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Our understanding of the left–right (LR) asymmetry of embryonic
development, in particular the contribution of intrinsic handedness
of the cell or cell chirality, is limited due to the confounding
systematic and environmental factors during morphogenesis and a
ack of physiologically relevant in vitro 3D platforms. Here we report
an efficient two-layered biomaterial platform for determining the
chirality of individual cells, cell aggregates, and self-organized hol-
low epithelial spheroids. This bioengineered niche provides a uni-
form defined axis allowing for cells to rotate spontaneously with a
directional bias toward either clockwise or counterclockwise direc-
tions. Mechanistic studies reveal an actin-dependent, cell-intrinsic prop-
erty of 3D chirality that can be mediated by actin cross-linking via
α-actinin-1. Our findings suggest that the gradient of extracellular ma-
trix is an important biophysicochemical cue influencing cell polarity and
chirality. Engineered biomaterial systems can serve as an effective plat-
form for studying developmental asymmetry and screening for envi-
ronmental factors causing birth defects.
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Almost all vertebrates have an asymmetric body plan, a de-
viation from which often leads to severe malformations (1,

2). In recent years, increasing evidence has suggested that em-
bryonic and organ-specific left–right (LR) asymmetries, such as
hindgut and genitalia rotation in Drosophila and symmetry
breaking in pond snails (3–6), can arise from the LR bias at a
cellular level, also termed cell chirality (7, 8). In addition, this
cellular asymmetry has been demonstrated in various models,
including early asymmetry in Caenorhabditis elegans (9, 10), the
chiral properties of Xenopus egg cortex (11, 12), asymmetric dis-
tribution of chirality related proteins at the early developmental
stages of different animals (13), and migratory biases of cultured
cells in vitro (12, 14–17). However, cell chirality is poorly un-
derstood in developing embryos, despite its scientific and clinical
significance, due to complexities in imaging and molecular assays
when dealing with animal models and confounding systematic and
environmental factors that influence data explanation and hinder
mechanistic findings. Therefore, it is of great importance to es-
tablish a biomimetic system for LR symmetry breaking that truly
recapitulates 3D multicellular chiral morphogenesis.
Cell chirality is a fundamental property of the cell, and the

universality was not widely regarded until the recent use of
microfabricated 2D in vitro systems (16, 18–20), including the 2D
microcontact printing developed by us. In these systems, the cells
were confined in a narrow area that allows the cells to exhibit their
chiral biases in various formats, including cytoskeleton dynamics,
cell migration, and multicellular biased alignment. With these new
tools, cell chirality was found to be phenotype-dependent and re-
lated to the cross-linking of formin-associated actin bundles. De-
spite these advances in the understanding of cell chirality on 2D
substrates, there are concerns about whether a 2D platform can
fully mimic the 3D cellular environment in native tissue. Specifi-
cally, cells inside a 3D extracellular matrix have narrowed integrin
use, enhanced cell motility, and colocalized adhesion proteins,

activating different signaling pathways (such as Wnt) compared
with those on 2D substrates (21, 22). Indeed, 3D cell cultures are
well documented to better recapitulate the native in vivo envi-
ronment compared with 2D cell cultures, especially for epithelial
cells that are relevant for LR asymmetry in development.
In this study, we used the Madin-Darby canine kidney (MDCK)

cells, one of the most widely used epithelial cell lines seen in
various in vitro studies of tissue morphogenesis, and examined cell
chirality in a 3D environment. We quantify the chiral rotational
behavior of epithelial cells between two hydrogel layers during
their self-assembly into hollow spheroids and reveal an actin cross-
linking–dependent cytoskeletal mechanism of cellular chirality.

Results
MDCK Cells Encapsulated Between Matrigel Layers Develop into
Organized Luminal Microspheroids. To establish an in vitro 3D
system for recapitulating chiral morphogenesis of epithelial tis-
sue during embryonic development, we embedded MDCK
epithelial cells (∼6,000 cells per cm2) between two layers
of Matrigel: a base layer of 100% Matrigel and a top layer of 2%
Matrigel (Fig. 1A) (23–25). The purpose of using the bilayered
Matrigel is twofold: to create a flat interfacial plane for cell
imaging and to generate a hydrogel gradient that defines a z-axis
uniformly across the hydrogel interface, allowing for consistent
polar orientation of the cells (Fig. 1A). This configuration is
important because the direction of the z-axis must be predefined
for the cells to exhibit chirality during rotation at the interface (x-
y plane). As expected, the embedded individual cells divided and
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formed dense microtissues initially and later hollow spheroids with
a distinct lumen structure (SI Appendix, Fig. S1 A and B). Con-
focal microscopy revealed an organized architecture composed of
a monolayer of MDCK cells with a hollow lumen at the center of
the spheroid. The central lumen was developed after 5 d of culture
and remained present through day 10. On the top surface of
microspheroids, the cells exhibited a polygonal shape as indicated
by actin staining, with strong ZO-1 expression at the vertices

between cells (Fig. 1B). In the cross-section of the middle region,
stronger actin expression was observed on the apical inner surface
(Fig. 1C) and integrin β1 and laminin V on the basal outer surface,
indicating a strong apicobasal polarity (SI Appendix, Fig. S1C). In
addition, the centrosomes were located closer to the apical surface
than the nuclei, but no clear cilia structures were detected
with day 5 microspheroids (SI Appendix, Fig. S1D). Through 3D
reconstruction of confocal Z-stack images, the orderly arrange-
ment of nuclei and β1 integrin can be readily appreciated and
shows a clear directional bias (Fig. 1 D and E). In addition to the
apical surfaces, significant accumulation of actin filaments was
found between cells and on the basal surfaces of microspheroids,
especially at the bottom side where the cells interacted with the
100%Matrigel layer (SI Appendix, Fig. S2 and Movies S1 and S2),
while microtubules were distributed primarily toward the lateral
and basal surfaces of the cells (SI Appendix, Fig. S2).

MDCK Spheroids Exhibit Coordinated and Persistent Rotation That Is
Chirally Biased. We then wondered whether the behavior of these
cellular structures was chiral in nature. As observed previously, the
self-organized cells twirled together in synchronized collective
rotation (23, 24, 26) (SI Appendix, Fig. S3 and Movies S3 and S4).
We quantified the spontaneous rotation of more than 400 self-
assembled spheroids (Fig. 1F) and found that the majority (93%)
rotated coherently in-plane at the interface between hydrogel
layers. The rotation had a statistically significant bias (P = 2.4 ×
10−5), with 55% in the counterclockwise (CCW) direction and
only 38% in the clockwise (CW) direction. The bias in rotational
behavior persisted throughout cell phases and remained consistent
for >15 h (Movie S4). In contrast, when two layers of Matrigel
with the same concentration were used, >60% of the micro-
spheroids underwent out-of-plane rotation (termed complex ro-
tation), and among those rotating in the plane, there was no
directional bias (SI Appendix, Table S1). Taken together, our data
demonstrate that the self-organized microspheroids exhibited a
chiral bias in spontaneous rotation in the graded hydrogel bilayer.

Chiral Bias of Microspheroid Rotation Depends on Actin. We then
investigated whether the cell cytoskeleton determines the biased
rotation of the cellular spheroids. Previously, it was found that
patterned 2D cell chirality is dependent on actin function (16).
Therefore, we posited that functional actin plays a significant role
in 3D spheroid rotation. On day 5, after lumen formation, the
spheroids were exposed to Latrunculin A (Lat A) for 4 h before
time-lapse imaging, which disrupts actin polymerization through
sequestration of G-actin monomers and promotion of de-
polymerization (27). Lat A treatments (40–200 nM) reversed the
directional bias of MDCK microspheroids, resulting in pre-
dominantly CW rotation (Fig. 2 and Movies S5 and S6). Specifi-
cally, under 200 nM Lat A treatment, 62% of the microspheroids
rotated CW, and only 24% showed CCW directionality (P = 8.7 ×
10−6 for CW vs. CCW). Immunofluorescence imaging showed a
slightly irregular lumen structure of Lat A-treated microspheroids
with fewer actin filaments at cortical surfaces compared with the
control (SI Appendix, Fig. S4A and Movies S7 and S8). Further-
more, we examined another actin-interfering agent, cytochalasin
D, and found a similar dependence of cell chirality on actin (SI
Appendix, Fig. S5). Although the speed of rotation of micro-
spheroids decreased significantly with 200 nM Lat A treatment,
the angular speed did not show a significant difference between
CW-rotating and CCW-rotating microspheroids (SI Appendix, Fig.
S6A). In comparison, MDCK cells cultured on 2D micropatterned
rings were only slightly biased toward CCW alignment (SI Ap-
pendix, Fig. S7). However, with the Lat A treatment (25–50 nM),
the cells adopted a CW bias, similar to the microspheroids in 3D.
Concentrations >50 nM resulted in significant MDCK cell death
on 2D substrates, demonstrating a difference in cell viability be-
tween 2D and 3D. Similar to what was found on 2D (16), the

Fig. 1. Spontaneous rotation of self-organized microspheroids is chiral. (A)
Schematic depicting the 3D cell chirality assay for epithelial microspheroids.
Individual epithelial cells were embedded between a 100% Matrigel base
layer and a 2% Matrigel top layer and then allowed to proliferate and form
microspheroids containing a lumen after 5 d of culture. The spontaneous
chiral rotation of a multicellular hollow spheroid about the z-axis is defined
by the hydrogel gradient. (B) Confocal imaging of MDCK microsphere sur-
face at day 5 shows a honeycomb-like assembly of cells with ZO-1 localized
at the nodes. (C) A confocal cross-section through the middle of the
microspheroid reveals a hollow lumen. (D and E) Cell alignment along the
middle region of the microtissue coils around the structure toward the poles
at the top and the bottom of the spheroid in 3D reconstructions of confocal
imaging. (F) The microspheroids undergo spontaneous in-plane (x-y) rota-
tion, with a bias toward the CCW direction. (Scale bars: 10 μm.) **P < 0.01.
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microtubule-interfering agent nocodazole could not reverse the
chirality of 3D rotation, although it did disrupt the bias of rotation
(SI Appendix, Fig. S8). The similarity in chirality change between
2D and 3D chirality in response to drug treatment strongly sug-
gests that 3D spontaneous rotation is dictated by a mechanism
similar to 2D patterned chirality, and thus it is likely that the
driving force behind asymmetrical microspheroid rotation in 3D is
also due, at least in part, to the actin cytoskeleton.

Biased Rotation Occurs in Microtissues with Organized Architecture.
To determine whether the well-organized structure of self-
assembled multicellular microspheroids is important for asym-
metrical rotation, we formed aggregates of multiple cells. The
cells were seeded at a higher density (12,000 cells/cm2), resulting
in neighboring cells clustering together and adopting a unique
morphology, depending on the size of the aggregate (SI Appen-
dix, Fig. S9 and Movies S9–S12). A large percentage (∼60%) of
the aggregates with a spherical geometry underwent spontaneous
rotation. Aggregates that had multiple spheroids connected

together forming a “raspberry-like” morphology (SI Appendix,
Fig. S9) mostly underwent complex rotation. Some 50% of the
single-spheroid cell aggregates with >10 cells underwent in-plane
spontaneous rotation, much lower than the 90% of hollow
spheroids formed from single cells after 5 d of culture. We did
not detect a bias in rotational asymmetry in the control single-
spheroid aggregates, but there did note an increase in CW ro-
tational motion of the aggregates with disruption of actin poly-
merization with Lat A, as observed with the hollow spheroids (SI
Appendix, Fig. S9C and Movie S13). These data show that a
strong rotational chiral bias of cell aggregates can be observed
only for well-organized single-spheroid solid aggregates.

Actin-Dependent Chiral Behavior Arises from Single Cells. To de-
termine whether the chirality of multicellular structures arises
from the collective or individual cells, we investigated the rotation
of single cells embedded in the 3D bilayer Matrigel. Immunoflu-
orescence imaging clearly revealed a localization of the cell nu-
cleus toward the bottom, resulting in a teardrop-like morphology
with a more rounded shape for the lower cell body compared with
the conical top (SI Appendix, Fig. S4B and Movies S14 and S15).
We performed phase-contrast live imaging of the cells, along with
fluorescence imaging of the nuclei and Golgi apparatuses (Fig. 3
and Movies S16 and S17). Individual MDCK cells underwent
rotational motion in 3D (Fig. 3 A–C), as did the cell nuclei (Fig.
3D). Both rotations were slightly biased toward CCW. The dis-
ruption of actin polymerization produced a significant increase in
instances of CW rotation by single cells (Fig. 3 A–C). The angular
velocity of these single cells was only slightly decreased by Lat A
treatment (SI Appendix, Fig. S6C). In addition, we also examined
the single cell chirality of two other cell types, human mammary
cell line MCF 10A and mouse cardiac HL-1 cells, and found that
they are CW-biased (SI Appendix, Table S2). Taken together,
these data suggest that cells are directionally biased even at a
single cell level, and further support the idea that the collective
directional rotation of microspheroids is a product of the inherent
chirality of individual cells.
We also noted that when these single cells proliferated and

formed a two-cell system, these two-cell bodies rotated very
quickly (SI Appendix, Table S3 and Movies S18 and S19) and
exhibited a CCW bias, which can be reversed to a CW bias with
50 nM Lat A treatment. It has been previously demonstrated that
two capillary endothelial cells on 2D patterns can undergo spon-
taneous symmetry breaking, giving a unique “yin-yang” symbol
appearance, which also emerged in our 3D systems (26). Indeed,
the two-cell system moves much faster, and the rotation is much
easier to quantify, allowing for shorter-term time-lapse imaging to
determine cell chirality. Therefore, the two-cell stage provides a
good opportunity to measure the intrinsic chirality of epithelial
cells. Furthermore, the chiral behavior of the cells is dependent on
actin function consistently across 2D rings, in 3D microtissues,
bicells, and down to the single-cell level.

α-Actinin-1 Regulates the Directional Bias of Cell Rotation. Finally,
we proceeded to explore the potential cytoskeletal mechanisms
associated with the role of actin in 3D cell chirality. Several pre-
vious studies have reported that formin plays a significant role in
determining cell chirality (5, 18), and that the α-actinin cross-
linking of formin-dependent radial actin fibers can switch the di-
rectionality of actin swirling (18). Therefore, we posited that 3D
cell chirality might be affected by a similar mechanism. To test this
hypothesis, we transfected MDCK cells with pEGFP-N1 α-acti-
nin-1 and observed increases in the number and fluorescence in-
tensity of filopodia-like cell protrusions stained for actin filaments
(SI Appendix, Fig. S10 and Movies S20 and S21). The transfected
cells were embedded within the bilayer system, and live time-lapse
videos were obtained to characterize the rotation of the cells (Fig.
4). The total EGFP fluorescence intensity for individual cells

Fig. 2. The 3D rotational direction of hollow microspheroids switched from
CCW to CW under Lat A treatment. (A) The fraction of microspheroids un-
dergoing CW or CCW rotation. (B) The fraction of microspheroids un-
dergoing rotation, complex rotation, or no rotation. (C) The corresponding
table showing the number of spheroids in different modes of motion. The
boldface red numbers in C represent a statistically significant bias toward the
specific direction. *P < 0.05; **P < 0.01; ***P < 0.001.
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served as a measure of α-actinin-1 expression levels. Overall,
overexpression of α-actinin-1 in individual cells demonstrated a
CW-dominated bias, in contrast to the CCW dominance among
those transfected with control plasmids (73% CW vs. 27% CCW)
(Fig. 4 A and D). Among rotating cells, those exhibiting a CW
rotational bias had a statistically higher level of fluorescence in-
tensity for α-actinin-1 (P = 5.97 × 10−4) compared with that for
the CCW-biased cells (Fig. 4E), in which no difference in fluo-
rescence intensity was noted between CW- and CCW-rotating
cells transfected with control plasmids (Fig. 4B). Lower levels of
α-actinin-1 expression were generally correlated with a nearly
equal distribution of CW- and CCW-rotating cells, and an in-
creasing percentage of CW-rotating cells with higher levels of
α-actinin-1 (Fig. 4 C and F). In contrast, the cells transfected with
the control plasmid pEGFP-N1 did not exhibit a significant cor-
relation between fluorescence intensity and rotation directionality.
These findings indicate that the establishment of single-cell chiral
behavior in 3D can be strongly affected by the level of α-actinin-1
expression and its associated actin cross-linking.
Here we report a physiologically relevant 3D platform for

modeling epithelial chiral morphogenesis of the LR asymmetry
of embryonic development, a conserved characteristic of living
organisms that could not be easily studied until now. This plat-
form is not intended to fully simulate in vivo environments for
LR symmetry breaking, but it provides a simple yet effective
system for determining chirality and thereby provides insight into
possible regulatory mechanisms of LR asymmetry. We demon-
strate that the direction of spontaneous rotation of both self-
organized hollow cellular spheroids and individual epithelial
cells residing at the interface of two layers of Matrigel is chiral in
nature, with a CCW bias that is dependent on functional actin,
consistent with the results from 2D ring patterning (16, 28, 29).
In the newly developed 3D system, the chirality of rotational

behavior not only was observed as coordinated collective behavior
across multicellular spheroids, but also was discerned with indi-
vidual cells. Therefore, cell chirality likely arises from within the cell
before it is manifested and propagated into multicellular chiral
structures, such as microspheroids. In particular, individual cells
exhibit a clear bias in the rotation of nuclei and cells as a whole.
These findings suggest that chirality is not merely a pattern that
emerges only in collective cell migration, but a fundamental prop-
erty of the cell that depends on the chiral nature of the cytoskeleton
network, such as actin (14, 15, 18). However, we did find that or-
ganized structures such as these hollow microspheroids promote
chiral rotation compared with cell aggregates with irregular mor-
phologies, suggesting that the platform needs to control noise at
every level so that cell chirality can be observed. Otherwise, the
noise, such as cellular random walk or irregular morphology, can
easily dominate the behavior of the cells, obscuring cell chirality.
Our results also highlight the actin-dependent mechanisms

underlying chiral rotational behavior. It has been demonstrated
that the spontaneous rotation of epithelial cells is related to
actomyosin contractility (23) and regulated by actin filaments at
cellular junctions at the basal sides of the cells (30); however, the
chiral nature of the rotation has not been reported or studied
previously. In this study, we found localization of both actin fil-
aments and β1 integrin to cell–cell junctions at the basal surfaces
of the microspheres, supporting a mechanism based on traction
forces between the cells and extracellular matrix for the spon-
taneous rotation itself. Our study suggests that the chirality of
the rotation can be regulated by actin cross-linking. We found
that inhibition of actin polymerization reversed the bias rota-
tional motion in multicellular spheroids, pairs of daughter cells
(bicells), and single cells in 3D. Actin filaments are chiral
structures composed of right-handed intertwined G-actin strands
that play an important role in providing structural support to the
cell and in various motility functions (31). Actin cross-linking
proteins are vital in the dynamic process of actin assembly of

Fig. 3. The 3D rotation of individual cells is CW-biased under Lat A treat-
ment. (A) The fraction of individual cells undergoing CW or CCW rotation.
(B) The fraction of cells undergoing rotation, complex rotation, or no rota-
tion. (C) The corresponding table showing the number of cells in different
modes of motion. The boldface red numbers in C represent a statisti-
cally significant bias toward the specific direction. *P < 0.05; **P < 0.01;
***P < 0.001. (D) Overlay of live fluorescence and phase time-lapse imaging
of the cells without Lat A (blue, nuclei; red, Golgi apparatuses), with nuclear
movement tracked with green lines. (E) Corresponding phase-contrast im-
ages with the cells tracked as shown in green. (Scale bars: 20 μm.)
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bundles and the construction of 3D cytoskeletal networks (32).
Our analysis revealed that chiral rotation was regulated by the
actin-binding protein α-actinin-1. These findings are in agree-
ment with a previous study by Tee et al. (18), which reported a
similar role of α-actinin-1 on chiral actin swirling of human
foreskin fibroblasts. Therefore, although the rotation itself is
driven by actomyosin related contraction, the chiral bias is pos-
sibly regulated by parallel actin structures. This is very similar to
what was reported for 2D, in which cell migration requires ac-
tomyosin contractility, but LR directional biases relate to other
actin structures, such as actin bundles or filopodia-like structures
(14, 18). Our findings highlight cytoskeletal mechanisms in the
LR bias of 3D epithelial rotational motion.
Actin-related mechanisms have been reported for LR asym-

metry in development. In the Xenopus embryo, actin-interfering
agents have been shown to induce a large-scale chiral torsion of
the actin cortex (11). Likewise, early chiral cell alignment of snails
can be regulated by actin-interfering agents, but not by drugs af-
fecting microtubule dynamics (33). Our findings show that dis-
ruption of microtubules by nocodazole (0.5–2 μM) significantly
enhances the development of complex rotational behavior. Mi-
crotubules could play an important role in the capacity of micro-
tissues to detect the gradient of Matrigel layers and to gain z-axis
orientation. Disruption of the orientation would in turn cause
randomized tilting and potentially inverted orientation, resulting in
decreased planar rotation and the obfuscation of chiral bias. A
similar effect was seen in vivo in Xenopus after injection of mutant
α-tubulin, which caused an increase in heterotaxia (12). In addi-
tion, the proteins related to the LR asymmetry were found to be
distributed asymmetrically, depending on actin cytoskeleton orga-
nization, during early embryo development in frogs and chicks
(13). Myosin ID switches the LR polarity and regulates the rota-
tion directionality of Drosophila hindgut (3). Of note, the reversal
(instead of randomization) of chirality is rarely found in vertebrate
development with genetic mutation, except for the INV mouse
mutants of select genetic backgrounds (34). These animals have a

100% reversal of internal organ positioning (35) and altered actin
structures (36). Our findings in a 3D system call for further eval-
uation of cytoskeletal chirality in developmental asymmetry.
In summary, our findings suggest that graded hydrogels of

extracellular matrix can provide a niche for microtissues to grow
in 3D and provide directional guidance for the cells to orient and
exhibit collective chiral behaviors.

Materials and Methods
Cells and Cell Culture.MDCK epithelial cells (American Type Culture Collection)
were cultured in DMEM supplemented with 10% FBS (Sigma-Aldrich), 1%
penicillin-streptomycin (Pen Strep; Sigma-Aldrich), and 1% sodium pyruvate
(Invitrogen). Cells weremaintained at 37 °C in a humidified incubator with 5%
CO2. Mammary epithelial cells (MCF 10A, a gift from Jason Herschkowitz,
State University of New York at Albany) were cultured in the 1:1 mixed me-
dium of DMEM and Ham’s F-12 (Invitrogen) supplemented with 5% FBS, 1%
Pen Strep, 20 ng/mL epidermal growth factor (Sigma-Aldrich), 0.5 mg/mL
hydrocortisone (Sigma-Aldrich), 100 ng/mL cholera toxin (Sigma-Aldrich), and
10 μg/mL insulin (Sigma-Aldrich). HL-1 cardiac muscle cells were cultured in
Claycomb medium supplemented with 10% FBS, 1% Pen Strep, 1% Norepi-
nephrine (Sigma-Aldrich) and 1% L-Glutamine (Thermo Fisher Scientific).

The 3DMultilayer Matrigel System.MDCK cellswere embeddedwithin aMatrigel
bilayer system as described previously (23, 24, 37). Using an eight-chambered glass
slide (ibidi), a base layer was formed by coating the bottom of eachwell with 50 μL
of 100%Matrigel (Corning), followed incubation at 37 °C for 25min to solidify the
Matrigel. MDCK cells were then seeded onto the Matrigel base layer. The cell
density was 6,000 cells/cm2 for the single-cell study and for the formation of cell
spheroids. After 1 h of incubation, the cells attached, and the medium was
replaced with fresh cold medium containing 2%Matrigel to construct a top layer,
thereby embedding the cells between a bilayer of Matrigel. After another hour,
unless stated otherwise, the time-lapse imaging was performed to observe single-
cell rotation. For the formation of cell spheroids, the medium was replaced every
2 d, and the culture was maintained for 5–10 d. Cell aggregates were obtained by
seeding the cells at a higher density of 12,000 cells/cm2 to allow the cells to ag-
gregate before the analysis of spontaneous rotation was performed.

Fig. 4. Directional bias of rotational behavior by individual cells can be regulated by α-actinin-1. (A and D) MDCK cells transiently transfected with pEGFP-N1
α-actinin-1 (D) exhibited a predominantly CW rotation, in contrast to those transfected with the control plasmid, pEGFP-N1 (A). (B and E) Quantification of the
total EGFP fluorescence intensity per cell reveals that the CW-rotating MDCK cells exhibited greater average expression of α-actinin-1 compared with the cells
identified with CCW rotational motion (E), while there was no significant difference between CW- and CCW-rotating cells transfected with the control
plasmid (B). (C and F) Histograms displaying the distribution of CCW and CW cells transfected with pEGFP-N1 (C) or pEGFP-N1 α-actinin-1 plasmids (F) with the
increase in fluorescence intensity. Each bar represents an individual CW (orange) or CCW (blue) cell, sorted in ascending order of EGFP fluorescence ex-
pression. Cells expressing higher levels of α-actinin-1 expression rotated mostly CW, while there were nearly equal instances of CW and CCW rotation in the
cells with lower α-actinin-1 expression. MDCK cells transfected with the control plasmid exhibited a slight bias toward CCW, which did not change with
changes in fluorescence intensity. ***P < 0.001.
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Morphology and Rotation Analysis. Phase-contrast time-lapse images were
gathered for at least 2 h at 1-min intervals in a humidified incubator at 37 °C
with 5% CO2. Time-lapse videos were processed and analyzed with the
MTrackJ plugin in ImageJ, and the direction of cellular rotation was cate-
gorized as CW, CCW, no rotation, or complex rotation. For complex rotation,
the cell rotates out of the interfacial plane or undergoes directional
switching. The rotation category was assigned to all in-plane (x-y plane)
rotation and encompassed all CW and CCW rotational behaviors.

Microscopy and Immunofluorescence. Self-organization of cells during micro-
tissue development was observed with a confocal microscope (Zeiss LSM 510
META or Leica TCS SP8 DMi8). Cells were fixed using 4% paraformaldehyde
with 1% glutaraldehyde and then stained with DAPI for nuclei, phalloidin for
actin filaments, and ZO-1 antibody (Thermo Fisher Scientific) for tight junc-
tions. An anti–α-tubulin-FITC antibody (Sigma-Aldrich) was used to label mi-
crotubule structures. An antibody against laminin V (Abcam) was paired with
a Golgi apparatus stain, anti-gm130 (Abcam), to mark cellular apical-basal
polarity. In addition, the apical-basal polarity was further revealed by a cen-
trosome marker with anti-gamma tubulin antibody, GTU-88 (Abcam), and β1
integrins with anti-integrin β1 (Abcam). Finally, primary cilium structures were
characterized by staining for acetylated tubulin (Sigma-Aldrich).

2D Chirality Characterization. MDCK cultures on ring-shaped micropatterns
were prepared as described previously (16, 38). An array of ring-shaped molds
was prepared via microfabrication and cast to form polydimethylsiloxane
stamps. The stamps were used to microcontact print an adhesive monolayer
of octadecanethiol (Sigma-Aldrich) onto gold-coated glass on which fibro-
nectin was applied to promote cell attachment. Nonspecific attachment on
the surfaces surrounding the patterns was blocked with 2 mM HS-(CH2)11-EG3-
OH (EG3; ProChima Surfaces). On confluency, high-resolution phase-contrast
images were gathered and analyzed with a custom-written MATLAB program
to determine the chirality of local cell alignment. Analyzed multicellular rings
were identified as CW, CCW, or nonchiral.

Pharmacologic Treatments. To study the role of actin in chiral alignment in 2D
and microtissue rotation in 3D, cultures were treated with 25–200 nM Lat A.

Actin polymerization was also inhibited with cytochalasin D at 0.2–5 μM
(Sigma-Aldrich). The role of microtubules was tested using the de-
polymerization agent nocodazole at 0.1–2 μM (Sigma-Aldrich).

Plasmid Transfection. For single cell organelle live imaging, MDCK cells were
transfectedwith CellLight Histone 2B (H2B-GFP) and Golgi-RFP (Life Technologies)
following the manufacturer’s instructions. Dynamic F-actin structures were visu-
alized using the TagRFP markers in MDCK cells transfected with pLifeAct. Two
plasmids were used to study the role of α-actinin-1 in 3D cell chirality. The plasmid
pEGFP-N1 α-actinin-1 was a gift from Carol Otey, University of North Carolina,
Chapel Hill, NC (Addgene plasmid 11908), and pEGFP-N1-FLAG was a gift from
Patrick Calsou, Institut de Pharmacologie et de Biologie Structurale, Toulouse,
France (Addgene plasmid 60360). MDCK cells were transfected using Lipofect-
amine 2000 (Thermo Fisher Scientific) and selected using G418 (Sigma-Aldrich).
Phase-contrast live cell imaging of individual cells was done at a rate of 5 min per
frame, together with still fluorescence images of the cells. Only the fluorescent
cells were analyzed for the directional bias of α-actinin-1 overexpression cell ro-
tation. The intensity of fluorescence was measured using ImageJ. The rotational
behavior of cells that did not express any fluorescence was also characterized.

Statistical Analysis. The cellular chirality, the biased affinity toward CW or CCW,
was based on cell alignment on 2D ring micropatterns and rotational migration
in 3D matrices in which the statistical significance was determined using bi-
nomial cumulative distribution. Two-way ANOVA was used to determine the
effects of drug treatment and the chirality (CCW vs. CW) on the magnitude of
rotation speed, followed by the Tukeyhonest significant difference post hoc test
to detect differences between groups. Differences were deemed significant at
P < 0.05 for all statistical tests. Error bars on the histograms represent SE.
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