetric about the equator, as
illustrated in the schematic (e(i)). g-i, Analogous cell orientation analysis performed
on simulations (with noise). j,l, Probability-time kymographs of cell orientation β
showing a switch of preferred angle from 45◦ to 135◦ in experiment (j) and theory (l).
k,m, The residual azimuthal velocity δVφ (see Method) as a function of polar angle
θ for experiment (k) and simulation (m). Insets show the directionality of δVφ with
respect to angular velocity.

To investigate the nature of this broken chiral symmetry, we turned to the active vertex model.205

Surprisingly, we found that in simulations, the orientation distribution P (β) is bimodal, with206

peaks at both ≈ 45◦ and ≈ 135◦ (Fig. 4d-e). One explanation for this co-existence of both207

orientation angles comes from the spherical geometry of the system. In solid sphere rotation,208

cells near the equator move faster than those near the pole, thus generating a gradient of shear209

stress induced by friction along the polar direction θ (Fig. 4e(i)). This could in principle result210

in shear alignment of the cell elongation axis, which has been shown to behave as a nematic211

director. Such a mechanism would predict a symmetric cell orientation profile along the equa-212

tor, with cell orientation predominantly taking the value of ≈ 45◦ at the ‘northern’ hemisphere213

(θ < 90◦) and ≈ 135◦ at the ‘southern’ hemisphere (θ > 90◦) (Fig. 4e(i)). Indeed, the measured214

orientation angle β from simulations shows the expected θ dependence (Fig. 4f).215
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216

While the spherical geometry provides an explanation for the existence of two preferred angles,217

it doesn’t explain how the symmetry is broken in experiments. The symmetric cell shape orien-218

tation profile in simulations (Fig. 4d-f) involves an abrupt change in cell elongation orientation219

which generically costs elastic energy. We posit that stochastic noise in experiments could help220

bias cell orientation to minimize this large bending energy. By introducing a noise term into the221

polarity equation of active vertex model (see SI Sec. 3), we found that the symmetry does indeed222

get broken and the orientation angle distribution P (β) becomes unimodal with peaks at either223

≈ 45◦ or ≈ 135◦ (Fig. 4h-i). This result suggests that the cell orientation field is mechanically224

poised in a bistable state, and can thus be pushed into either state through stochastic noise.225

Indeed, in longer simulations, we found that the cell orientation β can switch between the two226

states (Fig. 4l). During this window of switching, we detected a counter-clockwise twist in the227

residual azimuthal velocity δVφ, which generates the required shear gradient to flip the pre-228

ferred orientation β from 45◦ to 135◦ (Fig. 4m). Such a switch is also observed in experiments229

(Fig. 4j), with the expected residual azimuthal velocity profile (Fig. 4k). Furthermore, in both230

experiment and simulation, we observed the opposite switch in preferred angle from 135◦ to 45◦231

(SI Fig. 7). Altogether, these results show how geometrical confinement and stochastic noise in232

multicellular systems can lead to the emergence of chirality in tissue patterning.233

234

a. b. c.

d. e. f.

Figure 5: Topological defects in the polarity field underlie chiral symmetry break-
ing. a-c, Axisymmetric solutions to ∆2p = 0 with |p| = 1 of the polarity field p =
sin(a(θ))θ̂ + cos(a(θ))φ̂, parameterized by an angle a(θ), see SI Sec 5. Up-down sym-
metric solution with two vortices at the poles and angular profile a(θ) = 0 (a), a vortex

near the north pole and an aster near the south pole, a(θ) = π
4

(
1 + 1

2 ln
(
1−cos θ
1+cos θ

))
(b), and the mirror image with respect to the equator, a(θ) = π

4

(
1− 1

2 ln
(
1−cos θ
1+cos θ

))
(c). The ellipses indicate cell shape and cell elongation at different polar angles θ.
d-f, Inferred cell elongation orientation distribution P (β) corresponding to the three
polarity patterns in (a-c).

To investigate the underlying symmetry breaking mechanism, we turned to a simplified contin-235

uum model of the sphere as an elastic shell with a polarity field generating traction forces (SI236

Sec. 5). We determine polarity fields that solve the Laplace equation ∇2p = 0 with |p| = 1,237

the continuum equivalent of neighbour alignment. We consider solutions that are symmetric238

about the axis of rotation (SI Fig. 9). The sphere is described as an elastic spherical shell that239

is not deforming radially and obeys the force balance equation ∇ · σ = Fp − ξv, where σ is240

the elastic stress tensor, p and v are the polarity and sphere surface velocity respectively, F is241
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traction force and ξ the friction coefficient. The velocity is found from torque balance between242

the traction forces and frictional forces, assuming solid body rotation (SI Sec. 5.2). Solving for243

the polarity field, we find a family of solutions that can be specified by two parameters (see SI244

Sec. 5.1, SI Fig. 9). By varying the two parameters, we can select up-down symmetric solutions245

(Fig. 5a) and solutions with broken up-down symmetry (Fig. 5b-c).246

247

In order to relate these solutions to patterns of orientation of cell elongation, we calculate from248

the given polarity field an angle that corresponds to the tilt angle β of cells. It is defined via249

the orientation of shear deformations on the surface (see SI Sec. 5.3). Importantly, considering250

the up-down symmetric polarity field containing two vortices at the poles, the cell orientation251

distribution P (β) exhibits a bimodal shape (with peaks at ≈ 45◦ and ≈ 135◦, Fig. 5d).Note252

that this pattern is not chiral. In contrast, considering polarity field with broken up-down253

symmetry, the distribution P (β) exhibits a unimodal shape, with a single peak at either ≈ 45◦254

(Fig. 5e) or ≈ 135◦ (Fig. 5f). These patterns with broken up-down symmetry are also chiral,255

with opposite handedness. Altogether, these results suggest that the positioning and asymmetry256

of the topological defects of the polarity field govern the chiral symmetry breaking observed in257

the rotating cell orientation field. Further analysis of the chiral states in the noisy active vertex258

model reveals the signature of the broken up-down symmetry in the polarity field (SI Fig. 8),259

consistent with the continuum model.260

Discussion261

In this work, we show how coupling of cells in 3 dimensions can modulate the collective cell262

behavior and the emergent mechanics of multicellular systems. Specifically, we demonstrate263

how an active vertex model can account for distinct rotational dynamics including persistent264

rotation, drift in angular velocity and rotation arrest in pancreas spheres. The mechanisms we265

uncover are likely to be conserved in rotating spheres derived from other cell types [21, 22, 29],266

with potential implications for cell migration on complex 3D curved geometries (e.g. polarized267

tissue flow in the Drosophila embryo [30]).268

269

Surprisingly, we find that the topological constraints on a spherical epithelium can poise the270

system in a bistable state in which noise can spontaneously break chiral symmetry. Results from271

our continuum model demonstrate that an asymmetry of topological defects in the polarity field272

underlies the two coexisting chiral states. This process of generating tissue chirality through273

topological constraints is distinct from previously reported mechanisms which arise from either274

rotation of nodal cilia [31], chiral cell polarity [32], or a chiral phase that arises generically from275

a planar polarized epithelial system [33]. More generally, our results suggest an alternative276

route where a localized biological signal could drive symmetry breaking processes in tissues by277

controlling the types and locations of topological defects in cell polarity.278
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1 Experimental setup

1.1 Animal lines and permits

All experiments were performed in accordance with the German Animal Welfare Legislation
(“Tierschutzgesetz”) after approval by the federal state authority Landesdirektion Sachsen (li-
cense DD24.1-5131/451/8). Mice were kept in standardized specific-pathogen-free (SPF) con-
ditions at the Biomedical Services Facility (BMS) of Max Planck Institute of Molecular Cell
Biology and Genetics. Genetically modified mouse lines ‘Myh14<tm3.1Rsad>/Mmjax’ (Jack-
son Laboratory stock number 023449) and ‘Gt(ROSA)-26Sortm4-(ACTB-tdTomato-EGFP)-
Luo(C57Bl/6NCrl;Crl)’ [1] were used to follow the Myosin and cell membrane patterns, respec-
tively.

1.2 Preparation of organoid culture

To generate mouse pancreas spheres, we follow the protocol developed in [2] with some modifica-
tions. Briefly, we dissect the developing dorsal pancreas and harvest progenitors cells from mice
at embryonic day (E) 13.5. We obtain single cells by a combination of chemical and mechanical
dissociation: we incubate with TrypLE (GIBCO-BRL, Invitrogen 12604-013) at 37◦ for 7 min
in conical wells of 60-well mini-trays (nunc, 439225), transfer the buds into a well with fresh
DMEM (Gibco 10565-018) and perform the mechanical dissociation by aspirating and ejecting
the bud into 10 µl pipette tips until complete dissociation under microscopic control. Then, we
pool the cells from 4 embryos into an Eppendorf tube in order to minimize differences due to
individual processing. We dilute the cell suspension to a final concentration of 75% Matrigel
(Corning Costar 356231) on ice to prevent Matrigel polimerization during the mixing process.
We prepare 5 µl drops in a pre-treated chamber for imaging (see 3D imaging below) and in-
cubate the chamber at 37◦C for 30 min for the polymerization of the Matrigel. The wells are
then filled with 250 µl of sphere medium (DMEM/F12 + Glutamax (Gibco 10565-018), 1%
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Pen/Strep (Gibco 15140-122), 10 µM Y-27632 (SIGMA), 10% Y0503-IMG B27 x 50 (Ther-
moFisher 17504-044), 64 ng/ml FGF2 (R&D Systems 450-33-10UG) [2]) and incubated in a
humidified environment containing 5% CO2 and 95% air at 37◦C. We replace the medium to a
new sphere medium without the ROCK inhibitor (Y-27632) after 2 days and again after 4 days
and image at day 5.

1.3 3D live imaging of pancreas spheres

Sphere samples are placed in Fluorinated ethylene propylene (FEP) bottom V-shaped chambers
from Viventis previously treated as follows: we fill each well with distilled water, then replace
it with 70% ethanol after 5 minutes; we remove the ethanol and rinse once with distilled water
and let it dry under the hood for 20 minutes and finally under UV for 20 minutes. After 5 days
of sphere culture, time lapse 3D imaging is initiated using the LS1 Live light sheet microscope
system from Viventis. The parameters used are the following: dual illumination, 2.2 µm beam;
Laser 488/561, exposure 50 ms and detection objective Nikon 25X NA 1.1.

2 Data analysis

2.1 Sphere surface segmentation and projection

To obtain the projection of the surface fluorescence intensity of the pancreas spheres, we first
obtain the segmentation of the sphere apical (inner) surface. This is done using the following
steps: First, we train a pixel classification model using ilastik [3] to distinguish between ’tissue
pixels’ and ’background pixels’ in our 3D microscopy z-stack images. Using this model, we
create a 3D volume mask that identifies the voxels that represent the tissue volume. Next,
we use the MATLAB function bwboundaries to identify the inner surface of the sphere. By
performing this step for the entire z-stack, we obtain the point cloud S = {pi} that defines the
inner surface of the 3D sphere. Using this point cloud, we extract the apical surface fluoresence
intensity I(x, y, z). To simplify downstream analysis, we make the assumption that all pancreas
spheres are roughly spherical, and project the intensity onto a sphere to obtain I(θ, φ), using
the transformation θ = arctan

√
x2 + y2/z and φ = arctan y/x.

2.2 Reconstruction of the 3D tissue flow field

To reconstruct the full 3D tissue flow field, we first perform 2D particle image velocimetry
(PIV) on three different projections: the equatorial projection, the north pole projection and
the south pole projection. The equatorial projection on a 2D plane is defined by x′ = φ and
y′ = φ (here, we use prime notation to represent the projection coordinates, while the non-
prime notation represents real space coordinates). The north and south pole projections are
defined as φ′ = ±φ and r′ = (θ, π− θ), respectively, where θ = [0, π/2] for north pole projection
and θ = [π/2, π] for south pole projection. Next, we perform 2D PIV on the three projections
separately, using the application PIVlab in MATLAB, developed by [4]. To reconstruct the full
3D flow fields, we stitch the PIV fields from the three different projections, using the north
projection for θ = [0, θc], the equatorial projection for θ = [θc, π− θc], and the south projection
θ = [π − θc, π]. The rationale for this stitching scheme is to use regions of PIV fields from
different projections that minimize distortion. θc ≈ 1 radian is determined by considering θ
dependence of the distortion for each projection. To ensure smoothness of the stitched velocity
field, we further define an overlap region of ±∆θ where the velocity fields from two different
projections are averaged.

2

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted September 30, 2022. ; https://doi.org/10.1101/2022.09.29.510101doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.29.510101


2.3 Computation of the angular velocity Ω(t)

This section explains how we obtain the angular velocity Ω(t) and the residual velocity from
the motion of vertex model spheroids and the experimental spheres. We denote the position of
each vertex of the vertex model at time t by ri(t), and the vertex velocity is estimated as

vi(t) =
ri(t+ ∆t)− ri(t)

∆t
, (1)

where ∆t is the time interval between two subsequent frames. On the other hand, for the
experimental organoids, we find the positions and velocities on the surface using PIV (see SI
Sec. 2.2). In the following we use the term ‘points’ to refer to both vertices of the vertex model
epithelium and also the tracked points from PIV analysis of the spheres.
We first define the average position R(t) and average velocity V (t) of the tracked points as

R(t) =
1

N

N∑
i=1

ri(t) , V (t) =
1

N

N∑
i=1

vi(t) . (2)

In full generality, the velocity of point i can be decomposed as

vi(t) = Ω(t)× (ri(t)−R(t)) + V (t) + δvi(t) , (3)

where Ω(t) is an angular velocity that will be computed in the following and which is defined
such that δvi(t) = 0 if the N points are placed on a solid body with center of mass R(t), moving
at velocity V (t) and rotating with angular velocity Ω(t).
In order to compute Ω(t), we define the angular momentum Γi(t) of point i as

Γi(t) = (ri(t)−R(t))× vi(t)− (ri(t)−R(t))× V (t) . (4)

Inserting this definition into Eq. (3) yields

Γi = Ω(ri −R)2 − (ri −R) [Ω · (ri −R)] + (ri −R)× δvi , (5)

where the time dependence has been omitted for simplicity. Equation (5) can then be rewritten
in matrix form as

Γi = Mi ·Ω + (ri −R)× δvi , (6)

where we have introduced the moment of inertia tensor Mi of point i

Mi = (ri −R)2I − (ri −R)T (ri −R) , (7)

with I the identity tensor. The average angular momentum is obtained as

Γ =
1

N

N∑
i=1

Γi = M ·Ω +
1

N

∑
i

(ri −R)× δvi , (8)

where M =
∑

iMi/N is the average moment of inertia tensor. In the case of a solid-body
rotation, δvi(t) = 0, such that the angular velocity is simply obtained from Eq. (8) as

Ω = M−1 · Γ0 , (9)

with Γ0 =
∑

i(ri −R)× (vi − V )/N .
The residual motion δvi(t) is then obtained as

δvi(t) = vi(t)− V (t)−Ω(t)× (ri(t)−R(t)) . (10)

Note that the computation of the solid-body angular velocity Ω requires to invert the moment
of inertia tensor M , and thus requires N > 2.

3
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2.4 Vector Spherical Harmonics Decomposition and definition of solid body
rotation fraction frot

The velocity field V(θ, φ) on a sphere can be decomposed into real vector spherical harmonics
(SH) modes as

V(t, θ, φ) =
∞∑
l=0

l∑
m=−l

V
(1)
l,m (t)Ψl,m(θ, φ) + V

(2)
l,m (t)Φl,m(θ, φ) (11)

where, for each mode (l,m), Ψl,m = r~∇Yl,m and Φl,m = ~r × ~∇Yl,m are the curl-less and
divergence-less components of the vector spherical harmonics, respectively, and Yl,m are the
real scalar spherical harmonics defined as:

Yl,m(θ, φ) =


sPl,m(cos θ) cos (mφ) if m > 0,

gPl,m(cos θ) if m = 0,

qPl,|m|(cos θ) sin (|m|φ) if m < 0,

(12)

where s =
√

2
√

2l+1
4π

(l−m) !
(l+m) ! , g =

√
2l+1
4π , and q =

√
2
√

2l+1
4π

(l−|m|) !
(l+|m|) ! are normalization factors.

The components of the velocity field are then defined as

V
(1)
l,m =

1

l(l + 1)

ˆ
S

V ·Ψl,mdΩ (13)

V
(2)
l,m =

1

l(l + 1)

ˆ
S

V ·Φl,mdΩ . (14)

The fraction of solid body rotation in the surface velocity V(θ, φ) is defined as

frot =

∑
m(V

(2)
l=1,m)2∑

l,m(V
(1)
l,m )2 + (V

(2)
l,m )2

. (15)

2.5 Single cell segmentation and quantification

To obtain the single cell shape quantification, we first perform segmentation of the pole pro-
jections using the automated segmentation package EPySeg [5]. Once the cell boundaries are
identified, the MATLAB function regionprops is used to find regions corresponding to single
cells and calculate their geometrical properties. Each cell region is fitted with an ellipse that has
the same normalized second moments as the region. The cell elongation is defined as Q = 1

2 ln a
b ,

where a and b are the lengths of the major and minor axes, respectively. The cell orientation β
is defined as the angle between the major axis and the local latitude (i.e., the φ̂ direction).

3 Active vertex model on sphere

We consider a two-dimensional vertex model with cell polarity on a rigid sphere. Cells on the
sphere are represented as polygons that are outlined by straight edges connecting vertices [6].
We consider a polygonal cell network consisting of Nc cells labelled α, Nv vertices labelled m
and Nb straight bonds between connected vertices labelled 〈mn〉 where m and n are the vertices
they connect. Each cell is characterized in terms of its area Aα, perimeter Lα and polarity pα.

In our vertex model, the forces stemming from the mechanical properties of individual cells and
from the interactions between them originate from the vertex model work function

W =
∑
α∈cells

1

2
Kα (Aα −Aα0 )2 +

∑
α∈cells

1

2
ΛαLα . (16)
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The first term describes an area elasticity contribution, with Aα0 the preferred cell area and
Kα the area stiffness. The second term describes a contribution due to the tension of network
bonds, where Λα is the perimeter tension magnitude, and Lα denotes cell perimeter [6, 7].
Here, for simplicity, we consider the case where the cell parameters are identical for all cells in
the tissue: Kα = K, Aα0 = A0 and Λα = Λ. Due to the spherical geometry, polygonal cells
are not co-planar and a unique definition of cell area requires a suitable triangulation. Here,
we define the cell center Xc as the average position of vertices, and triangulate each cell by
connecting the cell center to consecutive cell vertices Xi and Xi+1 in counter-clockwise order
(see Figure below). Hence, for a given cell, we obtain the cell area and perimeter as

A =
1

2

M∑
i=1

|(Xi −Xc)× (Xi+1 −Xc)|, (17)

L =
M∑
i=1

|Xi+1 −Xi|, (18)

where M is the number of vertices of the cell, and with XM+1 ≡X1.

a. Example of an initial condition of the tissue configuration and of the cell polarities. b.
Tissue triangulation and definition of geometric quantities.

At each vertex m located at position Xm, force balance reads

ξvm = factive
m − ∂W

∂Xm
+ fnmn̂m, (19)

where vm is the velocity of vertex m, and ξ is the friction coefficient with the external environ-
ment. The traction forces factive

m are generated from active processes and are defined on each
vertex as

factive
m = F

∑
〈α|m〉

pα
Mα

, (20)

where F denotes the traction force magnitude of a cell and the sum is over the (three) cells
that share vertex m, and Mα is the number of vertices of cell α. We consider a non-deforming
spherical geometry by setting vm · n̂m = 0, which determines the normal force as

fnm =

(
∂W

∂Xm
− factive

m

)
· n̂m (21)

where n̂m is the unit normal vector to the sphere at vertex m.

We consider a polarity field pα in the tangent plane that directs the traction force exerted by
the cell α on the surrounding matrix. The time evolution of the polarity direction follows the
dynamics

Dpα
Dt

= γ〈p〉α +
√

2Drη(t) + µpα + pnαn̂α , (22)

5
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where D/Dt denotes a co-rotational time derivative (see SI Sec. 4). The first term on the right-
hand side of the Eq. (22) accounts for the alignment of the polarity of cell α with the polarity
of its nearest neighbors with a rate γ with the definition

〈p〉α =
1

Mα

∑
〈α′|α〉

pα′ . (23)

The second term in Eq. (22) accounts for the rotational noise with a diffusion coefficient Dr.
The white Gaussian noise η(t) = ŝ⊥η(t) is perpendicular to both cell polarity and the outward
normal vector to the cell ŝ⊥ = n̂α×pα/|n̂α×pα| and has a random magnitude η that is defined
as a Gaussian variable with mean 0 and variance 1. The Lagrange multiplier µ(t) = −γpα · 〈p〉α
imposes |pα| = 1 at each time. With the last term we ensure that the polarity remains in the
tangent plane by adding a normal component with the magnitude

pnα = −γ〈p〉α · n̂α . (24)

The dimensionless model parameters are defined as F = F/Λ, γ = γξ
√
A0/Λ, D = Dr/γ, and

k = KA
3/2
0 /Λ. We fix k = 10, which ensures mechanical stability of the cellular network as

we vary the remaining parameters. In this study, we initialize the tissue by a force balanced
configuration of a Voronoi diagram construction of N randomly distributed cell centers on a
sphere of radius Rs = (NA0/4π)1/2, we initialize the cell’s polarity angle form a uniform random
distribution.

4 Implementation of the co-rotational time derivative

The cell polarities are transported with the cells through the co-rotational time derivative in
Eq. (22). This equation can be written for a time step ∆t in a discrete form

pα(t+ ∆t) = R(Ωα∆t)
[
pα(t) + γ〈p〉α∆t+

√
2Dr∆tη(t) + µpα∆t+ pnαn̂α∆t

]
,

where the three dimensional rotation matrix R(Ωα∆t) rotates the polarity vector with the cell
and is constructed by extracting the solid body angular velocity Ωα of cell α from the velocity
of its vertices

vm,α(t) =
Xm,α(t+ ∆t)−Xm,α(t)

∆t
, (25)

vm,α(t) =Ωα(t)× rm,α(t) + Vα(t) + δvm,α(t) , (26)

where Xm,α(t) is the position of each vertex m that belongs to cell α, and rm,α(t) = Xm,α(t)−
Xα,c, and Xα,c denotes the cell center position. The decomposition of velocity and the deter-
mination of the cell angular velocity follows the method described in SI Sec. 2.3.

5 Continuum model of cell polarity

5.1 Polarity dynamics

We model the cell polarity by a polar field p on the surface of the sphere of radius r. In the
continuum limit of neighbour alignment, the polarity evolves according to

ṗ = γ∇2p+ µp (27)

6
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where γ is the alignment rate and µ is a Lagrange multiplier to impose p2 = 1. We solve for
axisymmetric steady-state solutions of polarity, expressed as

p = sin a(θ)θ̂ + cos a(θ)φ̂ , (28)

imposing that polarity is a unit vector described by the angle a(θ) with respect to the θ̂ direction.

The Laplacian of polarity is given by

∇2p =

(
∇2 sin a(θ)− sin a(θ)

r2 sin2 θ

)
θ̂ +

(
∇2 cos a(θ)− cos a(θ)

r2 sin2 θ

)
φ̂ (29)

and thus the polarity evolves according to

ṗ = γ

(
1

r2
(a′′(θ) cos a(θ)− a(θ)′2 sin a(θ)) +

cot θ

r2
a′(θ) cos a(θ)− sin a(θ)

r2 sin2 θ

)
θ̂

+ γ

(
1

r2
(−a′′(θ) sin a(θ)− a′(θ)2 cos a(θ))− cot θ

r2
a′(θ) sin a(θ)− cos a(θ)

r2 sin2 θ

)
φ̂ (30)

+ µp .

Imposing the constraint p2 = 1 we finally obtain

ṗ =
γ

r2
(a′′(θ) + cot θa′(θ))(cos a(θ)θ̂ − sin a(θ)φ̂) . (31)

The corresponding dynamical equation for the polarity angle a(θ) reads

ȧ(θ) =
γ

r2
(a′′(θ) + cot θa′(θ)). (32)

It has steady state solutions (SI Fig. 9) of the form

a(θ) = a0 + b0 ln

(
1− cos θ

1 + cos θ

)
. (33)

This solution contains two defects in the polarity field located at opposite poles of the sphere.
Singularities appearing in the polarity field at θ = 0 and θ = π are regularised by the presence
of defect cores of size s, that are equal or larger than the linear cell size.
Up-down mirror symmetric defect configurations correspond to a0 = 0 (see SI Fig. 9) which
produces a symmetric divergence of the polarity field with respect to θ → π − θ on the sphere

∇ · p =
b0

sin θ
cos

(
b0 ln

(
1− cos θ

1 + cos θ

))
+ b0 cot θ ln

(
1− cos θ

1 + cos θ

)
. (34)

Up-down anti-symmetric defect configurations correspond to a0 6= 0 and b0 = 0, which produce
an anti-symmetric divergence of the polarity field on the sphere

∇ · p = a0 cot θ. (35)

5.2 Elastic shell and displacement field

We describe the tissue as a spherical elastic shell with shear modulus G and bulk modulus K,
and stress tensor σ. Using the steady state polarity field, which generates a traction force Fp
on the surface of the sphere, we calculate the displacement field u, on the sphere’s surface to
find the predicted cell tilt angle β of local elongation. The sphere rotates like a solid body

7
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with angular velocity ω due to torque balance with frictional forces from the surrounding ECM,
giving a surface velocity of v = ω × x. Force balance is then given by

∇ · σ = Fp− ξv (36)

where ξ is the friction coefficient.

We obtain the angular velocity through torque balance

τ =

ˆ
x× (Fp− ξv)dS

= 0 (37)

To effectively solve these equations, we decompose the polarity, displacement and velocity fields
into vector spherical harmonics as

p =
∑
l,m

p
(1)
lmΨlm + p

(2)
lmΦlm , (38)

u =
∑
l,m

p
(1)
lmΨlm + p

(2)
lmΦlm , (39)

v =
∑
l,m

v
(1)
lmΨlm + v

(2)
lmΦlm . (40)

Note that since we are using axis symmetric solutions, all coefficients where m 6= 0 will be equal
to zero.

First, from torque balance, we obtain the angular velocity

ω =
πF

8γr
p
(2)
1,0ez (41)

such that the velocity is equal to

v =
πF

8γ
p
(2)
1,0Φ1,0. (42)

The equations of linear elasticity can be written

G(∇2u−∇(∇ · u)) +K∇(∇ · u) = Fp− ξv . (43)

Next, we write our force balance in terms of vector spherical harmonics

−u
(1)
lm

r2
l(l + 1)K = Fp

(1)
lm − ξv

(1)
lm (44)

and

−u
(2)
lm

r2
l(l + 1)G = Fp

(2)
lm − ξv

(2)
lm . (45)

Thus solving for the displacement coefficients we have

u
(1)
lm = −(Fp

(1)
lm − ξv

(1)
lm )r2

Kl(1 + 1)
(46)

and

u
(2)
lm = −(Fp

(2)
lm − ξv

(2)
lm )r2

Gl(1 + 1)
. (47)

For simplicity, we set the shear modulus G = 1. Since cells appear almost incompressible, we
set K = 100. Finally, we use a traction force magnitude of F = 5 which gives a qualitatively
similar cellular shear as in experiments. Changing the parameters has little effect on the tilt
angle, but does change the magnitude of the shear.

8
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5.3 Continuum tilt angle

To measure the resulting tilt angle of cell elongation from the elastic displacement, we determine
the deformed shape of initially circular objects on the surface. Each object is initialized as circle
with area 1/200th of the area of the sphere to represent the average size of cells in experiments
and in vertex model simulations. This defines a set of points xi that represent a circle. The
circle is then deformed according to Xi = xi + u(xi). We then quantify the anisotropy of the
deformed circles by fitting ellipses, which defines the tilt angles β of elongation.

To obtain a distribution of tilt angles, we place the circle center on the sphere at latitudes
between θ = 0 and θ = π, using 1000 points. Additionally, when taking a histogram each angle
θ contributes a weight 2πr sin θ, which is the radius of a circle at that latitude. This is because
in experimental histoggrams there are more cells near the equator than near the poles which
leads to this weight factor.

9
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6 Supplementary Figure

Supplementary Figure 1: Characterization of rotational dynamics of individual
pancreas spheres

There are four distinct types of rotational dynamics observed in experiments: (i) persistent
rotation, (ii) no rotation, (iii) rotation arrest, and (iv) rotation axis drift. The first row shows
the angular position of the rotation axis in the (θ, φ) polar plot. The second and third rows
show the angular velocity |Ω(t)| and the axis angle change ∆ψ/∆t, respectively.
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Supplementary Figure 2: Particle Imaging Velocimetry (PIV) field on the
Mercator and pole projections.

To obtain the surface velocity field V(θ, φ) at any particular time point t, we performed PIV on
3 different projections: (i) Mercator projection (top); (ii) ’north’ pole projection (bottom left)
and (iii) ’south’ pole projection (bottom right). The PIV fields from the 3 different projections
are then stitched together to minimize distortion introduced from different projections. The
dotted white line is defined by θ = 90◦ (the ’equator’). The solid white line is defined by φ = 0◦

(the ’meridian’). See SI Sec. 2.2 for more details.
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Supplementary Figure 3: Vectorial spherical harmonics mode coefficients of the
velocity field.

Visual representation of the mode coefficients V
(1)
l,m and V

(2)
l,m as a function of time, for a sphere

undergoing rotation for the first ≈ 10 hours before slowing down. As expected, the amplitude

of the V
(2)
l=1,m, which represents solid body rotation, is the dominant mode.
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Supplementary Figure 4: Chiral and up-down symmetry breaking of the cell
orientation field on a rotating sphere.

Broken (left) and preserved (right) symmetries in a rotating cell sphere with a dominant tilt
angle β ≈ 45◦ or β ≈ 135◦ of the cell elongation field.
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Supplementary Figure 5: Distribution of cell elongation angles P (β) for rotating
and non-rotating spheres.

The cell shape orientation β in rotating pancreas spheres shows a preference to be either ≈ 45◦

or ≈ 135◦ for a sustained period of time. This is clearly reflected in the unimodal orientation
distribution P (β) (a). In contrast, for non-rotating sphere, the distribution is more or less
uniform (b).
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Supplementary Figure 6: Distribution of cell elongation angle P (β) during
steady-state rotation (where the dominant tilt angle is constant), transitional
rotation (where the dominant tilt angle changes) and for a non-rotating sphere.

The first row shows probability-time kymographs of the distribution P (β). The second row
shows azimuthally-averaged cell orientation 〈β〉φ(θ) as a function of polar angle θ. The third

row shows the residual azimuthal velocity δVφ = δV · φ̂ as a function of polar angle θ.
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Supplementary Figure 7: Switch in cell orientation angle β in experiments and
simulations.

The first row shows the probability-time kymographs of cell orientation angle β showing a switch
of preferred angle from 45◦ to 135◦ (a,c) and from 135◦ to 45◦ (b,d) in both experiments and
simulation. The second row shows the probability-time kymographs for the residual azimuthal
velocity δVφ = δV · φ̂. The third row shows the residual azimuthal velocity δVφ as a function
of polar angle θ. Insets show the direction of δVφ with respect to rotation axis.
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Supplementary Figure 8: Polarity pattern in active vertex model with switch in
the dominant orientation angle.

We analyzed the polarity pattern in vertex model simulations with noise in the polarity dynam-
ics. We find that, in contrast to simulations without noise, the peak in the distribution of the
cell orientation angle exhibits a switch between β ≈ 45◦ and β ≈ 135◦. We see a polarity pattern
with two topological defects located on the poles. However the nature and positioning of these
topological defects seem to change between the time windows with β ≈ 45◦ and β ≈ 135◦. This
is in good agreement with the predictions from our continuum model (see Fig. 5), although we
see that the polarity pattern in the vertex model is not entirely axisymmetric. To quantify the
polarity pattern, we compute the angle between the polarity field and the azimuthal direction
of rotation pφ = cos−1(p · φ̂) as a function of polar angle θ.
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Supplementary Figure 9: Example steady state solutions from the continuum
model.

Solutions of the steady state polarity field of the form p = sin a(θ)θ̂ + cos a(θ)φ̂ where a(θ) =
a0 + b0 ln((1 − cos θ)/(1 + cos θ)), for varying a0 and b0. The arrow color indicates the angle
a(θ). Inset: shapes of deformed circles at positions on the sphere. The cell shape orientation β
only breaks chiral symmetry when a0 6= 0 and b0 6= 0.
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7 Supplementary Videos

Video 1 : Maximum intensity projection of a sphere showing persistent rotation (Fig. 1f(i)).
Fluorescence intensity corresponds to membrane dye ROSAmTmG. Time stamp,
hh:mm.

Video 2 : Maximum intensity projection of a sphere showing no rotation (Fig. 1f(ii)). Fluo-
rescence intensity corresponds to myosin. Time stamp, hh:mm.

Video 3 : Maximum intensity projection of a sphere showing rotation arrest (Fig. 1g(i)). Flu-
orescence intensity corresponds to myosin. Time stamp, hh:mm.

Video 4 : Maximum intensity projection of a sphere showing rotation axis drift (Fig. 1g(ii)).
Fluorescence intensity corresponds to membrane dye ROSAmTmG. Time stamp,
hh:mm.

Video 5 : Particle imaging velocimetry (PIV) performed on 3 different projections: (i) Merca-
tor projection (top); (ii) ’north’ pole projection (bottom left) and (iii) ’south’ pole
projection (bottom right). See SI Sec. 2.2 for the equations defining the mapping.
Dotted white line corresponds to θ = 90◦ (i.e. the ’equator’). The projection is
done with respect to lab frame.

Video 6 : Simulation of a sphere in the solid rotation regime. A rotating sphere with aligned
cell polarities. In this case the correlation length of polarities spans the whole
system size.

Video 7 : Simulation of a sphere near the yielding transition. Due to an interplay between
traction force and the polarity alignment mechanisms, patches of cells with aligned
polarities form, but their correlation length is less than the system size. Hence, in
this case the rotation axis drifts as patches of aligned polarity cells form and break
apart.

Video 8 : Simulation of a sphere in the flowing regime. In this case, cell polarity-directed
traction forces are uncorrelated. Therefore randomly oriented traction forces lead
to continuous flow of cell rearrangements.

19

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted September 30, 2022. ; https://doi.org/10.1101/2022.09.29.510101doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.29.510101


References

1. Muzumdar, M. D., Tasic, B., Miyamichi, K., Li, L. & Luo, L. A global double-fluorescent
Cre reporter mouse. genesis 45, 593–605 (2007).

2. Greggio, C. et al. Artificial three-dimensional niches deconstruct pancreas development in
vitro. Development 140, 4452–4462 (2013).

3. Berg, S. et al. Ilastik: interactive machine learning for (bio) image analysis. Nature methods
16, 1226–1232 (2019).

4. Thielicke, W. & Sonntag, R. Particle Image Velocimetry for MATLAB: Accuracy and en-
hanced algorithms in PIVlab. Journal of Open Research Software 9 (2021).

5. Aigouy, B., Cortes, C., Liu, S. & Prud’Homme, B. EPySeg: a coding-free solution for auto-
mated segmentation of epithelia using deep learning. Development 147, dev194589 (2020).
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