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Abstract

Three-dimensional collective epithelial rotation around a given axis represents a coordinated
cellular movement driving tissue morphogenesis and transformation. Questions regarding such
behaviors and their relationship with substrate curvatures are intimately linked to spontaneous
active matter processes and to vital morphogenetic and embryonic processes. Here, using
interdisciplinary approaches we study the dynamics of epithelial layers lining different cylindrical
surfaces. We observe large-scale, persistent and circumferential rotation in both concavely and
convexly curved cylindrical tissues. While epithelia of inverse curvature show an orthogonal switch
in actomyosin network orientation and opposite apicobasal polarities, their rotational movements
emerge and vary similarly within a common curvature window. We further reveal that such
persisting rotation requires stable cell-cell adhesion and Rac-1-dependent cell polarity. Using an
active-polar-gel model, we unveil the different relationships of collective cell polarity and actin
alignment with curvatures, which lead to coordinated rotational behavior despite the inverted
curvature and cytoskeleton order.

Teaser
Persistent 3D collective epithelial rotation emerges in cylindrical tissues despite inverse curvature
and actin alignment.
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MAIN TEXT

Introduction

Whole-tissue collective epithelial rotation (CeR) features a cohort of cells lining a quadric surface,
such as ellipsoid and sphere, persistently and synchronously rotating three-dimensionally (3D)
around a given axis with no free edge. This unexpected behavior has been observed in vivo as well
as in vitro. As a particular type of collective epithelial movement, CeR plays a critical role in
embryonic development (1-4) and glandular tissue transformation (5), accompanies tissue
morphogenesis (6) and may be involved in cancerous invasion (7). A marked example is a global
follicle epithelial cell rotation around the long axis of the egg chamber, relative to and within the
overlaying basement membrane, during Drosophila oogenesis (1-3). This rotation starts from stage
one and lasts consistently for hours until later stages (2). Similarly, clusters of cells in the
developing Drosophila genitalia rotate 24h after puparium formation (4). Besides these in vivo
phenomena, mammary epithelial acini embedded in 3D hydrogel matrices also demonstrate
coordinated rotational movement (6, 8), which may contribute to the establishment of acinar
structures (5) and alveologenesis (6). These observations suggest that CeR could be an intrinsic,
preserved property of curved epithelia (9). In addition, how dynamic epithelia interact with their
underlying curvatures remains an intriguing question to better understand 3D active tissue
mechanics.

Like other sorts of collective migration, cells could establish coordinated tissue-level front-to-rear
polarity, such as actin-based lamellipodial protrusions (2) and Rac-1 gradient (10), to maintain a
persistent CeR. In an expanding 2D epithelium with a leading front, the monolayer is facing an
open space. The leader cells constantly sense the presence of a “front” edge and a “rear” via
intercellular cadherin adhesions (11). This leads to a mechanosensing pathway gradient not only in
the leaders but spanning tens of cells behind (12). In contrast, cells within a rotating tissue have no
free edges and there is no inherent “forward” direction. Thus, the well-established mechanism for
a canonical leader-guided collective migration may not be entirely applicable. In a rotating
epithelium, each cell is surrounded by others and in principle behaves as a follower cell. Under this
circumstance, recent investigations have showed that cells within an intact, migrating epithelium
are also polarized and actively orient and contribute to directional collective migration (13, 14).
Lacking information as to the position of leader cells, these cells may rely more on anisotropic cell-
cell interactions to align their front-rear polar axes (9, 11). These include force-induced collective
tissue polarity (12, 15, 16) that may originate from anisotropic mechanical stresses, tension and
tugging at the cell cortex. Such mechanical signals can be propagated through actin cytoskeleton
network and lateral cell-cell adhesions (17). Hence, perturbation of actin organization and cell-cell
adhesion may compromise symmetry-breaking in an intact epithelium and hamper its directional
collective motility. In previous works using 3D epithelial acini, molecular analysis reveals a
relationship between coordinated rotation and actin polymerization, cell-cell adhesion as well as
cell apical-basal polarity (5, 8). Additionally, during Drosophila oogenesis (1-3), circumferentially
aligned actin filaments lining the inner surface of the follicular epithelium are found to aid the
persisting azimuthal rotation (1, 2, 18). In parallel, such global rotation of follicle cells is coupled
to the maintenance of actin stress fiber alignment, lamellipodial protrusions and remodeling of the
extracellular matrix (ECM) (2).

In the light of the above notions and considering CeR occurs on quadric surfaces, it is then rational
to deduce that CeR might be a geometry-sensitive behavior. In addition, actin filaments in cells are
sensitive to geometries and known to reorient and reorganize in response to 2D patterns (19) and
substrate curvatures (20-22). Actin cytoskeleton remodeling and nematic ordering (23) have been
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shown to be implicated in cellular mechanosensing either experimentally (24) or theoretically (25-
27). Thus, concavely curved tissues could have radically different actomyosin network organization
from that in convexly bent tissues. Such changes could elicit variations in cell-cell/cell-substrate
interactions, thereby impacting tissue rotational movement (1, 8, 28). Given the aforementioned
example of Drosophila egg chambers, it is intuitive to envision that the polarized,
circumferentially-aligned actin networks may facilitate anisotropic force transition via cell-cell
adhesions. This could promote collective polarity and CeR along the principal stress direction as in
planar epithelia (29). However, the relationship between actin cytoskeleton network and directional
CeR remains elusive until now. In addition, it is not immediately clear whether CeR is correlated
with polarized actomyosin network organization and/or cell-cell adhesion, which may link to
asymmetric mechanical tension transmission in a tissue. In fact, a recent 2D patterned model has
revealed that the maintenance of collective rotation without a leading front requires polarity signals
at the single-cell level rather than stable cell-cell junctions (10). Furthermore, current studies
employed exclusively concavely curved ellipsoidal or spherical epithelia with a central, apical
lumen, such as a handful of in vivo (e.g., Drosophila egg) or 3D culture (e.g., acini and organoids
in 3D hydrogels) models. This overlooks the possibility and potential consequences of reverse
apicobasal and actin polarized structures as well as other complexities because of changes in
curvatures. Controllable geometric cues are then necessary to unravel the intertwined relationship
among actin alignment, cell-cell adhesion, cell polarity, curvatures, and CeR. Hence, exploring
collective cell dynamics as a function of curved environments will improve our understanding of
tissue behaviors in complicated geometrical conditions in vivo and in vitro.

In this study, we ask whether CeR is merely a geometry-dependent behavior or a wider phenomenon
that manifests itself as an intrinsic property of epithelial tissues whenever the context allows. We
use microfabricated tubes and fibers as simple and define cylindrical substrates for cell culture. To
address the above-mentioned questions and acquire deep insights into CeR dynamics on cylindrical
curvatures, we form concavely (negatively) and convexly (positively) curved epithelial monolayers.
We discover that epithelial cells can self-organize to display whole-tissue-level persistent rotation
over a large range of curvatures. Using an active-polar-fluid framework, we explore the rotational
dynamics on various curvatures with opposite nematic orders in actin cytoskeleton.

Results

Whole-tissue level rotation in 3D concave cylindrical epithelia

Persistent rotation around a random axis in spherical cysts (acini, fig. S1A) of Madin-Darby Canine
Kidney (MDCK) cells embedded in hydrogel matrices has been reported previously (5, 8, 28). Such
a culture approach is often used to recapitulate epithelial tubular morphogenesis (30, 31) and tube-
shaped tissues (ducts, Fig. 1A and fig. S1B) with apically polarized cells facing a central lumen. To
facilitate cell tracking, we used MDCK histone 1-GFP cells. We formed MDCK acini and ducts of
varying sizes and closed topologies that are ranging from 25 to 75 pm in diameter (&) and up to
400 um in length. In both types of MDCK tissues, we observed persistent CeR (movie S1 and S2,
Fig. 1B and fig. S1, C and D) when mitosis was ceased by mitotic inhibitor mitomycin c. This is
reminiscent of the fast rotation phase in Drosophila oogenesis when follicle cells cease division (2,
32). Elimination of mitosis may promote CeR as mitotic stresses (33) can disturb directed collective
migration in confined space (21). Although collective cell rotation happened in both MDCK acini
and ducts, their behaviors were different. In contrast to acini whose rotational axis varied in time,
rotating MDCK ducts (up to @ = 75 um) moved around a defined longitudinal (1) axis (fig. S1E).
This resulted in parallel cell trajectories along the cylindrical azimuthal (a) direction (Fig. 1, B and
C). Such spontaneous movement had a characteristic non-zero, relatively stable average azimuthal
velocity, V, over time and a close-to-zero, fluctuating average longitudinal velocity, V, (Fig. 1, C
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and D). These features indicate that epithelial ducts could establish collective circumferential
rotation even when movement in the longitudinal direction was allowed. In this work, we then
examined the coordinated rotation of cylindrical tissues (CTs) around a defined [-axis with [V, >0
and |V,| = 0, which persisted for at least 3 hours. In addition, we also discovered short-period CeR
in pronephric tubules of developing zebrafish embryos 35hpf (34) (movie S3 and fig. S1, F and G).
Cells in the elongating epithelial tubules also demonstrated persistent azimuthal movements for
hours around the [-axis with slightly lower velocities than those of Matrigel-embedded MDCK
ducts and MDCK CTs in polydimethylsiloxane (PDMS) microtubes (see next paragraph) of similar
size (fig. S1H).

These observations inspired us to further investigate the emergence of CeR in epithelial monolayers
with a concave cylindrical shape. To simplify the geometrical complexity of the self-organizing
ducts, we used an established approach (21) and grew MDCKSs into confluent tubular tissues inside
PDMS microtubes (fig. S2A). This method allowed us to form well-defined concave MDCK tubes
ranging from 25 to 250 um in diameter and up to 1000 pum in length (Fig. 1E and fig. S2B). In
addition, the MDCK tubular CTs (t-CTs) enclosed a hollow lumen and showed an apicobasal
polarity towards the lumen (fig. S2C), reminiscent of follicle epithelial polarity (2, 35) and MDCK
ducts (Fig. 1A and fig. S1B). Of note, we observed persistent CeR around the [-axis (movie S4) in
both clockwise and counter-clockwise directions (Fig. 1F). Such coordinated motions as disclosed
by the angular displacement of cells (Fig. 1G) occurred in more than 60% of t-CTs of all different
MDCK cell types tested, spanning from 25 (smallest size possible) up to 150 um in diameter (Fig.
1H) and persisting up to 40 hours (Fig. 1G). Moreover, we observed similar CeR behaviors inside
fibronectin-/Matrigel-/poly-L-lysine-coated (fig. S3) PDMS microtubes. These observations
suggested that CeR may not be sensitive to ECM components even though substrate coating could
be modified by cell-induced reorganization of the matrix (36).

Characteristics of epithelial tissue rotation inside microtubes

To analyze the collective rotational dynamics, we virtually opened the t-CTs using a home-built
Fiji macro (21) (see methods), which allowed us to convert 3D movies into 2D projections (Fig.
2A). In typical 2D projections of rotating t-CTs, individual cell trajectories were mostly parallel to
the azimuthal axis (a-axis, Fig. 2B). Particle imaging velocimetry (PIV) analysis on such 2D
projections showed that all cells uniformly moved in the azimuthal direction with small angular
deviations in the velocities (movie S5 and fig. S4A), demonstrating a whole-tissue collective
rotation. When we plotted V5| for each experiment as a function of diameter and found a non-
monotonic trend with a peak at @ = 100 um (Fig. 2C and fig. S4B). Additionally, a threshold of @
= 150 pum was identified, above which no CeR was observed. This threshold may be attributed to
the intrinsic dynamics of MDCK epithelial cells whose velocity correlation length was measured
to be ~200 pum on flat unconfined surfaces (37, 38). In the range of @ = 25 to 150 um, we found
that CeR duration and azimuthal velocity correlation length, &g, increased with the diameter (Fig.
2, D and E, see methods). The relationship between &g and the diameter was in good agreement
with our previous observations in advancing t-CTs (21), corresponding to cellular behaviors
constrained by geometry. When analyzing average cell movement over time (for instance, Vg in a
75 um t-CT, Fig. 2F, left), we found that the emergence of CeR was correlated to a sudden increase
in Vg from nearly zero to about 10 pm/h within 2 hours (movie S4). In contrast, V, for the same t-
CT fluctuated with time without any particular trend (Fig. 2F, right). Spatiotemporal kymograph
for Vy showed a clear border marking the CeR starting time point between two distinct velocity
patterns (i.e., different color patterns) for non-rotation and rotation regions (Fig. 2G, left). On the
contrary, the kymograph for V, demonstrated similar patterns before and after that time point (Fig.
2G, right).
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Interestingly, in non-confluent conditions with advancing t-CTs (21), we also observed
synchronized rotations with collective forward helicoidal movement (fig. S5 and movie S6), which
lasted longer than those transient rotations within 2D advancing cohorts (37). Among confluent
PDMS microtubes, two adjacent groups of cells in a t-CT could occasionally rotate in opposite
directions, generating a shear border and eventually the whole tissue coordinated and rotated
uniformly in one direction (movie S7 and fig. S6A, n = 7 out of 9). In this case, the average Vy
exhibited a gradual deviation away from zero with time (fig. S6B, top-left). The corresponding
kymograph (fig. S6B, bottom-left) showed two regions of distinct velocity patterns along the [—axis
at the early phase (fig. S6B from 0 to 8h), indicating two cohorts rotating in opposing directions.
After, the region of one pattern waned as time passed and the other gradually became dominant
over the whole [—axis (fig. S6B from 8 to 16h). Under these conditions, we observed larger
fluctuations in average V, (fig. S6B, right) than the ones obtained without shear. Overall, these
results suggest that cells could coordinate their rotational movement via cell-cell interactions,
indicating that cell-cell adhesion in concave t-CTs could play a role in coordinating whole-tissue
CeR.

Reduced cell traction on substrate during collective tissue rotation

Since cell-substrate interaction evolves during collective epithelial migration (29, 39), we then
investigated if the abrupt shift of t-CT dynamics from a disordered state to a homogeneous CeR
could lead to an apparent change in cell traction on the substrate. To measure traction forces (TFs)
of t-CTs applied on the microtube inner walls, we used soft silicone microtubes (52.3 + 3.3 kPa in
Young’s modulus and @ = 75 pum). Due to the fact that CeR is a rotating movement around a long
axis without a leading front, to simplify calculation we sampled a narrow window at the bottom of
the microtubes (movie S8), where curvature effects could be neglected. Before CeR started, there
were no clear patterns of TFs and the average traction largely fluctuated with time (Fig. 2H, from
0 to 15h). After the onset of CeR, we measured a sheer drop in average TF (34.2 + 13.2 Pa, n = 5).
This reduced traction was then maintained throughout the whole CeR period with reduced
fluctuation (Fig. 2H, from 15 to 40h). Interestingly, such a reduction was mainly attributed to a
decrease in TF in the azimuthal direction, Ty, because T, (longitudinally exerted TF) remained
relatively stable with time (Fig. 21). We found a clear change in the T, patterns in the kymograph
before and after the commencement of CeR while the T, patterns remained unaltered (Fig. 21). In
short, our data demonstrated curvature-sensitive CeR dynamics with a threshold of @ = 150 pm
and a sudden decrease in average Ty after the onset.

Convex CTs on microfibers show a similar rotational movement

Because substrate curvature is known to regulate collective behaviors and cell-substrate interactions
(21, 40-42), we questioned whether a reverse curvature could cause different tissue dynamics. By
growing H1-GFP MDCKs outside PDMS fibers of varying diameters (Fig. 3A, fig. S7, A and B),
we achieved convex CTs on fiber (f-CTs) of inverted apicobasal polarity (fig. S7C). Surprisingly,
we also observed similar CeR behaviors in f-CTs (movie S9, and fig. S7, D and E) as those of t-
CTs in more than 70% of these convexly curved epithelial tissues (fig. S7F). They presented alike
CeR duration (Fig. 3B) as well as a non-monotonic trend of |[Vy| as diameter increased, which
peaked at @ = 75 um (Fig. 3C). The threshold for CeR to emerge in -CTs was @ < 100 pum, whereas
f-CTs of @ > 100 pum did not rotate (n = 6). In addition, MDCK f-CTs on fibronectin-/Matrigel-
Ipoly-L-lysine-coated (fig. S8) microfibers collectively rotated in a similar fashion. Furthermore,
traction force microscopy (TFM) on f-CTs was performed on comparably soft silicone microfibers
(64.6 £ 4.0 kPa in Young’s modulus and @ = 75 pum). There was also a clear reduction in the profile
of average traction after the onset of CeR (Fig. 3D). Furthermore, such a decrease was mainly
attributed to a decrease in Ty (Fig. 3E). In comparison with the case of t-CTs (Fig. 2H, a reduction
of 34.2 + 13.2 Pa), the magnitude of the decrease was smaller (12.1 + 11.7 Pa, n = 4). The difference
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between f-CTs and t-CTs might originate from different cell-substrate interactions due to different
curvatures. Previous investigations have demonstrated that cell-scale curvature could affect focal
adhesion (FA) organization and dynamics (43), which would profoundly influence pluricellular
protrusion orientations (44) and cell polarity (45). In our case, it was possible that t-CTs and f-CTs
responded to distinct curvatures with different tissue organizations and mechanics. The distinct
mechanisms then led to different variations in traction forces during CeR and deserved future
investigations. Besides this difference, we concluded that CeR could emerge in MDCK CTs
regardless of the positive or negative tissue curvatures.

3D curved epithelial tissues adapt distinct organization of actomyosin networks according to
their curvatures

Cellular actin networks are known to respond to substrate curvature (20-22). We then examined
whether rotating MDCK CTs of concave and convex curvatures accommodated alike or distinct
actin cytoskeleton organizations. Interestingly, we discovered that basal actin filaments aligned
longitudinally inside concave t-CTs while azimuthally in convex f-CTs (Fig. 4A). Such a sharp
contrast in actin filament orientations according to tissue geometries manifested in curved CTs of
@ <100 um in both cases (Fig. 4B). In CTs of larger diameters, actin became isotropic (Fig. 4B),
suggesting a synchronized effect of curvature and confinement (21, 22). Of note, using MDCKs
expressing myosin-11A RFP we found myosin-11A networks in rotating t-CTs showed the same
orientation as actin (fig. S9A and movie S10). Therefore, upon a certain degree of confinement,
concavely curved MDCK t-CTs adopted longitudinally aligned actomyosin networks that were
perpendicular to the direction of their CeR. On the contrary, convexly curved f-CTs had the
azimuthally aligned actin networks that were oriented along their CeR direction. Additionally, the
formation of such oriented actin networks was confirmed in MDCKSs expressing LifeAct-GFP (fig.
S9B) and recurred in both fibronectin (Fig. 4B) and Matrigel (fig. S9C) coated PDMS microtubes.
In the case of t-CT, it might not link to substrate rigidity either since basal actin in Matrigel- (33.3
+ 1.6 Pa in Young’s modulus for Matrigel vs. ~1-2 MPa for PDMS (46) microtubes) embedded
MDCK ducts also presented [-axial alignment (fig. S9D). Interestingly, despite these changes in
the nematic alignment of actomyosin cytoskeleton, cell shape within CTs showed no preferential
orientation (fig. S9E). In addition, conventional ventral actin stress fibers (SFs) that are attached to
focal adhesions (FAs) at the cell edges might form and align in a similar fashion (fig. S10). We
further noticed that these actin filaments might extend over multiple cells via cell-cell junctions
(CCJs) (Fig. 4, A and C), suggesting that they might interact with cell-cell adhesions for mechanical
force transduction (47). In short, we observed that actin networks oriented in distinct directions
according to the curvature of the tissues (see also Theoretical Section 6 in Supplementary
Materials).

CCJs of different orientations bear anisotropic tensions

Based on the above observations, we then questioned the relationship between CCJs and oriented
actin filaments. The former is anchored to and relies on actin networks to withstand substantial
forces (48). We found that E-cadherin (E-cad), a key cell adhesion molecule, showed no preferential
distribution in variously oriented CCJs in both MDCK WT t-CTs and f-CTs (fig. S11). In contrast,
another component of adherens junctions, B-catenin (49), formed finger-like structures in parallel
to the basal actin alignment, i.e., aligning in longitudinal or azimuthal directions for t-CTs or f-CTs
(Fig. 4C), respectively. As a result, B-catenin was preferentially recruited to the CCJs that were
perpendicular to the basal actin networks in either case (Fig. 4D). B-catenin is known to link to actin
cytoskeleton via a-catenin, a key receptor for transmembrane cadherin adhesion complexes (50).
Looking at the marker (a-18) for tension-bearing a-catenin (51), we also found an anisotropic
distribution of unfolded (i.e., bearing tensions) a-catenin to CCJs where the -catenin fingers were
seen (Fig. 4D). These findings suggested that the CClJs in t-CTs that were parallel to CeR direction
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(VT; direction, Fig. 4D left panel, violet a-18 enriched CCJ) were bearing tensions as opposed to f-

CTs where tension was supported by CCJs perpendicular to 175 (Fig. 4D right panel, violet a-18
enriched CCJ). Interestingly, these findings showed that large coordinated collective movements
could emerge despite different molecular organizations of cytoskeleton and CCJ. Such
organizations are known to promote tension anisotropy as previously described in other systems
(52, 53) and accommodate geometric constraints. This was supported by our discoveries that t-CTs
continued rotating even when tissue contractility was mitigated by a ROCK inhibitor, Y-27 (54)
(movie S11). Interestingly, disrupting CCJs using EGTA eliminated aligned actin filament
organizations (Fig. 4, E and F). The profound interdependence of CCJs and actin alignment as well
as the emergence of anisotropic tension and various planar polarities in curved epithelial tissues
deserve further investigation.

Proper cell-cell adhesions are essential for CeR

CClJs are known to play an important role in collective cell migrations in various in vivo and in
vitro systems (55). In our attempts using EGTA to disrupt CCJs, we found that such treatment
halted CeR, while CeR recurred in both concave and convex CTs after EGTA washout (Fig. 5, A
and B). This is different from 2D epithelial rotation in rings (10), which remains unaffected upon
EGTA treatment. We then inactivated E-cad gene using CRISPR-Cas9 (38). E-cad knock-out (KO)
in MDCKs weakened the cell-cell adhesions but cells could still maintain their contact through
another cadherin (cadherin 6, fig. S12) (38). We observed similar CeR in both E-cad KO t-CTs and
f-CTs (fig. S13 and movie S12). Nevertheless, E-cad KO resulted in a significantly shorter velocity
correlation length (¢ = ~140 um) in comparison with MDCK WT (& = ~200 pum) (38). This led to a
decrease in the CeR thresholds (@ < 100 pm for E-cad KO t-CTs (n=11) and @ < 50 um for E-cad
KO f-CTs (n = 22). In addition, E-cad KO caused marked reductions in CeR event percentages (fig.
S13A) and rotation speeds (fig. S13, B, C and E), although cells could maintain coordinated rotation
for hours (fig. S13, C-F).

To further perturb CCJs, we simultaneously knocked out E-cadherin and cadherin 6 in MDCK cells
(MDCK cadherin double KO). These MDCK cadherin double KO cells lost (3-catenin expression
at the adherens junctions (fig. S12) and did not show CeR in either t-CTs (n = 15) or f-CTs (n = 15)
in the range of @ = 50 — 100 um even at their confluence (fig. S14 and movie S13). In addition, we
formed t-CTs (n = 16) or f-CTs (n = 8) using MDCK a-catenin knock-down (a-cat KD) cells (37)
on both concavely and convexly curved scaffolds. Similarly, these cells showed alike features of
random motions in Vg and V,, as well as their corresponding kymographs (fig. S15). Altogether,
these results showed that the establishment and maintenance of collective cell rotation required
stable cadherin-mediated CCJs in response to cylindrical curvatures.

Roles of lamellipodial protrusions in CeR

After investigating the roles of CCJ stability, we asked how protrusive forces usually generated by
actin filaments could impact CeR. Using high-resolution time-lapse imaging, we discovered that
the long-range, basal actin filaments in both t-CTs and f-CTs remained persistently immobile
related to the substratum during CeR (Fig. 5C and movie S14) and may disappear when they
reached the rear edge of the cell. In addition, we found that actin-based cryptic lamellipodia
continuously appeared at the cell edges (Fig. 5D). Interestingly, these protrusions were highly
aligned with the CeR direction, regardless of the oriented actomyosin networks (Fig. 4, A and B,
and fig. S9, A and B) and the random cell orientation (fig. SOE) in all confluent CTs. To check
whether these were polarized structures, we monitored YFP-PBD signals as a marker for active
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Rac-1 and Cdc42 and found that cells accumulate Rac-1 at their fronts as they protruded forward
(fig. S16), suggesting the role of polarized protrusions in CeR. This was supported by treatment
with a Rac-1 inhibitor (262), which immediately halted CeR (Fig. 5E). Overall, we identified
immobile long-range actin filaments in rotating t-CTs and f-CTs while polarized cellular
protrusions as essential factors for persistent CeR.

An active-polar-gel description for CeR

To gain insights into 3D CeR, we used an overdamped active-polar-fluid framework (56-58)
including explicit couplings between substrate curvature and cell polarity (see Theoretical Section
1-2 in Supplementary Materials). To describe MDCK CTs, we accounted for an average cell
polarity and an average cell velocity given by a polarity field p and a velocity field v, respectively.
Here, the polarity field p can represent an averaged direction of planar polarity in cell monolayers,
such as cryptic lamellipodia on one side of cells. In cylindrical geometries, the principal directions
of a cylindrical substrate are the longitudinal direction 2 and the azimuthal direction 8 (Fig. 6A, |
and a in the experimental section, respectively). In addition, the substrate curvature along the
longitudinal direction vanishes, and along the azimuthal direction is 1/R, where R = @/2 is the
substrate radius. The curvature 1/R changes sign when describing concave (negative) or convex
(positive) curvatures corresponding to microtubes and microfibers, respectively. In this case, we
allowed R to change sign to account for different curvatures, i.e., R < 0 for microtubesand R > 0
for microfibers.

To describe the effects of substrate curvature on cell polarity, we accounted for couplings allowed
by symmetries between the substrate curvature and the polarity field. For cylindrical substrates, we
found that the equilibrium uniform polarity states are determined as the minimum of an effective
free-energy density f (see Theoretical Section 1 — 3 in Supplementary Materials for a derivation of
f as a thin film limit of a 3D Landau-Ginzburg free-energy density):

3 3. ZZ+ z 2 §+ 252
f:<)(2+%+%)w+<%+%)g—e+x4w (1)

where p, and py are the components of the polarity field p in the longitudinal and azimuthal
directions, respectively. In view of the fact that confluent MDCK cell monolayers are on average
immobile on a flat substrate (59, 60), we considered that a disordered state dominates for a
sufficiently large radius R and set the phenomenological parameters y, > 0 and y, > 0. For
intermediate R, the substrate curvature can induce ordered states via couplings with the polarity
field. The parameters (8, 5;) and (ﬁz,ﬁz) are amplitudes associated with linear and quadratic
couplings in 1/R and the polarity field, respectively. Hence, the linear couplings (5;, ;) change
sign with curvature (i.e., convex (positive) to concave (negative)), whereas the quadratic couplings
(,82,,[?2) do not (Fig. 6A). As a result, quadratic couplings may lead to collective rotation in both
concave and convex CTs while linear couplings may only cause CeR in either one of the conditions.

The radius R then determines the state of CTs (either rotation or no rotation, see Theoretical Section
3 — 4 in Supplementary Materials for details). Within the parameter regime where 8, = 5, = 0 in
Eqg. (1), the system can either assume a disordered phase (no rotation) whereby p, = py = 0, or an
azimuthal ordered phase (rotation) whereby p, = 0 and py = =2 (Fig. 6B and see Theoretical
Section 3 — 4), where P depends on R and material parameters. In the overdamped limit, force
balance in the azimuthal direction leads to the steady-state azimuthal velocity field in the azimuthal
ordered phase (see Theoretical Section 4 in Supplementary Materials):
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(2)

Vg
T'Z

To X2/ Xa \/_(1+1 “1)

Tt @/ r

which depends only on two dimensionless parameters: : a; = B,x»/B? and a, = ny5/EB? and the
dimensionless radius r = Rx,/B;. The parameter n corresponds to the shear viscosity, ¢ to a
friction coefficient with the underlying substrate and T, to the amplitude of polar traction forces.
With this, we found that the direction of pg and vy is set by a symmetry-breaking process without
sign preference, i.e., no chirality in CeR, in agreement with our experiments in Fig. 1F and fig. S7E.
Besides, we found that in the presence of a free edge, the velocity field is helicoidal and involves a
superposition of the azimuthal velocity (2) and the longitudinal velocity, which is also in agreement
with our findings in fig. S5.

Next, we infer the contribution of linear and quadratic couplings to curvature in CTs, by applying
our continuum approach to the velocity patterns of CTs in their steady-rotational state in a range of
@ from 25 to 250 um (Fig. 6C, see the fitting procedure in Theoretical Section 5 in Supplementary
Materials). Our fitting disclosed a region of the parameter space that is compatible with the
experimental measurements (Fig. 6C, and Table S1 in Theoretical Section 5 in Supplementary
Materials). In this region, the ratio |8,/8, | > 200 um is larger than the CeR thresholds (@ > 150
pm for t-CTs and @ > 100 um for f-CTs), showing that quadratic couplings are predominant for
CeR in curved CTs. Hence, we concluded that a quadratic coupling of the polarity field in the
MDCK CTs to the curvature led to the persistent CeR. Furthermore, using the parameters that fitted
best our measurements (Fig. 6C) we identified an experimental trajectory by changing R, which
traversed both the CeR and disordered phases (Fig. 6B, green line). In this regime, for sufficiently
small radius, the azimuthal velocity, set by balancing active traction forces and viscous stresses,
increases with the substrate radius. For sufficiently large radius, the reduction of the curvature field,
leads to a reduction of both the polar order parameter and the azimuthal velocity, vanishing above
a critical radius (Fig. 6C). This is in agreement with the experimental data that describe the
curvature-velocity relationship (Fig. 3C).

Moreover, we studied how the orientation of actin fibrils couples to curvature in MDCK CTs. To
describe the average orientation of actin fibrils, we used a director field 7. Besides, we consider
that actin fibrils exhibit a nematic order, i.e., our theoretical description is invariant under inversions
i - —n and |fi] = 1. Then, the previous theoretical approach was extended by including couplings
between the director field 71, the polarity field p and the substrate curvature. We found that the
equilibrium uniform states are determined as the minimum of an effective free-energy density that
generalizes Eq. (1) (see Theoretical Section 6 in Supplementary Materials). To infer the nature of
the curvature couplings that determined actin network organization in MDCK CTs, we compared
the equilibrium uniform orientation patterns of 7 to the experimental case. In our experiments, the
orientation of actin fibrils was found, on average, in the longitudinal direction for t-CTs (concave)
and in the azimuthal direction for f-CTs (convex) in a range of @ = 25 — 100 um (Fig. 4A and B).
This observation indicates that linear couplings between the curvature and the director field 7 are
predominant for the organization of actin networks because they change sign with curvature (i.e.,
concave (negative) to convex (positive)). This analysis suggests that such linear curvature couplings
could arise from different microscopic mechanisms, such as direct interactions between the
substrate curvature and the actin fibrils, or indirect interactions mediated by cell polarity markers
like cryptic lamellipodia (see Theoretical Section 6 in Supplementary Materials).
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Discussion

3D tissue rotation is an interesting phenomenon where a cohort of cells without a free front line a
quadric surface and collectively rotate around an axis. However, even CeR happens in tissues of
explicit curvatures, the relationship between CeR and tissue geometries remains largely unexplored.
Using in vitro 3D tissue rotational models, we expand the repertoire of CeR beyond current
negatively curved epithelial models. We highlight the robustness of CeR on both concavely and
convexly curved substrates regardless of apicobasal polarity and cytoskeleton networks. Our
experimental findings are well captured by a theoretical approach based on active-polar-fluid (Fig.
6) where cell polarity, velocity and actin filaments are coupled quadratically or linearly to the tissue
curvatures. Our discoveries have important implications for our understanding of in vitro and in
vivo tissue behaviors in complex geometrical conditions, concerning front-rear cell polarity,
collective cell migration and long-range actomyosin order.

First of all, it is intriguing to find that CTs with completely different oriented actin networks
demonstrate much alike collective rotational migration. This could indicate mechanical stresses are
transmitted in different directions in t-CTs and f-CTs, leading to anisotropic tension in tissues.
Given the fact that actin filaments link to both CCJs and FAs, complex crosstalk between cell-cell
and cell-substrate may determine the distribution of different actin filaments and tension in the
curved tissues. The negative curvature may favor the formation of CCJ-associated actin filaments
while the convex geometry could promote the growth of conventional ventral actin SFs with both
ends attached to FAs. The comparison of our active-polar-gel description to experiments on MDCK
CTs suggests that the organization of actin filaments could be explained by two different linear
curvature couplings. To further identify the nature of the mechanism, one could study the cross-
correlations between the orientation of actin filaments and cell migration on substrates with more
complex curvature patterns, such as undulated stripes, or examine their spatiotemporal fluctuations
int-CTs and f-CTs for a fixed diameter. Nevertheless, CeR emerges regardless of the different actin
networks and potentially distinct anisotropic tissue tension distributions. Thus, an intuitive
implication could be that CeR is a state minimizing shear in epithelia whose migratory direction
does not necessarily align with principal stress direction in tissue as 2D collective migration (29).
Such a mismatch between collective movement and the principal stress direction has been reported
in human mammary gland organoids. In these situations, rigid body rotation of nascent alveoli
occurs before circumferential tension in the tissue overrides axial one as well as cell repolarization
in the azimuthal direction (6). In our case, helical migration due to the combination of CeR and
longitudinal expansion emerges in both non-confluent t-CTs and f-CTs, where there is a clear [-
axial stress. In addition, reduction of mechanical stress in CTs by Y-27 treatment does not block
CeR. These findings are in line with the notion that CeR could emerge regardless of different
actomyosin and CCJ organizations that promote tension anisotropy.

Nevertheless, the underlying principles and factors that trigger collective polarity for CeR remain
unclear. Cellular protrusions seem to be important and cells tend to protrude on substrates where
they could well attach. Whereas in our TFM measurement on t-CTs, we find an abrupt decrease in
traction Ty. Such an observation reveals a transition in cell-substrate interactions from a chaotic
status without defined collective movement to CeR. This may suggest that maintaining CeR does
not require strong cell-substrate interactions. Before the CeR onset, cells in the tissue might be
grouped into separate clusters that constantly interact with their neighboring cells. This allows long-
range force transmission via cytoskeleton and cell-cell adhesions across the entire clusters (16, 39).
The kymographs of Ty and T, before CeR (Fig. 21) then demonstrate regional traction distributions.
These regional resultant forces could be either positive or negative and thus, the measurement of
the average T (Fig. 2H, 0 — 15 h) shows large fluctuations with time. Once CeR emerges as a state
that may minimize shear (29), Ty mitigates throughout the entire t-CT with unchanged T, resulting
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in a reduced T (Fig. 2H, 15 — 40 h). This finding may be explained by a possible redistribution of
forces from cell-substrate towards cell-cell contacts to promote coordinated motion. Of note, though
similar, the decrease in Ty value is less significant in rotating f-CTs. We speculate that the reduction
in cell-substrate traction at the onset of CeR could lead to a competition between the active
contractility and the bending elasticity of the azimuthally aligned actin filaments (20) in f-CTs. The
bent actin filaments may still require strong cell-substrate adhesion even after the CeR onset.
Whereas this scenario does not exist in t-CTs, where the longitudinally aligned actin filaments are
not bent. Thus, actin bending in -CTs may require strong and stable cell-substrate interactions.
Altogether, these results indicate different and indirect roles of varying actomyosin networks in
CeRs could exist and how these networks are established and maintained deserve further
investigation.

A recent study reveals the existence of immobile actin SFs in Drosophila and their role in promoting
parallel cell trajectories during collective rotational migration (18). The authors propose a
treadmilling behavior that enables SFs to persist in a moving epithelium. This model may resemble
the CeR in positively curved f-CTs but we notice that the follicular epithelium in Drosophila egg
chamber is negatively bent and has an inverted apicobasal polarity. The stationary, azimuthally
aligned actin filaments in f-CTs may indeed undergo treadmilling by adding new adhesions and
actomyosin segments at their fronts. However, our paxillin staining did not reveal multiple
adhesions along the actin filaments (fig. S10) and our results show they could connect to adherens
junctions. Furthermore, in t-CTs where the actin filaments are aligned perpendicular to CeR
direction, cells’ trajectories were also mostly in parallel (Fig. 2B). Thus, our results suggest that at
least in MDCK epithelia, cells could keep their parallel trajectories without the support of aligned
actin networks while the role of SFs could not be entirely ruled out. As the immobile actin filaments
in t-CTs have to be disassembled and give space to an incoming cell, it is impossible for such [-
axial filaments to undergo front-rear treadmilling. Instead, they may slide along the CCJs over time,
a phenomenon that is recently discovered in apical SFs in developing epithelial tissues (61). It is
then of high interest to carefully investigate the lifetimes as well as the nucleation and disassembly
mechanisms of both [- and a-axial actin in the follow-up studies. A scrutinization of the evolution
of CCJs and their connections with these oriented actomyosin networks could also provide
important information about epithelial organization during CeR. In this work, partial perturbation
of CCJs by E-cad KO does not fully block CeR in small CTs but results in notable reductions in
CeR event percentages and |V,|. This could be attributed to a significant decrease in velocity
correlation length. Interestingly, such a change in epithelial properties may correspond to a
downwards shifting of the experimental trajectory (green line) on the y-axis in the phase diagram
of Fig. 6B, i.e., to regions where the CeR thresholds are smaller. Further perturbation of CCJs
(MDCK cadherin double KO and a-catenin KD) leads to the blockage of CeR in all situations and
random motions in Vy and V, even at a high confluence, highlighting the essential role of CCJ
stability in CeR.

Our combined experimental and theoretical approach proposes a framework to understand the
emergence of collective cell dynamics on cylindrical curvatures. Altogether, this work presents a
reductionist experimental approach and biophysical modeling to explore CeR in both concavely
and convexly curved epithelia. Interestingly, the reverse organization between actin structures and
junctional complexes in microtubes and on microfibers demonstrates that molecular functional
components can adapt to geometrical constraints to favor similar behaviors at the multicellular level.
We anticipate that these versatile functional structures may help cells to navigate their environment.
Our model enables future investigations into rotating tissues of different actomyosin networks,
apicobasal polarity and actin-CCJ interactions, thus offering opportunities to shed light on the
functional link between tissue mechanics and tissue development.
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Materials and Methods

All experiments were conducted according to the regulations of the French legislation and European
Union guidelines. Approval by an ethics committee is not required for experiments using MDCK
cell lines.

Live imaging on zebrafish embryos

Zebrafish Tg(cldnb:lynEGFP) transgenic lines (gift from D. Gilmour) (62) were raised at 28°C and
kept under standard laboratory conditions according to European Union guidelines for the handling
of laboratory animals. The use of zebrafish was approved by the Comité d’Ethique pour
I’Expérimentation Animale and the Direction Sanitaire et Vétérinaire de I’Hérault (CRBM aquatic
facility, C-34-172-39). Embryos were staged according to hours post-fertilization (hpf). One cell
stage embryos were injected with 100 pg of H2B-mcherry mRNA. Capped mRNA were
synthesized with the mMessage mMachine SP6 in vitro transcription kit (Ambion- Thermo Fisher)
using PCS2 + H2B-mcherry (gift from Philipp Keller; Addgene plasmid #99265;
https://www.addgene.org/99265/) as template. Before live imaging, 24hpf zebrafish embryos were
manually sorted on the basis of their fluorescence and dechorionated. 1-Phenyl-2-thiourea (PTU,
Sigma) was then used to remove pigmentation according to standard protocols. For live imaging,
embryos are anesthetized with tricaine methanesulfonate (MS222, Sigma, 0.2 mg/mL) until larvae
are motionless and non-responsive to a touch stimulus. Embryos were then mounted in 1% low-
melting agarose containing in E3 medium on 8-well microscopy slides (lbidi). Additional
tricaine/E3 is added to fill the culture dish. Timelapse imaging of the pronephros was acquired
using a spinning disk microscope driven by Fusion software: Inverted Nikon microscope coupled
to a Dragonfly Andor spinning disk, EMCCD iXon888 Life Andor, 40x Apo/ 1.15 NA /WD 0.6
mm / water. Images were recorded every 5 minutes (z stack of 1um interval) between 34 and 51
hpf. Image processing (cropping, rotation, drift correction, brightness and contrast adjustment) were
performed with Fiji or Imaris (Bitplane) software.

MDCK cell culture

MDCK-WT (Madin-Darby canine kidney wild type) cells, MDCK-histone 1-GFP (stable cell line
transfected with histone 1-GFP, H1-GFP), MDCK-LifeAct-GFP (stable cell line transfected with
LifeAct GFP, binding to actin filaments), MDCK-PBD-YFP (stable cell line expressing YFP-
tagged p21-binding domain probe of activated Racl and Cdc42, kindly provided by Fernando
Martin-Belmonte, Universidad Autonoma de Madrid), MDCK-Myosin-11-RFP (stable cell line
transfected with Myosin-11-RFP), MDCK Ecad-KO, MDCK double cadherin KO and MDCK a-
cat KD were cultured in complete DMEM medium (Life Technologies), supplemented with 10%
fetal bovine serum and 1% penicillin/streptomycin). All cells were cultured at 37°C and 5% CO2
conditions.

Generation of MDCK cadherin double KO cell line

MDCK E-cadherin (encoded by CDH1) and cadherin-6 (encoded by CDH6) double KO stable cells
were generated from MDCK E-cadherin KO (38) using a pair of CRISPR-Cas9 plasmids (Addgene
48138 and Addgene 62988). The 2 following gRNA sequences were used:
CACCGGGGATATACAGGCCACCAAG and CACCGGTTGTGTATAGTATCCTACA. Around
5 million cells were electroporated (Neon Transfection System Invitrogen) with 10 pg of plasmid
in one pulse of 20ms and at 1,650 V. Twenty-four hours later, cells were selected by adding
2 pg ml-1 puromycin in the culture media. Twenty-four hours later, GFP-positive single cells were
sorted in 96 well plates by flow cytometry using an Influx 500 sorter-analyser (BD BioSciences).
The clonal populations were then selected based on the absence of [-catenin by
immunofluorescence staining. The absence of cadherin-6 in the clones generated was confirmed by
western blot analysis of protein extracts (fig. S13).
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Western blot

Proteins for MDCK cells were extracted using lysis buffer (100mM Tris7.5 + 150mM NaCl + 0.5%
NP40 + 10% Glycérol + 0.5% Triton) containing 1X protease inhibitor cocktail (Roche) and 1X
phosphatase inhibitor (Phosphostop, Roche). Protein (20 pg) was loaded onto NuPage 4—12% Bis-
Tris gel using a mini gel tank and dry transferred using an iBlot transfer system (Invitrogen). Non-
specific sites were blocked using 5% non-fat dry milk in 0.1% PBS Tween. Primary antibodies
(GAPDH from ThermoFisher Scientific, ref mA5-15738 or cadherin-6 from Cell Signaling, ref
48111) were diluted in PBS Tween at 1:1000 and the blots were incubated overnight on a shaker at
4 °C. The blots were then washed 3-4 times for 10 min each in PBS 0.1% Tween and incubated with
either HRP linked (Pierce) or Dylight 800 (ThermoFisher Scientific) linked secondary antibodies
at 1:10 000 for 2 hours. The blots were then washed three times with PBS 0.1% Tween or TBST for
10 min each. The blots were then revealed using CHEMIDOC MP (BioRad) using Super West
Femto (34095 Thermo Scientific) or chemiluminescence.

Culture of Matrigel-embedded MDCK cysts and ducts

To culture MDCK cysts and ducts within Matrigel (Corning, #734-1100) we adopted and adjusted
methods described previously (31, 63). Briefly, detached MDCK H1-GFP cells (10* cells/ml) were
suspended with 50% Matrigel (diluted in complete DMEM medium) by repetitive pipetting. Drops
(100 ul) of cell-Matrigel mixture were transferred to a precooled glass-bottom Petri dish
(Fluorodish™, Cat#: FD35-100) and incubated at 37 °C for 1 h for gel polymerization. The cell-
Matrigel drops were then overlaid with 3 ml of complete DMEM medium for long-term culture.
The medium was changed every 2 days. Typically, MDCK cysts and ducts developed after culturing
for 6 days and fluorescent microscopy imaging was performed between 7 and 10 days after cell
seeding.

Microfabrication of elastomeric microtubes and microfibers

Microtubes were fabricated inside polydimethylsiloxane (PDMS) blocks as described previously
(21). Briefly, smooth copper or platinum wires (Goodfellow SARL) of different diameters were
aligned in parallel 1 — 2 um above a silicon wafer (1 x 1 cm?) using a precise stage (64) that could
control the positions of each wire. A fresh mixture of silicone elastomer base and silicone elastomer
curing agent (Sylgard 184, DOWSIL™ 10:1 by weight) was poured on the silicon wafer to cover
the metal wires. The entire setup was then left at room temperature for 24h for PDMS
polymerization. After the polymerization, the metal wire was pulled out during a sonication process
in an acetone solution, forming parallel microtubes in a PDMS block. As-fabricated PDMS blocks
were then heated up to 80 °C in an oven for 30 min to remove any acetone remnant. The PDMS
blocks containing straight, parallel microtubes were later cut in a direction perpendicular to the
microtubes into small pieces of ~0.5 — 1 mm (this is also the length of the microtubes) in the width.
These small pieces were then stuck to a glass-bottom petridish (Fluorodish™, Cat#: FD35-100) for
protein functionalization. The two openings of the microtubes allowed efficient diffusion of
medium throughout, avoiding creation of a biochemical gradient inside the microtubes.

To fabricate PDMS microfibers, freshly mixed silicone elastomer base and curing agent
(Sylgard 184, DOWSIL™, 10:1 by weight) were left at room temperature for about 10 h to allow
viscosity of the mixture to increase. PDMS microfibers of different sizes were then pulled out of
the viscous mixture at different speeds using 200 ul pipette tips. As-fabricated microfibers were
hanged in an 80 °C oven for 1 h for full polymerization. These microfibers were cut into pieces of
~0.5 cm in length and hanged between two glass coverslips of 170 um in thickness with a gap of
ca. 0.5 -1 mm, thus avoiding cells on the microfibers getting into contact with the substrate. The
whole set-up was then stuck to a glass-bottom petridish (Fluorodish™, Cat#: FD35-100) for protein
functionalization.
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Following the similar procedures as above, soft silicon microtubes and microfibers were made
from a mixture of silicon gels 52-276 A and B (Dow Corning) at a ratio of 5:6. The curing time for
this soft polymer is 30 — 60 min at room temperature, following by a 1-h baking at 80 °C.

To facilitate cell adhesion, PDMS microtubes and microfibers were first treated with oxygen
plasma for 5 min using a plasma cleaner (P/N PDC-002-HPCE, HARRICK PLASMA). Soft silicon
microtubes/fibers were exposed to UV in a UVO-Cleaner (Jelight company, Inc, model 342-220)
for 2 min. All the elastomeric microtubes/fibers were then coated with fibronectin (Sigma-Aldrich)
by soaking into a fibronectin solution of 50 ug/ml overnight at 4 °C. These cylindrical scaffolds
were thoroughly rinsed with 1 x PBS before cell seeding.

Formation of MDCK epithelial cylindrical tissues
To form MDCK t-CTs, MDCK cells were seeded right outside both openings of elastomeric
microtubes and let migrate into the microtubes freely until confluence. Before the confluence,
MDCK cohorts inside microtubes formed advancing, non-confluent t-CTs. It normally took 2 — 3
days to form confluent t-CTs and a complete DMEM medium containing 10 pM mitomycin c
(Sigma-Aldrich) was added for 1 h to block cell division (collective rotation in CTs could also be
observed without the treatment of mitomycin c, but blocking mitosis significantly increased the
percentage of rotation). As-formed t-CTs were washed and immersed with/in fresh DMEM medium
and mounted on a confocal microscope (Zeiss, LSM 780 or LSM 980) for 3D live-cell imaging.
MDCK f-CTs were formed in a similar way by seeding MDCK cells right next to both ends of
elastomeric microfibers and let them to migrate onto the microfibers freely until confluence. As-
formed f-CTs were also treated with 10 uM mitomycin c¢ 1 h to block mitosis and enhance CeR.

Life-cell imaging of collective rotation in MDCK CTs and drug treatment

Samples of MDCK CTs were mounted on a confocal microscope (Zeiss, LSM 780 or LSM 980)
and z-stacks (0.5 — 1 um per Z step) covering the whole volume of MDCK CTs were recorded at
10 min/frame with either 25x, 40x or 63x objectives. Alternatively, MDCK CTs were imaged at
10 min/frame with a Biostation IM-Q (Nikon) using a 10 x objectives with multiple focal planes to
cover the entire MDCK CTs. To facilitate cell tracking, H1-GFP MDCKSs or MDCKSs expressing
LifeAct GFP or YFP-PBD or MDCK-Myosin-11-RFP were used. Otherwise, nuclei in MDCK WT,
Ecad-KO, cadherin double KO, or a-catenin KD cells were stained with NUCLEAR-ID® Blue
DNA Dye (Enzo, ENZ-CHM103-0200) by mixing 1 pL of the dye in ImL DMEM medium. 3D
time-lapse videos were recorded over a period ranging from 12 to 72 h. During imaging, drug
treatment to rotating MDCK CTs was performed. Drugs were added during the course of imaging
to allow continuous observations of the effects for 10 — 20 h. Similarly, washout of drugs using
fresh pre-warmed complete DMEM medium was recorded by continuous live-cell imaging that
lasted for 10 — 30 h after. To inhibit Rac-1 activity, cells were treated with 100 uM 262954982
(MERCK Millipore, Cat#: CAS 1090893-12-1). For Ca?*-dependent adhesions disruption, EGTA
(Sigma Aldrich) was added to make a final concentration of 2.5 mM during experiments and left to
react for at least 20h. To inhibit cell contractility, ROCK inhibitor Y-27632 (Sigma Aldrich, Y0503)
was added to DMEM medium to make a final concentration of 10 — 25 pM.

Immunofluorescent staining of MDCK CTs and confocal microscopy

Before cell fixation, live-cell imaging of MDCK CTs was performed using a Biostation IM-Q
(Nikon) to spot collective cell rotation in CTs. The rotating CTs were then immediately fixed with
4% paraformaldehyde for 20 min, permeabilized with 0.1% Triton X-100 for 10 min while shaking
and blocked in a solution of 3% BSA for 2h. Antibodies and Phalloidin were diluted in a 3% BSA
solution. Actin cytoskeleton was visualized after staining with either Alexa-488 (Invitrogen,
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A12379, 1:250), Alexa-568 (Invitrogen, A12380, 1:250) or Alexa-647 (Invitrogen, A22287, 1:25)
labeled Phalloidin for 2 h. For staining a- or f-catenin, samples were incubated with a primary
antibody against either a-catenin, raised in rabbit (1:100, Sigma) or primary antibody against j3-
catenin, raised in rabbit (1:100, Sigma). For staining apical side of MDCK CTs, samples were
incubated with a primary antibody against GP-135, raised in mouse (1:100, DSHB). All samples
were incubated overnight with primary antibody solutions at 4°C, while shaking. The next day a
washing procedure of 3x10 min using 1x PBS was applied to wash away the extra primary
antibodies. Cells were then stained with 1:50-200 dilutions of secondary antibodies (Invitrogen)
and Hoechst 33342 (Life Technologies, H3570, 1:1000). Samples were mounted with anti-
bleaching medium (Vector Laboratories, H-1000) and z-stacks of MDCK CTs were acquired on a
confocal microscope (Zeiss LSM710 or LSM780) using a 40x or a 25x oil or a 63% water objectives
at 0.5to 1 um per stack.

Traction force microscopy

Traction force microscopy (16, 41) was performed to examine traction exerted by MDCK CTs on
cylindrical substrates. In brief, soft silicon microtubes and microfibers were coated with a layer of
red-fluorescent carvoxylate-modified microbeads (Invitrogen, F8810) by silanizing the surfaces
using a 10% solution of (3-Aminopropyl)triethoxysilane (Sigma Aldrich, A3648) in 100% ethanol
for 15 min. The microbeads-laden soft silicon microtubes and microfibers were later coated with
fibronectin by direct incubation at a concentration of 50 pg /ml overnight at 4°C. MDCK cells were
then allowed to form epithelial CTs on these soft cylindrical substrates. Live-cell imaging was
performed on these samples to record bead displacement and CeR simultaneously. At the end of
the video, 500 ul of 10% SDS were added in the medium to remove cells in order to obtain reference
positions of the microbeads. The displacement of microbeads relative to the reference positions was
tracked using PIVIab with a Particle Imaging Velocimetry (PIV) interrogation window size of 16
x 16 pixels and an overlap of 50%. We then obtained traction forces of rotating CTs from bead
displacements using a Fiji plugin FTTC (65) with a regularization parameter of 9 x 10°°.

To determine the elasticity of Matrigel and soft silicon, AFM measurements were performed
on a JPK NanoWizard Il AFM that was mounted on a Zeiss Axio Observer.Z1 optical microscope.
Before the measurement, Bruker MLCT-SPH-5UM DC colloidal probes with a tip radius of 5.5 pm
were calibrated according to the SNAP method. Force-mapping covering 90 um? arrays of 8 x 8
force curves was performed on the samples. Tip velocity was set to 2 um/s and force threshold to
10 nN. Data were recorded using the JPK 6.3.43 version, and analyzed with Hertz model using the
corresponding data processing software. Gel elasticities are presented as the mean + S.E.M in the
results.

Image analysis

To convert 3D z-stack images of MDCK CTs into 2D projections, we used a Fiji macro described
previously (64). In brief, background subtraction was performed to reduce signal-to-noise ratio.
The z-stack images were then re-sliced to project the xz-plane for the circular cross-section of
MDCK CTs. After, a circle was fit to the circumference of the t-/f-CTs and their perimeters were
mapped into to a line, which was straightened and re-sliced again to obtain a 2D projection of
virtually opened t-/f-CTs. The circumferences of MDCK CTs became the new azimuthal (a-) axis
and the length became the new longitudinal (I-) axis.

For analysis of cell velocity, we performed P1V mapping with PIVIab (a tool implemented using
Matlab R2020) on the obtained 2D time-lapse projections of MDCK H1-GFP 3D movies (21, 64).
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Nuclei movements were used to match those of the cells. Interrogation windows of 64 x 64 and 32
x 32 pixels with a 50% overlapping were applied. Outlier vectors in the acquired mapping were
manually removed and a local standard deviation filter was used. With these settings, we calculated

the velocity components in the longitudinal (Vz) and azimuthal (VTg) directions and the velocity
correlation length, & was calculated using a formula described previously (66).

To analyze actin filaments/p-catenin finger alignment in MDCK CTs, we calculated orientation
of each filament/finger using OrientationJ (67), a plugin of Fiji. Similarly, we manually lined out
cell peripheries in rotating CTs, applied an ellipsoidal fit and measured their orientations using
OrientationJ. The obtained data were plotted with rose diagrams using Matlab R2020.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism (version 7.00) or Microsoft Excel. All P
values were derived from Student’s t-tests comparing two groups using unpaired two-tailed analysis
with Welch’s correction or paired two-tailed t-tests, unless otherwise noted. Error bars denote the
s.d. Statistical significance was defined as P< 0.05 with regard to the null hypothesis. (26, 68-83)
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Fig. 1. Whole-tissue collective rotation in 3D concave cylindrical epithelia. (A) Images of a
histone 1-GFP (H1-GFP) MDCK duct inside Matrigel at different z-positions. Left: view from top,
right: cross-sectional view, revealing hollow lumen inside the structure. H1-GFP nuclei are colored
in blue, actin (phalloidin) in red and collagen type IV in green. (B) Time-lapsed images showing
the circumferential rotation of the MDCK duct from (A). Single-cell trajectories are shown as
varying colored lines. Red arrow indicates rotational direction. (C) Schematic representation of a

confluent MDCK tubular cylindrical tissue (t-CT) with collective movements with longitudinal (VZ)

and azimuthal (V,) velocities. The symbols were used to match the conventional terminology to
describe a cylindrical system. (D) Graphs (top panel) and kymographs (bottom panel) displaying
the average velocities (V) of the MDCK duct from (A) in azimuthal and longitudinal directions as
a function of time. V is calculated using particle imaging velocimetry (PIV) analysis. The graphs
then plot the average azimuthal and longitudinal component of V for each time point, reflecting the

average movement of the whole duct. The kymographs demonstrate spatial average VT; and VZ along
the [ -axis for every time point for entire observation period, thus showing spatiotemporal
distribution of local velocities. (E) Representative 3D reconstructed images of an MDCK t-CT with
@ =100 um. Actin, red and nuclei, green (H-1 GFP). White arrows show either V, or V. (F) Graphs
representing counts of clockwise and counter-clockwise rotating t-CTs of varying diameters. (G)
Graphs representing average nucleus angular displacements of t-CTs with different sizes. Each line
in each graph represents a t-CT. (H) Graph showing the percentage of CeR events observed in t-
CTs of different diameters (n = 11-29 for each condition). Scale bars, 50um.

Manuscript Template Page 24 of 30



1118
1119

1120
1121
1122
1123

1124
1125

B Rotation—

Longitudinal axis (/)
Time (h)

251 D
= i
~ %9 %0 § 301
£ %y =] 120
= 154 , 5 =
g Y B T T 2 20 ° o 5o —Or
= B2 o670 ° 1 - = 1 ® ol®
S 10 Z%g oJ;’o o® 5 s 3 O%Q 4% WF 604 OJG‘? e @
= = @ ole
5 ) Ic) 104 ® @ ® OSBO ®
s g |t 1% °
0 - - : - T 0 - . . T - 0 : : : . ;
25 50 745 100 150 25 50 75 100 150 25 50 75 100 150

Microtube @ (um) Microtube @ (um) Microtube @ (um)

Azimuthal CeR startsi»

Azimuthal CeR starts;» Longitudinal 20

F CeR startsi» Longitudinal G CeR starts;—»
2 ; ] i~ |

10

I
=
l-ax

V (um/h)
o
3
g
o
(ywr) A

»
160 4
Time (h)

CeR starts;»

Azimuthal CeR starts;—»

Longitudinal

N
o
o

okl

™

A
Hw
4k ‘] E

b

o
o

W
' ]

o
(ed) uonoes|

=
o
S

‘ Y

-200

Time (h)

0 10 20 30

400
Time (h)

10 20

30 40

Fig. 2. Characteristics of epithelial tissue rotation inside microtubes. (A) Transform of a 3D t-
CT into a 2D projection for analysis. The azimuthal and longitudinal velocity vectors are shown in
red. Scale bar, 20 um. (B) Cropped time-lapse 2D projections of rotating H1-GFP MDCK t-CT of
different sizes. Tracking individual cell nuclei shows cell trajectories as parallel colored lines. Scale
bars, 50um. (C) — (E) Graphs showing absolute average azimuthal velocities (|Vg[) (C), CeR
duration (D) and VT; correlation length (&) (E) in different t-CTs (n = 3-10 for each condition). Data
presented as individual values with mean £ s.d. (F) and (G) Representative graphs (F) and
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kymographs (G) showing average velocity of a t-CT with @ = 75 um in azimuthal and longitudinal
direction and spatial distribution along [-axis as a function of time. (H) Graph presenting the
average traction force (T — black line) applied by a t-CT of @ = 75 um together with average Vjp
(blue line) evolving with time. (I) Kymographs showing spatial distribution of average traction
from (H) exerted azimuthally (Ty) or longitudinally (T,) along l-axis as a function of time. In (F) —
(1), vertical black dash lines and red arrows denote onset of CeR.
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Fig. 3. Convex CTs show collective cell rotation. (A) Representative 3D reconstructed images of

H1-GFP MDCK cells on @ = 100 pum PDMS microfiber (marked by teal) showing a convexly

curved f-CT. Actin, red and nuclei, green (H1-GFP). White arrows show either Vg or VZ Scale bar,
50 um. (B) Graph displaying CeR duration of different t-CTs (aqua) and f-CTs (red). Data presented
as individual values with mean + s.d. (C) Graph showing |V,| of different t-CTs (aqua) and f-CTs
(red). Data presented as mean = s.d. n = 5-10 (t-CTs) and n = 3-8 (f-CTs) for each diameter. (D)
Graph presenting the average magnitude of traction (black line) applied by an f-CT ona @ =75 um
soft silicone fiber together with average azimuthal velocity (blue line) as a function of time. (E)
Kymographs showing time-evolving average Ty and T, from (D) along [-axis. In (D) and (E),
vertical black dash lines and red arrows indicate onset of CeR.
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Fig. 4. Different organizations of actin cytoskeleton and cell-cell junction according to tissue
curvatures. (A) Representative 3D reconstructed images of rotating MDCK t-CTs and f-CTs
showing large-scale long-range basal actin filaments orienting in different directions. Actin, red
and E-cadherin, green. (B) Rose diagrams of actin filament orientation in CTs of varying diameters
(n =13 -75). (C) 2D projections of a t-CT (top panel) and a f-CT (bottom panel) showing detail
features of cell-cell junctions (CCJs) in different orientations. White arrows indicate actin filaments
overlapping with B-catenin fingers. Magenta dash boxes indicate zoom-in regions. Rose diagrams
on the right showing orientation of B-catenin fingers at CCJs (n = 88 for t-CTs and n = 65 for f-
CTs) with respect to the azimuthal axis. (D) Upper panel: schematic representation of actin
alignment and distribution of B-catenin and a-18 enriched CCJs in t-CTs and f-CTs. Actin filaments
may attach to CCJs via -catenin and substrate via focal adhesion (FA). Middle and bottom panels:
Normalized B-catenin fluorescent intensity (middle panel, n = 68 for t-CTs and n = 65 for f-CTs)
and fluorescent intensity ratio of unfolded a-catenin (a-18) over total a-catenin (bottom panel, n =
115 for t-CTs and n = 50 for f-CTs) in various oriented CCJs. The relative angles between CCJs
and CeR direction (i.e., relative to a-axis) were presented in x-axis. Data are shown as individual
values overlapped with box charts showing mean + s.d. (coef = 1 for the box and coef = 1.5 for the
whiskers). (E) 2D fluorescent projections showing organization of actin (LifeAct-GFP) in a t-CT
with @ = 100um before and after EGTA treatment. (F) Rose diagram showing actin filament
orientation in t-CTs with @ = 100um after EGTA treatment (n = 26).
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Fig. 5. Roles of cell-cell adhesions and cell polarity in rotating CTs. (A) Graphs showing EGTA
treatment ceased CeR (Vy = 0, magenta arrow) and CeR recurrence (blue arrow) after washout. (B)
Plots presenting |V,| for different rotating CTs before and after EGTA treatment (n = 4 for all cases).
(C) 2D time-lapse (15s per frame) projections demonstrating actin dynamics of at-CT (& = 100um)
expressing LifeAct-GFP during CeR. Cell periphery is drawn in red. Kymograph on the right was
obtained by re-slicing along white dash line (0 min). White arrows indicate trajectories of immobile
long-range actin filaments and blue arrows show displacement of cell front with respect to a-axis.
(D) 2D time-lapse projections demonstrating actin-based cryptic protrusion of a rotating t-CT (& =
100um) consisting of wild-type and LifeAct-GFP MDCKs. Magenta arrows denote lamellipodial
protrusions of a LifeAct-GFP-expressing cell towards a wild-type (unmarked) cell. (E) Graphs
presenting |Vy| for different rotating CTs before and after Z62 treatment (n = 6 for t-CTs and n = 3
for f-CTs). Student’s t-test, NS non-significant, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P <
0.0001. In (B) and (E), data are presented as mean * s.d. Red arrows indicate rotation direction.
Scale bars, 20um.
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Fig. 6. An active-polar-gel description for 3D collective tissue rotation and polarization. (A)
Schematic representation of cross-sectional views of a cell monolayer that lays on either the inner
(left, i.e., t-CT) or outer (right, i.e., f-CT) side of a cylindrical substrate (dark gray). Couplings linear
to the curvature (B;) distinguish between both configurations, whereas couplings quadratic to the
curvature (f,) do not. The free-energy density f is given by Eq. (1). We use the convention that
R < 0 for microtubes (t-CT) and R > 0 for microfibers (f-CT). In this framework, z and & denote
the longitudinal direction and the azimuthal direction of the cylindrical substrate. (B) Phase diagram
of steady-state uniform solutions as a function of the rescaled substrate radius Ry,/f; and the
effective parameter —f, x,/B2. The two solutions (separated by the black parabola) correspond to
a disordered phase and a collective rotating phase (indicated by magenta slash shaded area). In our
experiments, we sample the x-axis of the phase-diagram by varying the radius of micro-tubes/-
fibers, R. The parameter region that fits best the experimental velocity curves from (C) is indicated
by the green line parallel to the x-axis. To sample the y-axis, one can alter intrinsic epithelial
properties, such as enhancing/weakening cell-cell adhesions and cell-substrate adhesion. (C) Graph
showing azimuthal velocity as a function of CT’s diameter. The circular aqua and triangular red
dots correspond to the experimental measurements of the azimuthal velocity from (Fig. 3C). The
dark curves and shaded aqua/red areas represent the mean * s.d. of the azimuthal velocity given by
Eq. (2) for the subset of parameters that satisfies € < 1.1&,,,, being & the error function given by
Eqg. (S29) in Theoretical Section 5 in Supplementary Materials and &,,, the absolute minimum.
Parameters 8, = 3, = 0.

Supplementary Materials

Supplementary Materials for this article is available at https://science.org.
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SECTION 1: PHYSICAL DESCRIPTION OF AN ACTIVE POLAR FLUID

MDCK cell monolayers are described as a 2d active polar fluid with a polarization field p,
and a velocity field v,, representing the average cell polarization and the average cell velocity,
respectively. We consider that the system forms a steady-state disordered phase with p, = 0 and
vanishing average velocity v, = 0 in the absence of drivings.

Previous work studied the effects of couplings between the extrinsic curvature and an orienta-
tional order on the steady-state evolution of passive liquid crystals [70-76]. This work was extended
to active liquid crystals for different types of geometries like planar, cylindrical, toroidal or spheri-
cal shells, and different types of orientational order that were described by either a director vector
field or a nematic tensor field [26, 77-81]. The previous studies focused on the effects of quadratic
couplings between the extrinsic curvature and the orientational order parameter. Unlike to linear
couplings, quadratic couplings do not differentiate between convexity/concavity of the embedding
geometry. Even though linear couplings are allowed by the symmetries of some biological systems,
like apico-basal polarity in cells, their effects in active liquid crystal have been only studied re-
cently for the case of stripes with curvature in the transverse direction [82]. Here, we will study the
steady-state patterns generated via the interplay between polar traction forces and linear /quadratic
couplings between the extrinsic curvature and the orientational order on a cylindrical geometry.

To describe the effects of the substrate curvature, we consider that the extrinsic curvature tensor
Cap behaves as an external field, which is coupled to p,. The effective free-energy density of our

system reads

7= [ i | (X;’W X ) + T (03, (@307) + ) (€ o) +fé?><eaﬁ,pa>) da.

(s1)
The first three terms in Eq. (S1) correspond to the Landau-Ginzburg free-energy density in the one-
constant approximation [83]. The coefficients x2 and y4 are typical Landau-Ginzburg parameters,
and K is a Frank elastic modulus associated with distortions of the polarization field. Specifically,
the first and second terms in Eq. (S1) penalise configurations with a finite local order (i.e. pypy # 0),
and the third term penalises configurations with spatial gradients of the polarization field. The
third term in the free-energy density is computed by taking 3D derivatives in cylindrical coordinates
of dgpy and subsequently, summing over repeated indices. Because the analysis is restricted to
cylindrical geometries and the director field is enforced to remain parallel to the surface, this term
takes the expression derived in Refs. [70, 71] for a cylindrical shell. For a general discussion on the

thin-film limit of this term in liquid crystal surfaces with arbitrary shapes, we refer to Ref. [84]. The



fourth and fifth terms depend explicitly on the geometry of the substrate through the extrinsic
curvature tensor C,g. The functional fg) includes terms linear in C,g, whereas fg ) includes
quadratic terms in C,g. The third term in the free-energy density can also lead to quadratic
couplings between the orientational order and the extrinsic curvature, [70, 71]. Importantly, the
sign of the curvature tensor depends on whether the system sits on the inner or outer face of the
substrate. Therefore, the functional fg) changes sign upon changing the face of the substrate that
the system sits on, whereas fé?) does not.

Symmetry requires that fél) in Eq. (S1) takes the form

B B
fé’l) = ?leaﬁpﬁpa + ?lefy'ypapom (82)
. @)
and, similarly, f~~ reads
2)  B21 BZ,l B2,2 32,2
fé'): B Ga’yeaﬁpﬁp’y"i' B Gaﬁeaﬁp7p7+ B vaeaﬁpﬁpa+ 5 Gaaeﬁﬁp’yp’y- (83)

The coarse-grained interactions between cells and the underlying substrate are described by four
terms: a linear viscous-like friction force (~ v, ) with friction coefficient £, an active polar traction
force (~ Topa) with amplitude Tp, and two active nematic traction forces with amplitudes As and A,
corresponding to splay and bend deformation of the polarization field. Thereby, in the overdamped

limit, momentum conservation equation reduces to

650'35 = &Vo — Topa + )\spaaﬁpﬁ + )\bpﬁaﬁpou (84)

where the total stress tensor agﬁ can be decomposed in two terms Ugﬁ = Ugﬁ + 04g, the first term
being the Ericksen stress tensor of; and the second term being the deviatoric stress tensor oqg

[83]. The Ericksen stress tensor reads

of

——————0apy = —Pdog — KOgp~Oap~, S5
a(aﬁp’y) vy B BP 2 ( )

where P corresponds to the pressure field, and f the effective free-energy density given by Eq. (S1).

Keeping a one-viscosity description, the deviatoric stress tensor o,g takes the form

1% 1
Tag = 2NVas — CAupaps + 3 (Pahs + pgha) + 3 (Pahs — pgha) (S6)

where va3 = (0qvg + 0gvq)/2 is the symmetric part of the velocity gradient tensor and h, is the
molecular field defined as the functional derivative of F with respect to ps, ha = —0F /0ps. The
coefficient Ap is the chemical potential difference of an out-of-equilibrium reaction, such as the

ATP hydrolysis in cells, which renders the system active. From left to right, the terms of 0,3 are:



viscous stresses with a shear viscosity 7, anisotropic active stresses proportional to ¢ (¢ > 0 for
extensile materials), nemato-elastic stresses with transport coefficients v, and the asymmetric part
of the deviatoric stress tensor [57, 58].

We consider that our system is incompressible
dyvy =0, (S7)

consequently the pressure P in Eq. (S5) acts as a Lagrange multiplier to ensure that the density

field remains constant. Finally, the dynamics of the polarization field reads

h
OiPa + 1308Pa + wWapps = 7@ + Aps0spa — VVapDp (S8)

where wag = (0avg — 03vq)/2 is the antisymmetric part of the velocity gradient tensor, v is a rota-
tional viscosity, A is an active transport coefficient and v is the so-called flow-aligning parameter.
The term proportional to A exists only in polar systems. The sign of the transport coefficient v
is not fixed by thermodynamical principles, and in the context of liquid crystals this coefficient
depends, for instance, on the aspect ratio of the constituting particle shape, being v < —1 for
rod-like particles and v > 1 for disk-like particles. For more details about the derivation of the

constitutive equations, we defer the reader to Refs. [57, 58].

SECTION 2: ACTIVE POLAR FLUID EMBEDDED ON A CYLINDRICAL SHELL

In this section, we apply the physical description that was presented in Section 1 to a cylindrical
substrate of radius R, Fig. S17. We consider that the physical fields are independent of the
azimuthal coordinate # as well as independent of the longitudinal coordinate z, except for the
pressure field P.

The uniform polarization field takes the form p = pgé + p. 2, where 0 and 2 are unit vectors
along the circular cross-section of the cylinder (i.e. azimuthal direction) and along its long axis
(i.e. longitudinal direction), respectively. The normal direction to the cylinder surface is the radial
direction 7. Hence, py and p, are the components of the polarization field in each of the in-plane
directions. Note that since we are looking for the onset of polarity parallel to the cylindrical surface,
naturally p, = 0. Similarly, the uniform velocity field is expressed as v = Ugé + v, 2.

Under these approximations, the free-energy density f given by Eq. (S1) reduces to

f = <X2 LB Pt has +B2’2> (03 +92) + 22 (0 + 1) + (61 g Kt P +52’2>p3 (S9)

2 2R 2R? 4 2R 2R?



FIG. S17: Schematic drawing of two cell monolayers (light green), laying on either the outer side of a
cylindrical substrate (dark gray) in a or its inner side in b. The radius of the substrate is R. z and 6

correspond to the longitudinal coordinate and azimuthal angle, respectively.

where the only non-vanishing component of the curvature tensor is Co = (1/R)f ® 6 and of the
polarization gradient tensor is Jnpg = (—ps/ R)é ® 7. For convenience, we redefine the parameters
as follows: 32’1 + 32’2 — By, and K + B21 + P22 — B2. Note that depending on whether the cell
monolayer is inside microtubes or on fibers, the curvature tensor changes from Cpy = —1/R for
microtubes to Cpp = 1/R for fibers. For convenience, we allow R to change sign to account for the
curvature change between microtubes and fibers, and use the convention that R > 0 for fibers and
R < 0 for microtubes. This way, the linear curvature couplings fg ) change sign upon changing
the face of the substrate that the system sits on, whereas the quadratic curvature couplings fé?)
do not.

In this case, the components of the molecular field are expressed as

0F Br+B, | Bat By 2, 2
h = —-—— = — — ]_
0 50 (Xz T T T )P (pg + p2) Po (S10)
6‘? Bl BQ 2 2
hz = - = - =y =y z > z 11
5 <X2+R+R2 p-— x4 (Pg +12)p (S11)

The non-vanishing components of the total stress tensor 03/3 given by Egs. (S5) and (S6) read

ol, = —P, (S12a)
Trg = g = —n%’, (S12b)
p2

gy = —CAupj + vpehg — P — Q{ng, (S12c)
v 1

0h, = —CAup.py + 5 (pzhe + poh=) + 3 (Poh> — pzhg), (S12d)
v 1

oty = —CAup.py + 5 (pzho + pohz) — 3 (pohz — pzha) (S12e)

ol = —CApp* +vp.h. — P, (S12f)



where the only non-vanishing component of the velocity gradient tensor is d,vs = (—vg/ R)é ® 7.

The incompressibility condition (S7) is satisfied by uniform velocity fields (i.e. v, = cte) and reads
9.0, = 0. (S13)
The dynamic equations for the polarization field given by Egs. (S8) reduces to

8tp9 = h@a (8143“)

8tpz = hz (Sl4b)

Note that in our case, the term proportional to A in Eq. (S8) gives a contribution in the radial
direction (i.e. A\pgdspa = (—Api/R)7). Consequently, this term does not influence the dynamics
of the in-plane components of the polarization field.

Finally, Eqgs. (S4) reduces to force balance in the direction 0

ob + ot Vg
87"0-57’|7"ZR + % = —NpH5 = SUG - T0p97 (815)

where the term 9,0}, |,—r = 17% gives a contribution due to the explicit dependence on the cylinder

radius R, as well as, force balance in the direction 2
—0,P = v, — Typ,. (S16)

Note that in our case, the terms proportional to As and A, in Eq. (S4) read A\;poOgps = 0 and
Aopg0spa = (—)\bpg /R)T, respectively. The latter can yield forces normal to the cylinder surface,

so that these terms do not influence the transition that we discuss here.

SECTION 3: EQUILIBRIUM UNIFORM SOLUTIONS

In the following, we study the equilibrium uniform solutions for the polarization field.

The free-energy density of our system given by Eq. (S9) for a uniform field reads

= (gt am) e+ (patam )l G e
The equilibrium uniform solutions for the polarization field correspond to the minimum of
Eq. (S17), being either an azimuthal ordered phase with both p, = 0 and py # 0, or an longitudinal
ordered phase with both p, # 0 and py = 0, or a disordered phase with p, = py = 0. Such solutions
satisfy hyg = h, = 0 in Eqgs. (S10). To simplify notation, we denote A = x2 + 3;/R + B5/R?, and

B = p1/R+ B2/ R?.



In the following, we study the stability of each of these solutions. Expanding Eq. (S17) within

a neighbourhood of each uniform solution, one obtains for an azimuthal ordered phase

(vy)” :

f= (A+8B)= == (A+38)(p —p9)° - @% + Os(p-, (ps — PY)); (S18)

where pj = +£1/—(A + B) /x4, and for an longitudinal ordered phase

F= A% 2 =) + 3% 1 040, (b 1) (819)
- A b — D, 9 3\Po, Pz —Pz)),

where p? = 4./~ /x4, and finally for a disordered phase

2 2
f = (A+8B)% + 25 + Os(p.. o), (S20)
where O3 denotes third-order corrections.

As shown in Fig. S18, each solution is stable in a different domain of the parameter space.
Specifically, an azimuthal ordered phase is stable when both A + B < 0, and B < 0, according
to Eq. (S18). An longitudinal ordered phase is stable when both A < 0, and B > 0, according
to Eq. (S19). Finally, a disordered phase is stable when both A + 3 > 0, and A > 0, according
to Eq. (520). Note that in the absence of couplings between the polarization and the curvature

tensor, B, A > 0 as x2 > 0 and K > 0, hence the disordered phase is linearly stable.

1A

-1+

FIG. S18: Phase diagram of equilibrium uniform phases as a function of the parameters A = y» + 3,/R +
By/R? and B = B1/R + B2/R?. The solid lines delimit the boundaries between each stability region of
equilibrium phases: blue A 4+ B = 0, pink A = 0, and green B = 0. The equilibrium phases are labelled as:

AzO for an azimuthal ordered phase, LO for an longitudinal ordered phase and D for a disordered phase.

The stability of equilibrium uniform solutions depend on the geometry of the substrate R,

as well as the side of the substrate that the system sits on. To understand how the substrate



geometry can influence the solution’s stability, we restrict the following discussion to a parameter
space wherein A > 0 for any value of R. This parameter regime guarantees that only a transition
between an azimuthal ordered phases and a disordered phase could occur, and it can be achieved
by, for instance, assuming that 3; = By = 0 as x2 > 0, which we assume hereon. Under this

simplification, the transition occurs whenever A + B = 0, resulting in two different critical radii

Rixa/B1 = (=14 /1 —4Bax2/B})/2, (S21)
R2x2/B1 = (=1 — /1 —4Bax2/B})/2. (S22)

1

For convenience, we define the rescaled radius » = Rx2/f1, and the rescaled critical radius r, =

Rlxs and r2 = R%y,.
If B2 < 0, there exists two real critical radius r! and r2, Fig. 5 in the main text, whereat

A + B = 0 in Fig. S18. For a radius r > r} or r < r2, the disordered phase with p, = py = 0 is
1

favoured. For 72 < r < rl,

substrate curvature aligns the polarization in the azimuthal direction

that is p, = 0 and py = £P, that reads

o= \/— <X2+%+222) /xa- (523)

If B3 > 0, one can have two different scenarios, Fig. 5 in the main text. The first scenario is

obtained when both r < 0, and 5% > 489x2. In this case, there exist two positive critical radii, .
and 72, for which a transition between a disordered and an azimuthal ordered phase occurs. For
r > rlor r < 72, the disordered phase with p, = py = 0 is dominant. For r? < r < 7!, a phase
with an azimuthal alignment p, = 0 and py = £ is dominant, where & is given by Eq. (S23). In
the second scenario, when r < 0, and 32 < 48322 or r > 0, the dominant phase is disordered.

To gain further insights into the influence of the linear curvature-polarization couplings in the
free-energy density (S1) on the solution’s stability, let us consider the limiting case whereby fél)
given by Eq. (S2) vanishes. Following the same reasoning as above, if 82 < 0, both critical radius
have the same absolute value |R}| = |R?|. This means that the transition between a disordered
and an azimuthal ordered phase occurs for the same radius |R| on both sides of the substrate.
If B2 > 0, no real critical radii exists and the system forms a disordered phase regardless of the
substrate radius R. Therefore, linear curvature-polarization couplings (S2) are crucial to establish
an asymmetry between the critical radii for the transition on both sides of the substrate.

Similarly, to gain further insights into the influence of the quadratic curvature-polarization
couplings in the free-energy density (S1) on the solution’s stability, let us consider the limiting

case whereby fg) given by Eq. (S2) vanishes. As o = K > 0 can only be positive, the disordered
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phase is dominant regardless of R on, at least, one of the two sides of the substrate. Therefore,
quadratic curvature-polarization couplings (S3) are crucial to sustain an azimuthal ordered phase
over a range of radii R on both sides of the substrate.

In conclusion, depending on the sign of (s, we predict two distinct scenarios: first, an active
polar fluid that on one side of the substrate, could either form an azimuthal ordered phase at
intermediate substrate radii R or a disordered phase regardless of the values of R, while on the
other side of the substrate it forms a disordered phase regardless of R. Second, an active polar
fluid forming an azimuthal ordered phase for R smaller than a critical radius that depends on the

side of the substrate on which the system sits.

SECTION 4: STEADY-STATE DYNAMICS OF UNIFORM SOLUTIONS

In the following, we study the stress and velocity patterns of the uniform solutions for the
polarization field from Section 3.

The equilibrium uniform solutions for the polarization field can be stable to fluctuations in
the absence of activity or specific boundaries, see Section 3. In the geometry we consider, our
active polar fluid includes, however, two active contributions controlled by the parameters: (Apu
corresponding to the amplitude of the anisotropic active stresses, and Tj corresponding to the
amplitude of the traction forces. It is expected that for sufficiently large values of (A, the uniform
ordered solutions of the polarization field become unstable to linear fluctuations, as reported in
other contexts by many authors [85]. A detailed analysis of the influence of (A on the stability of
our uniform solutions falls beyond the scope of this manuscript. However, it is important to note
that due to the substrate geometry and the coupling terms fél) and fg) given by Egs. (S2)-(S3),
the rotational symmetry of the system is broken. In this case, global rotations of the polarization
field are linearly stable for small enough activity. Here, we assume that the uniform solutions for
the polarization field that were found in the previous section are stable over the range of radii R
under study.

The longitudinal component of the velocity field v, is obtained by solving Eq. (S13) and reads
v, =V, (S24)

where V' is an integration constant that is set by boundary conditions. For a uniform azimuthal

ordered phase, according to Eq. (S16), we predict that the pressure field P is a linear function of
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the longitudinal coordinate
P—PFPy=—-¢Vz, (S25)

where Py is an integration constant. Note that a non-vanishing v, requires different boundary con-
ditions on each end of the cylindrical surface, such as in the presence of a leading edge. Otherwise,
v, = 0 and P = Py, and only azimuthal motion could be observed.

In this case, from Eq. (S15), one obtains for the azimuthal component of the velocity field

To

Y et n/R?

P, (S26)

where @ is given by Eq. (S23).

For a uniform disordered phase, the velocity field vg vanishes, see Eq. (S15).

As shown in Fig. 5 in the main text, the azimuthal velocity vg exhibits a non-monotonic depen-
dence on the substrate radius R. Normalising the velocity amplitude by the factor Tj \/m /€
and the substrate radii by x = —Rx2//31, one obtains that the azimuthal velocity given by Eq. (S26)
depends on two dimensionless parameters: a3 = —B2x2/8%, and ag = nx3/£4%. The dimensionelss

azimuthal velocity takes the form

1 oq 1
=t/ —+ - —1. S27
ve 1+ ag/x? m2+x (527)

The existence of this velocity is linked to the region of stability of the azimuthal ordered phase,
which is discussed in the above section.

Thus we find that for an infinite cylindrical surface, we expect pure azimuthal rotation, whereas
in the presence of boundaries, such as a leading edge, we expect helical migration. The latter
results from the combination of the longitudinal velocity induced by the leading edge, and the

azimuthal velocity resulting from curvature-induced symmetry breaking.

SECTION 5: FITTING PROCEDURE ON THE VELOCITY PATTERNS

In the following, we detail the procedure for computing the fitting parameters from the experi-
mental curves of the azimuthal component of the velocity field as a function of the substrate radius
R for MDCK cell monolayers.

As MDCK cells, in both microtubes and fibers, exhibit collective rotation along the azimuthal
direction for radii smaller than a critical value, we consider that 82 < 0 (see Section 3). As shown

in Section 4, the theoretical curve for the azimuthal velocity reads

_TO\/XQ/X4\/_ <1+/81_ |ﬁ2| >7 (828)

- &+n/R? 2R x2R?

Vo
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FIG. S19: Region of the parameter space whereby the error function & given by Eq. (S29) is at most 10%

larger than the absolute minimum error &,,;,. panel a shows a cross-section of the parameter space on

the plane |81 /x2|-\/n/&, panel b on |Ba|/x2-1/1/&, and panel ¢ on Ty\/x2/x4/7-182|/x2- The parameters
By = By = 0 and the unit of length was set to 100 um, and the unit of velocity to 1 um/h.

where we can identify four distinct parameters: a velocity scale V = To\/M/f, a friction
length L, = \/% , and two coupling parameters between the polarization field and the substrate
curvature ¢; = [1/x2, and c2 = |B2|/x2. Remember that according to our convention, we allow
R to change sign to account for the curvature change between microtubes and fibers, and use the
convention that R > 0 for fibers and R < 0 for microtubes.

For a given set of the fitting parameters (V, Ly, ¢1,¢2), we compute the error function

&= D 1" (R) — vl (829)

#exp
where vy is given by Eq. (S28), and v, (R) corresponds to the experimental value of the azimuthal
velocity for a given radii R in either microtubes or fibers. The sum in Eq. (S29) runs over all
experimental values, namely MDCK monolayers on microtubes and fibers in a range of substrate
diameters 2|R| from 25 pym to 250 um (see Methods). For substrate diameter 2|R| > 150 pm in
microtubes and 2|R| > 100 pm in fibers, collective rotation is not found to be the dominant phase,
and we consider that the v, (R) = 0 for these values of R.

We compute the error function & in the parameter space (V, Ly, c1,ca) = (1071,108) x
(1072,10%) x (1073,10) x (1072,10%), where the units of length were set to 100 ym, and the units
of velocity to 1 pm/h. We search for the absolute minimum &,,;, of the error function over the
parameter space (V, Ly, c1, c2). Fig. S19 shows the subset of the previous parameter space whereby
the error function & < 1.1%&,,. Our analysis disclosed a single region of the parameter space that
is compatible with the experimental measurements. Fig. 5 in the main text shows the comparison

in both microtubes and fibers between the experimental profiles of the azimuthal velocity v;xp (R)
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Parameter Definition Mean+SD

V/L2 = To\/x2/xa/n Ratio between velocity scale and friction length squared 0.0064 + 0.0007 1/(pm h)
L, =+/n/¢ Friction Length > 40 pm

|81/ x2] Linear coupling between the polarization field 21 £ 8 pm

and the substrate curvature
Ba2/X2 Quadratic coupling between the polarization field —6000 + 1000 pm?

and the substrate curvature

TABLE S1: Estimation of material parameters for an active polar fluid. 8;/x2R is positive for fibers. The

error bars correspond to the SD in the region of the parameter space that satisfies 8§ < 1.1 * &1,

as a function of the radii R, and the theoretical fits of vy for the optimal parameter region.

Table S1 contains the average and standard deviation of the fitting parameters in the region of
parameters from Fig. S19. We find that the lower bound of the friction length L, is compatible
to that found in MDCK monolayers spreading on flat surfaces [56]. Both coupling parameters
(51, B2) between the polarization field and the substrate curvature are finite. (3/x2 < 0 showing
that the effect of substrate curvature are dominant compared to the elastic deformations of the
polarization field associated with the Frank constant K. We found that the ratio |82/81| > 200 pum
is larger than the typical threshold of collective rotation in microtubes and fibers, 2|R| > 150 ym
and 2|R| > 100 pm respectively, showing that quadratic couplings are predominant for collective

rotation in cylindrical MDCK monolayers.

SECTION 6: GENERALISATION WITH TWO ORIENTATIONAL ORDERED FIELDS

In experiments, the orientation of actin fibrils was found on average in the longitudinal direc-
tion for microtubes, and in the azimuthal direction for fibers, see Fig. 4 in the main text. Such
organisation contrasts with the average direction of collective rotation, which is in the azimuthal
direction for both microtubes and fibers, see Fig. 2 and 3 in the main text. In the following, we
discuss steady-state patterns made of two coupled orientational ordered fields in a liquid crystal
on a cylindrical surface and show that one can understand these experimental observations.

Actin fibrils exhibit a clear nematic order, which contrasts with the polar order corresponding
to the azimuthal motion of cell monolayers. Hence, we consider a liquid crystal with two coupled
orientational ordered fields: a polarization field p corresponding to the spontaneous motion and

a director field n corresponding to the actin fibrils. This means that the physical description
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is invariant to n — —n but is not invariant to p — —p. A convenient way for discussing the

orientation patterns for an azimuthally moving system consists in writing an effective free-energy

density:
K
5= [ sda= [ (Lo, + X000 + 5 0)(030,) + 1 Copp) + 1 (Capra)
A A B
X K
Sty 5 (8amy) (9my) + he (Cagyna) + Y (Cag, na) + g5 (b5, 1a)
+ g}()iz) (Gaﬁapﬁa na) + gﬁ) (Gaﬁa bg, na)) da, (SSO)

where we assumed a one-constant approximation for both fields [83]. In view of the fact that in ex-
periments, the orientational order of actin fibrils is well developed, we consider that [n| = 1. In this
case, the parameter yo acts as a Lagrange multiplier. Additionally, we consider that both orienta-
tional fields p and n are uniform. In the previous free-energy density, the term K /2(9sn-)(9sn-)
is computed in a similar way to the term K /2(dsp-)(0spy) as it was explained in Section 1.

The first two coupling functions fél) and fé?) are given by Egs. (S2)-(S3). The other coupling

functions read

) = %ewnﬂna, (S31)
2 = P 5 Can Cagngny + %Gweaﬁnﬁna (S32)
9;()93 = %papﬁnﬁnm (S33)
91(7111) = %Gaﬁpapvnvnﬁ + %Gaﬁpvpv”anﬁ + %Gwpapﬁnanﬂ (S34)
9;(;721) = )‘;’1 CapCappspynsny + %Gagemsp,gpyn(gny + %Gagea(;pvpvnﬂng

+ )\;’7 CosCs5Papynyng + %Galg&gpypvnang + %Gwc)ggpapgnanﬁ. (S35)

We restrict ourselves to couplings that are compatible with the symmetries of the system and at
most of second order in either p, n, or the extrinsic curvature tensor C.
To simplify the discussion, we consider directly the experimental case, where p = PO as dis-

cussed in Section 3. Then, the effective free energy density f given by Eq. (S30) reduces to

fo %@2 N %@4 N %WQ N %@2 N K+ B2, +B22}é2+ B2.2 +BQ’2@2 N Qﬁ%ng
K+ 524];2+ Ba2 n2 & A;,l Pl + A2 + 21]:? + A4 P
n A2l + Aga + /\2,52-];2)\2,7 + A2g + Aoy P2, (S36)
which can be recast as
f= ?@2 + %@4 + G+§D‘@2n§ + cte, (S37)
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where the effective parameters A, B, C, and D depend on the material parameters of Egs. (S36) and
the substrate radius R. The third term is the only one that influences the orientation field n. The
steady-state solution for n can be obtained by minimising the effective free-energy density (S37).

Recall, that according to our convention, we allow R to change sign to account for the curvature
change between microtubes and fibers, and use the convention that R > 0 for fibers and R < 0
for microtubes. This effect can change both the amplitude of the polarization field p given by &
and the linear couplings with the extrinsic curvature tensor C,g in a microtube and in a fiber. To
denote the values of the effective parameters on microtubes and fibers, we use from now on, the
superscript, t and f, respectively.

As actin-fibril networks orient in the longitudinal direction for microtubes, Fig. 4 in the main
text, this implies that 0 < C* + D!(P*)2. Whereas as actin-fibril networks orient in the azimuthal
direction for fibers, Fig. 4 in the main text, this implies that 0 > Cf + D7 (»7)2. Rearranging these

conditions leads us to
0 <l -l + 2P — DI (P2, (S38)

The inequality (S38) can only be satisfied in the regime where the dominant coupling terms are
those linearly proportional to the extrinsic curvature tensor Cog in Eq. (S37). Indeed, let us
neglect such terms in Eq. (S37). In this case, the effective parameters are independent on the
side of the substrate that the system sits on, meaning that ¢! = ¢/ and @' (#")? = D/ (P/)2,
and the inequality (S38) is unfulfilled. Therefore, the experimental actin-fibril organisation for
microtubes and fibers shows that the steady-state orientation patterns of such actin organisations
are dominated by couplings that are linearly proportional to the extrinsic curvature tensor.

Note that the theoretical analysis suggests that such linear couplings could arise from two dif-
ferent microscopical mechanisms. For instance, they could result from direct interactions between
the curvature and actin fibrils through the effective couplings included in C; or they could result
from indirect interactions between the curvature and actin fibrils mediated by cell polarization

markers like cryptic lamellipodia through the effective couplings included in @.




Figures S1 to S16
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Fig. S1.

(A) and (B) Images at different z-positions of a histone 1-GFP (HI-GFP) MDCK spherical cyst
(A) and two tubular MDCK ducts (B) of different diameters (@Js) grown inside Matrigel, stained
for actin filaments (red). H1-GFP nuclei are colored in blue. From left to right, the bottom, middle
and top views of the 3D tissues are shown. Scale bars, 50 pm. (C) Time-lapsed images of a rotating
spherical H1-GFP MDCK acinus. Single cell trajectories are portrayed with varying color lines for
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each cell. Scale bar, 50 um. (D) Graph showing the duration of collective epithelial rotation (CeR)
in MDCK ducts (» = 10) and acini (n = 14), from 3 independent experiments. (E) Graph showing
angular variation of rotational axes over time relative to x-axis in a representative MDCK duct
(orange line) and acinus (blue line). (F) Snapshot image of a time-lapse movie showing the distal
pronephric tubule of a transgenic Tg(cldnb:lynEGFP) embryo. Cells of the pronephric tubule
express a membrane-bound GFP and H2B-mcherry in nuclei. Zoom-in region highlighted by
magenta dash box is shown in (G). Scale bar, 20um. (G) Cropped region (magenta dash box in
(F)) from (F) highlighting part of the tubule in which cells rotate in azimuthal direction (indicated
by red arrow) during tubule elongation at approximately 35 hours post-fertilization (hpf). Single
cell trajectories are portrayed with varying color lines. Cells outside the tubule are indicated by
white and yellow lines while cells inside the tubule are indicated by other colors. Cells outside
have longitudinal-aligned trajectories. In contrast, the trajectories for cells of the tubule show
features of a helical movement, resulting from the superposition of azimuthal rotation and
longitudinal displacement. Scale bar, 10 um. (H) Absolute values of average single cell azimuthal
velocities (Vy) in rotating zebrafish pronephric tubules (red, n» = 11), MDCK ducts in Matrigel
(blue, n = 13) and MDCK tubular cylindrical tissues (#-CTs) inside PDMS microtubes (green, n =
19) of similar size (@ =20 — 25 um). Data are presented as individual values with mean =+ s.d.
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Cross-section

Fig. S2.

(A) Schematic representation of the experimental set up to form in vitro MDCK ¢-CTs. Cells were
loaded in the reservoir areas and let grow inside various PDMS tubes until confluence to form #-
CTs of varying diameters. Yellow dash box indicates a typical observation region for CeR. (B) 3D
fluorescent representations of MDCK #-CTs of different diameters. Nuclei in green (H1-GFP) and
actin in red. Scale bars, 50 um. (C) Representative fluorescent image of a confluent MDCK #-CTs
with @ =75 pm, stained for apical marker — Gp135 (green), actin (red) and DAPI (blue). The white
dashed lines mark inner borders of PDMS tube. Zoom-in image highlighted by the magenta
dashed-box is shown at the lower part of the image. Scale bar, 20um.
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MDCK {-CT on PLL coated microtube
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Fig. S3.
Representative graphs (A) and kymographs (B) showing average velocities (V) of a MDCK HI-
GFP #-CT in azimuthal and longitudinal directions as a function of time. The -CT grows in a PLL-
coated PDMS microtube of @ = 75 um. V is calculated using particle imaging velocimetry (PIV)
analysis. The graphs then plot the average azimuthal and longitudinal component of V for each
time point (A), reflecting the average movement of the whole #CT. The kymographs (B)
demonstrate spatial average azimuthal, V—g and longitudinal, VZ velocities along the [-axis for every
time point for entire observation period, thus showing spatiotemporal distribution of local
velocities.
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Fig. S4.

(A) Representative cropped snapshots of particle imaging velocimetry (PIV) analysis performed
on 2D projections of H1-GFP MDCK #CTs of various diameters. Green arrows show local
velocity direction. Scale bars, 20um. (B) Representative examples of kymographs showing PIV-

calculated spatial average V; along [-axis as a function of time for different /~-CTs. The color code
indicates overall average Vy peaks at @ =100 pm.
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Fig. S5.

(A) Schematic representation of collective helical migration inside a non-confluent PDMS
microtube with an advancing MDCK #-CT. (B) Representative snapshot of PIV analysis on a 2D
projection of a HI-GFP MDCK #-CT of @ = 50 um showing features of helical movement. Green
arrows map the velocity field. (C) Graph (top) and kymograph (bottom) showing spatiotemporal
average azimuthal velocity (Vy) of the advancing #-CT in (B) evolving with time. Black dash line
indicates the start time point of the collective helical movement. (D) Representative single cell
trajectories in the advancing #-CT in (B) showing cell displacement in both a- and [-axes, a feature
of collective helical migration. Cell trajectories were determined by tracking displacement of H1-
GFP nuclei.
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(A) Representative cropped snapshot of PIV analysis on a 2D projection of a @ = 75um H1-GFP
MDCK #CT where two neighboring cell groups engage in opposite azimuthal movements. Red
dash box indicates the cell group rotating towards the right and blue dash box indicates the cell
group rotating towards the left. Scale bar, S0um. (B) Graphs (top panel) and kymographs (bottom
panel) showing spatiotemporal average azimuthal and longitudinal velocities of the -CT in (A).
The azimuthal velocity kymograph shows that as time passes, the cohort rotating towards the left
prevails and the whole #-CT rotates uniformly in one direction.
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Fig. S7.

(A) Schematic representation of the experimental set up to form in vitro MDCK CTs on PDMS
microfibers (/~-CTs). Cells were loaded in the reservoir areas and let grow on various PDMS fibers
until confluence to form convexly curved f-CTs of varying diameters. (B) 3D fluorescent
representations of H1-GFP MDCK f-CTs of different diameters. Actin, red and nuclei, green. Scale
bars, 50pum. (C) A cross-sectional fluorescent image of a confluent MDCK f~CT of @ = 75 pm,
stained for apical marker — Gp135 (green), actin (red) and DAPI (blue). The white dashed lines
denote the borders of PDMS microfiber (marked as teal area). Zoom-in image highlighted by
magenta dashed-box is shown at the lower part of the image. Scale bar, 20pm. (D) Time-lapse 2D
projections of a HI-GFP MDCK f-CT rotating on a @ = 100 pm PDMS microfiber. Tracking
individual cell nuclei shows cell trajectories as parallel colored lines. Scale bar, 20 um. (E) Graph
showing counts of clockwise and counter-clockwise rotating f~CTs of varying @s. (F) Graph
presenting percentage of CeR events observed in f~-CTs of different diameters (n = 4-9 for each
condition).
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MDCK f-CT on PLL coated microfiber
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Fig. S8.
(A) and (B) Representative graphs (A) and kymographs (B) (like fig. S3) showing average velocity
of a HI-GFP MDCK f-CT in azimuthal and longitudinal directions and spatial distribution along

[-axis as a function of time. The f~CT grows on a PLL-coated PDMS microfiber of @ = 75 pm.
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Fig. S9.

(A) 2D time-lapse projections of a MDCK #-CT (@ = 50um) expressing Myosin IIA-RFP showing
alignment of actomyosin network is perpendicular to its CeR direction. Cell periphery is marked
by red line. (B) 2D projection of a MDCK #-CT (@ = 100um) expressing LifeAct-GFP presenting
longitudinally aligned actin filaments in a Matrigel-coated PDMS microtube. (C) and (D) Rose
diagrams showing actin filament alignment in #-CTs (@ = 75 and 100um, n = 18) inside Matrigel-
coated PDMS microtubes (C) and in Matrigel-grown MDCK ducts ((D), @ =20 — 75um, n = 183).
The angle between actin filaments and the azimuthal axis was calculated. (E) Rose diagrams
presenting cell orientation in different CTs. An ellipsoidal fit to cell shape was performed and cell
orientation is the relative angle between the major ellipsoid axis and the azimuthal axis (n = 19 —
211 for each condition).
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Rotation direction —jm—

Paxillin

MDCK t-CT MDCK f-CT

Fig. S10.

Fluorescent images showing paxillin (green) and actin (red) in rotating MDCK ¢-CT and f-CT.
White arrowheads mark paxillin staining. Scale bars, 10 um.
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Normalized E-cadherin fluorescent intensity in CClJs of different orientations (relative to the CeR
direction, i.e., a-axis) in #-CTs and f~CTs. The relative angles between CClJs and VT; were presented
in x-axis (left panel, n = 66 and right panel, n = 65). Data are shown as individual values overlapped
with box charts showing mean + s.d. (coef = 1 for the box and coef = 1.5 for the whiskers).
Student’s t-test, NS non-significant.
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Fig. S12.

(A) Immunofluorescence staining of B-catenin, along with (B) representative western blot for
cadherin-6 (cat-6) in MDCK E-cad KO and MDCK E-cad&cadherin-6 double KO cells.
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(A) Column graph presenting percentage of CeR events observed in E-cad KO #-CTs and f~CTs of
different diameters. n = 19 — 24 for each diameter. (B) Graph showing |Vy| of different E-cad KO
t-CTs and f~CTs. n = 3 — 5 for each diameter. In (A) and (B), values are mean =+ s.d. (C) and (D)
Representative graphs (C) and kymographs (D) (like fig. S3) showing average velocity of a MDCK
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distribution along /-axis as a function of time. (E) and (F) Similar representative graphs and
kymographs for a MDCK E-cad KO f~CT with @ = 50 pm as (C) and (D).
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MDCK cadherin double KO #-CT
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MDCK cadherin double KO f-CT

20 Azimuthal Longitudinal
10
N
€ o w‘v”"‘w"“r’&‘-“v'”“w“!wn MVV.NAW Myt i
g i v
2 "WW""VW vy
-1 0 4+ 4
-20! n n " L " . "
0 10 20 30 40 0 10 20 30 40
Time (h)
Azimuthal

40 pm

y “ ‘vlu

| |" ‘1’:‘" | I

Vo o
F

AR 1

20

% A

o
(y/wrl) A

-20

(A) and (B) Representative graphs (A) and kymographs (B) (like fig. S3) showing average velocity
of a MDCK cadherin double KO #-CT with @ = 75 um in azimuthal and longitudinal direction, as
well as spatial distribution along /-axis as a function of time. (C) and (D) Similar representative
graphs and kymographs for a MDCK cadherin double KO f~CT with @ = 50 um as (A) and (B).
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Fig. S15.

(A) and (B) Representative graphs (A) and kymographs (B) (like fig. S3) showing average velocity
of a MDCK a-catenin knock-down (KD) #-CT with @ = 75 um in azimuthal and longitudinal
direction, as well as spatial distribution along /-axis as a function of time. (C) and (D) Similar

representative graphs and kymographs for a MDCK a-catenin knock-down f~CT with @ = 50 um
as (A) and (B).
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Rotation direction - MDCK YFP-PBD ¢-CT
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Fig. S16.

2D time-lapse projections of MDCK expressing YFP-PBD in rotating -CT (@ = 50 um) and f~CT
(@ = 50 um). PBD signal intensity is displayed in fire color code. Orange arrows indicate the
direction of protrusions. Scale bars, 20 um. Red arrows indicate CeR direction.
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Movies S1 to S14

Movie S1.
Persistent collective rotation in MDCK acini. Scale bar, 50 pm.

Movie S2.
Persistent collective rotation in a MDCK duct.

Movie S3.

Helical movement in an elongating pronephric tubule expressing a membrane-bound GFP and

H2B-mcherry in nuclei. Cell trajectories are portrayed with varying color lines. Scale bar, 10 um.

Movie S4.

Persisting collective rotation in a H1-GFP MDCK tubular cylindrical tissue (t-CT). Scale bar, 50

um.

Movie S5.

Particle imaging velocimetry mapping of collective rotation in a H1-GFP MDCK t-CT (2D
projection). Scale bar, 50 um.

Movie S6.
Helical movement of an advancing H1-GFP MDCK t-CT. Scale bar, 50 pm.

Movie S7.
Particle imaging velocimetry mapping of evolution of a H1-GFP MDCK t-CT with two
adjacent groups of cells rotating in opposite directions. Scale bar, 50 pum.

Movie S8.

Traction force microscopy measurement of a rotating H1-GFP MDCK t-CT in a soft silicon
microtube. Scale bar, 40 um.

Movie S9.
Synchronized collective rotation in a H1-GFP MDCK cylindrical tissue on a microfiber (f-
CT). Scale bar, 50 pum.
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Movie S10.

2D projection of a rotating MDCK t-CT expressing myosin-l11A RFP showing a-axial movement
of cells with I-axial aligned actomyosin networks. Scale bar, 20 um.

Movie S11.

Y-27 treatment on rotating H1-GFP MDCK t-CT fails to halt collective rotation. Scale bar, 100
pm.

Movie S12.
Persisting collective rotation in an Ecad-KO MDCK t-CT expressing LifeAct-GFP. Scale bar,
50 pm.

Movie S13.

Radom cell movement in a confluent MDCK cadherin double KO t-CT. Nuclei were stained
with NUCLEAR-ID® Blue DNA Dye. Scale bar, 50 um.

Movie S14.
A rotating MDCK f-CT expressing LifeAct-GFP showing persistent a-axial actin filaments.
Scale bar, 10 um.
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