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Cellular Biology

Left-Right Symmetry Breaking in Tissue Morphogenesis via
Cytoskeletal Mechanics

Ting-Hsuan Chen, Jeffrey J. Hsu, Xin Zhao, Chunyan Guo, Margaret N. Wong, Yi Huang, Zongwei Li,
Alan Garfinkel, Chih-Ming Ho, Yin Tintut, Linda L. Demer

Rationale: Left-right (LR) asymmetry is ubiquitous in animal development. Cytoskeletal chirality was recently
reported to specify LR asymmetry in embryogenesis, suggesting that LR asymmetry in tissue morphogenesis is
coordinated by single- or multi-cell organizers. Thus, to organize LR asymmetry at multiscale levels of
morphogenesis, cells with chirality must also be present in adequate numbers. However, observation of LR
asymmetry is rarely reported in cultured cells.

Objectives: Using cultured vascular mesenchymal cells, we tested whether LR asymmetry occurs at the single cell
level and in self-organized multicellular structures.

Methods and Results: Using micropatterning, immunofluorescence revealed that adult vascular cells polarized
rightward and accumulated stress fibers at an unbiased mechanical interface between adhesive and nonadhesive
substrates. Green fluorescent protein transfection revealed that the cells each turned rightward at the interface,
aligning into a coherent orientation at 20° relative to the interface axis at confluence. During the subsequent
aggregation stage, time-lapse videomicroscopy showed that cells migrated along the same 20° angle into
neighboring aggregates, resulting in a macroscale structure with LR asymmetry as parallel, diagonal stripes
evenly spaced throughout the culture. Removal of substrate interface by shadow mask-plating, or inhibition of
Rho kinase or nonmuscle myosin attenuated stress fiber accumulation and abrogated LR asymmetry of both
single-cell polarity and multicellular coherence, suggesting that the interface triggers asymmetry via cytoskeletal
mechanics. Examination of other cell types suggests that LR asymmetry is cell-type specific.

Conclusions: Our results show that adult stem cells retain inherent LR asymmetry that elicits de novo macroscale tissue
morphogenesis, indicating that mechanical induction is required for cellular LR specification. (Circ Res. 2012;110:551-559.)

Key Words: adult stem cells � cell culture � development � migration � morphogenesis

Left-right (LR) asymmetry often occurs in embryonic and
tissue morphogenesis, such as in helices of snail shells

and internal organs in most extant metazoan animals.1 In
some vertebrates, LR asymmetry is believed to be generated
by motile cilia, whose beating generates a leftward fluid flow
to step up downstream morphogen gradients. Another model
is that LR asymmetry is motivated by intracellular events
originated by cytoplasmic organization at an even earlier
stage.2 Recently, cytoskeletal chirality and planar cell polarity
were shown to specify the LR axis at early embryogenesis,3–6

suggesting that LR asymmetry is coordinated by single- or
multi-cell organizers and propagates through the rest of the
tissue architecture,7 as evidenced by epithelial cell chirality

underlying the hindgut rotation8 and chiral movement of
blastomeres.6 Thus, to organize LR asymmetry at multiscale
levels of morphogenesis, cells with chirality must also be
present in adequate numbers. However, although LR asym-
metry is ubiquitous, from whole body and visceral handed-
ness to myocyte fiber orientation, chiral behavior from
nonembryonic cells after enzymatic isolation in culture has
been seen rarely in past decades.

In This Issue, see p 523

To investigate such LR asymmetry and cellular chirality,
we cultured vascular mesenchymal cells (VMCs) on a
micropatterned substrate. VMCs differentiate and self-
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organize into periodic multicellular aggregates resembling
patterns in normal tissue architecture. We report that, on
migration across an interface between adhesive and non-
adhesive substrates in culture, VMCs preferentially turn
right and self-organize into periodic multicellular struc-
tures with remarkably consistent alignment on the princi-
pal diagonal axis. This de novo LR asymmetry in nonem-
bryonic cells required stress fiber accumulation on
encountering the substrate interface, suggesting that me-
chanical induction, possibly resembling contextual instruc-
tion from native tissue architectures, is required to regain
chirality in culture for morphogenesis after cells are
enzymatically isolated from their native tissue.

Methods
Micropatterning
A glass substrate with hexamethyldisilazane and polyethylene glycol
(PEG) substrate was prepared. Prior to plating cells, the hexameth-
yldisilazane/PEG substrates were first incubated with solutions of
extracellular matrix, consisting of fibronectin (FN), collagen types I
and IV, or laminin-1, to allow adsorption on hexamethyldisilazane.
The protein-coated chip was then plated with VMCs, bovine vascular
endothelial cells (BVECs), NIH 3T3 fibroblast (3T3), or mouse bone
marrow stromal cell line (ST2) with brief washings such that only
cells adhering to the extracellular matrix regions remained.

Shadow-Mask Plating
The mask was made of stainless steel (2 cm�2 cm�100 �m, NW
Etch, WA) containing 25 parallel windows (300 �m�1.5 cm) spaced
300 �m apart. Prior to plating, the tissue culture dish was first
uniformly coated with FN solution. Thereafter, cells were plated
through the mask followed by removal of the shadow mask.

Cell Culture
VMCs, BVECs, and 3T3 cells were isolated and cultured as
described9–11 and ST2 cells were commercially purchased (Cell
Bank, Riken Bioresource Center, Japan). All cells were grown in
Dulbecco’s Modified Eagle’s Medium supplemented with 15%
heat-inactivated fetal bovine serum and 1% penicillin/streptomycin
(10,000 I.U./10,000 �g/mL; all from Mediatech, VA). Cells were
incubated at 37°C in a humidified incubator (5% CO2 and 95% air)
and passaged every 3 days.

Multicellular Pattern Formation
Each culture was prepared on 1 of 4 substrates: 1) 35-mm plastic
dishes, 2) binary substrates consisting of PEG alternating with
purified extracellular matrix protein (FN, collagen I, collagen IV, or

laminin-1), 3) uniformly coated FN substrate on chips with titanium
markers on the reverse side of chip, or 4) shadow-mask plating as
described elsewhere in methods, with media changes every 3 days.
For inhibition of stress fibers or intervention of morphogen activities,
Y27632, blebbistatin, bone morphogenetic protein-2 (BMP-2), nog-
gin, and warfarin were added at day 0 and replenished with each
media change. After 10 to 14 days, cultures were stained with
hematoxylin to reveal multicellular aggregates.

Green Fluorescent Protein Transfection
VMCs were transfected with a plasmid encoding green fluorescent
protein (pmaxGFP; Amaxa Biosystems, Germany) using the Effect-
ene Transfection Reagent (Qiagen, CA).

Time-Lapse Videomicroscopy
Cultures were incubated in a microscopic thermal stage (HCS60,
Instec,CO) at 37°C and continuously supplied with premixed 5%
CO2. Images were acquired at 5 minutes intervals for a total of 22.5
hours using charge-coupled devices and an inverted microscope in
bright field.

Immunofluorescent Staining
Cells were cultured on FN/PEG substrates or shadow-mask plated in
normal growth medium, or on FN/PEG substrates in growth medium
supplemented with Y27632 or blebbistatin. Cells were fixed in cold
methanol, blocked with Image-iT™ FX signal enhancer (Invitrogen,
CA) at room temperature, then labeled with monoclonal anti-�–
tubulin-FITC antibody (Sigma-Aldrich, St. Louis, MO; 1:50; for
polarity assay on VMCs and BVECs), pericentrin polyclonal anti-
body (Covance, CA; 1:500; for polarity assay on 3T3 cells and ST2
cells), or nonmuscle myosin-IIa (NMM-IIa) antibody (Covance, CA;
1:1000; for stress fiber distribution on all cell types) at room
temperature for 1 hour. The pericentrin and NMM-IIa antibodies
were subsequently labeled with appropriate secondary antibodies.
Samples were mounted with DAPI. For stress-fiber distribution of
NMM-IIa, images were stacked using etched microgrooves on the
reverse surface for registration. For shadow-mask plating experi-
ments, images were stacked using automated edge detection for
registration.

Orientation Analysis
Images were processed by segmentation and boundary tracing to
allow the identification of cells based on the size of the closed-loop
regions. The orientation angle was calculated by the method of
“minimum circumscribed rectangle” in which the shape of a given
cell can be approximated by circumscribing rectangles of different
sizes. The orientation angle, �, was defined as the longitudinal axis
of the rectangle of minimal area relative to the horizontal axis of the
image (and of the interface).

Stacking Images of Immunofluorescence NMM-IIa
After Shadow-Mask Plating
Images were processed by segmentation and boundary tracing to
binarize the image and identify the sheet of cells by excluding small
closed-loop regions. We selected a level of 300 bright pixels per row
as the threshold to identify the edge of the cell sheet. The midline of
the cell sheet, defined as equidistant between 2 edges, was used to
register and stack the images.

Mathematical Model
See online-only Data Supplement.

Results
LR Asymmetry in Pattern Formation of VMCs
VMCs, when homogeneously plated on conventional tissue-
culture plastic, aligned locally with their neighbors at confluence
(Figure 1A). After 2 weeks, they differentiated and self-
organized into periodic aggregates in labyrinthine configurations

Non-standard Abbreviations and Acronyms

BVEC bovine vascular endothelial cell

NMM-IIa non-muscle myosin-IIa

3T3 NIH 3T3 fibroblast

BMP-2 bone morphogenetic protein-2

FN fibronectin

LR left-right

MTOC microtubule organizing center

PEG polyethylene glycol

ST2 mouse bone marrow stromal cell line

VMC vascular mesenchymal cell
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as seen in reaction-diffusion phenomena (Figure 1C).9,12–16 To
test effects of initial plating distribution, we microengineered
glass substrates with functional surfaces composed of alternating
stripes (300 �m-wide) of cell-adhesive FN and nonadhesive
PEG (Figure 1B; black stripes�titanium lines on reverse side
indicating FN/PEG interfaces) as described previously.17 After 1
week, cells spread beyond the FN onto the PEG regions toward
confluence. After 10 to 14 days, instead of the expected
labyrinthine pattern, cells aggregated into long, straight,
and parallel ridges, consistently aligned on a principal
diagonal relative to the interfaces—a striking, unidirec-
tional LR asymmetry (Figure 1D). Of note, the formation
of ridges with LR asymmetrical alignment was indepen-
dent of passage number for P16 to P26. For example,
Online Figure IE and IF, and Figure 1D are from 3
different passages. It was also unaffected by treatments
with BMP-2, noggin (BMP-2 inhibitor), or warfarin (in-
hibitor of matrix �-carboxyglutamic acid protein) (Online
Figure IA to ID). Furthermore, it was unaffected by substituting
other cell-adhesive substrata in lieu of FN (Online Figure II).

Coherent Single-Cell Orientation Perpendicular to
the Axis of Diagonal Ridges Directing the
Subsequent Migration Toward Aggregates
To study earlier stages of this novel asymmetry, individual
VMCs were tracked by green fluorescent protein transfected
at low efficiency. At confluence, cells oriented coherently
and consistently in an antidiagonal direction. This angle of
cell orientation, �, was defined relative to the titanium lines
(Figure 2A). From days 2 to 5, mean � increased and its
standard deviation decreased (6�30°319�14°, Figure 2C
and Online Figure III), indicating a coherent orientation
toward an angle perpendicular to the alignment of multicel-

lular ridges (��90°��110°, Figure 1D). This cell orienta-
tion appeared earlier on FN then later on PEG, ultimately
occurring throughout the plate (Online Figure IV). On plates
with wider (300–600 �m) FN/PEG stripes, cells also ori-
ented coherently with the same angle (Online Figure V). In
contrast, on uniform FN substrates, cells oriented randomly
(Figure 2B and 2D). Thus, the coherent orientation of
individual cells perpendicular to multicellular ridges seems to
be dependent on the presence of FN/PEG interface but
independent of the interface spacing.

In addition, to assess tightness of the control of cell orientation
by interface angle, we created 2 orthogonal sets of interfaces on
the same chip (Online Figure VIA and VIB) and found that
multicellular aggregates aligned in a stripe pattern at 110°
relative to the local interfaces up to a transition zone (�300 �m
wide) at the junction, where cell alignment smoothly curved and
nodules arose (Online Figure VIC and VID). These results
indicate the importance of substrate interface orientation.

To test whether the coherent orientation contributes to
ridge formation, time-lapse videomicroscopy was performed
at confluence to capture the time course of LR alignment.
Cells migrated toward discrete aggregates preferentially fol-
lowing the coherent orientation �, and gradually formed
parallel ridges aligned at ��90° (Figure 3 and Online Video
I). This suggests that the coherent orientation guides and
constrains migration direction, resulting in multicellular
ridges along the principal diagonal. Of note, ridge formation
was simultaneous on both FN and PEG substrates for most
experiments, but occurred earlier on FN in the time-lapse,
possibly due to the required frequent media changes for the
thermal stage. We also noted that, although the multicellular
ridge alignment was independent of extracellular matrix,
there was a subtle increase in coherence and uniformity of �

Figure 1. Left-right (LR) asymmetry in
pattern formation by vascular mesen-
chymal cells (VMCs). Phase contrast
microscopy of VMCs on (A) conventional
plastic substrate at confluence and (B)
fibronectin (FN)/polyethylene glycol
(PEG) substrates (interfaces identified by
black titanium lines) showing preferential
attachment to FN domain immediately
after plating. Scale bar, 300 �m and
200 �m (inset). After 10 to 14 days,
development of regularly spaced aggre-
gates (C) in a labyrinthine configuration
and (D) in a stripe pattern along principal
diagonal axis in bright field (multicellular
ridges stained with hematoxylin). Insets:
higher magnification images of multicel-
lular aggregates. Scale bar, 2 mm and
300 �m (inset).
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for cells on collagen IV (orientation angle: collagen IV,
22�7°; collagen I, 25�15°; laminin-1, 28�17°; mean � SD,
n �500 each), as demonstrated by its smaller standard
deviation.

To study how reaction-diffusion together with preferential
migration could give rise to parallel ridges with asymmetrical
alignment, we developed a mathematical model. The activi-
ties of a slowly-diffusing activator, BMP-2, u, its rapidly-
diffusing inhibitor, matrix �-carboxyglutamic acid protein, v,
and cell density, n, reflecting proliferation, cytokinetic diffu-
sion and chemotactic migration toward activators, were
modeled as functions of a 2-dimensional domain (x, y)
following reaction-diffusion kinetics14,18,19:

(1)
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�D�*2u��� nu2
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��*2v��	nu2�ev
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cos�sin� b1sin2��b2cos2� �

where D is the ratio of activator to inhibitor diffusion
coefficients; Dn is the ratio of cytokinetic to inhibitor diffu-

Figure 2. Early stage of coherent
single-cell orientation perpendicular to
the axis of diagonal ridges. Fluores-
cence microscopy of green fluorescent
protein (GFP)-transfected vascular mes-
enchymal cells (VMCs) on (A) fibronectin
(FN)/polyethylene glycol (PEG) substrates
showing coherent individual cell orienta-
tion, relative to the interface axis (black
lines) and (B) control substrate as homo-
geneous FN. Scale bar, 200 �m. Histo-
gram of � for (C) FN/PEG, showing con-
vergence to 19�14° (n�81 cells; day 5;
mean � SD) and (D) control substrate,
showing nonconvergence (n�83 cells;
day 5).

Figure 3. Cell migration toward aggre-
gates directed by the coherent orien-
tation. Time-lapse videomicroscopic
images at (A) t�0, (B) t�150, (C) t�300,
and (D) t�625 minutes. Scale bar,
200 �m. PEG indicates polyethylene gly-
col; FN, fibronectin.
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sion coefficients; k is the coefficient of autocatalytic satura-
tion; � is a scaling factor related to domain size, biosynthetic
timescale, and inhibitor diffusivity; c and e are degradation
terms; �0 and kn are chemotactic migration coefficients; rn is
the proliferation rate. We used adjustable coefficients, b1 and
b2, to model differential migration rates along the principal
axes, described as vectors (cos�, sin�) and (�sin�, cos�)
(Figure 4A), whereas the parameters of the chemical kinetics
of BMP-2 and matrix �-carboxyglutamic acid protein were
held constant in the simulations given the experimental
finding that addition of morphogens did not inhibit emer-
gence of LR asymmetry (Online Figure IA to ID). For more
detailed description of mathematical derivation and parame-
ter estimation, see online-only Data Supplement.14,18–21 Initial
conditions were uniformly distributed u, v, and n with 2%
random perturbations. For isotropic migration (b1�b2�1),
the simulation produced labyrinthine patterns of n(x, y) over
the computational domain (Figure 4B and Online Video II).
For anisotropic migration (b1�1, b2�10�6, ��20°), the
simulation produced diagonal stripes aligned at ��90° (Fig-
ure 4C and Online Video III), consistent with the multicel-
lular diagonal ridges in our experiments. Thus, the model
verifies that reaction-diffusion, together with anisotropic
migration guided by coherent orientation, account for the
development of unidirectional ridges.

LR Polarity is Associated With Stress Fiber
Accumulation in VMCs at FN/PEG Interface
Because intracellular polarization of the cell-motility appara-
tus directs migration,22–24 it may also explain the coherent
orientation and migration of VMCs. Just as cells at the
leading edge of a “wound” are polarized with their microtu-
bule organizing centers (MTOC) facing the wound,25,26

VMCs may also polarize with their MTOC facing the bare

PEG substrate (outward from the FN stripes). We reasoned
that if the MTOC also had a LR polarization accompanying
outward polarity, it might account for the orientation angle �.
We visualized the MTOC by �-tubulin immunofluorescence
and classified its polarity relative to the nucleus centroid
(Online Figure VII) into quadrants of Right/Out, Right/In,
Left/Out, and Left/In for cells past, near or �120 �m remote
from the FN edge (Figure 5A). Six hours after plating,
significantly more cells that were past the interface polarized
toward Right/Out compared with cells remote from the FN
edge (Figure 5B) (P�0.0001, Fisher’s Exact test). This was
seen as early as 2 hours after plating (Figure 5C). Although
outward polarization is consistent with known cell behavior
in wound healing,25,26 the rightward preference is novel. In
addition, there was a gradient of increasing polarization as the
cells approached and passed the interface (Figure 5B), pos-
sibly because of the propagation of biased polarity by
cell-cell interaction. As expected, this right-turning relative to
outward migration occurred at both edges of a FN stripe.
Thus, intracellular compartmental polarization, specifically
the MTOC relative to the nuclear centroid, appears to
contribute to the development of coherent orientation.

Preferential outward migration competes with haptotaxis,
which tends to retain cells on FN adhesion sites. Given that
actomyosin contractility is required for cell migration, we
hypothesized that cells encountering the nonadhesive PEG
assembled additional actomyosin stress fibers, thereafter trigger-
ing the expression of LR polarity. We visualized stress fiber
distribution by immunofluorescence of NMM-IIa 6 hours after
plating (Figure 6A).27,28 Image stacking, with registration to
create a heat map of local stress (n�45),28,29 showed accumu-
lation of actomyosin stress fibers at the FN/PEG interface
(Figure 6B). Inhomogeneous cell distribution was excluded by
nuclear staining (Figure 6C and 6D; single and stacked images).

Figure 4. Numeric simulations show-
ing that the anisotropic migration
leads to parallel ridges with asymmet-
rical alignment. A, Schematic of coeffi-
cients, b1 and b2, for principal directions
of anisotropic migration. Simulation
results for n(x, y) with darker areas rep-
resenting higher density yielded (B) a
labyrinthine pattern at steady state for
isotropic migration (b1�b2�1) and (C) an
asymmetrical pattern for anisotropic
migration (b1�1, b2�10�6). Model pa-
rameters: D�0.005, ��20000, k�0.28,
c�0.01, e�0.02, Dn�0.06, �0�0.06,
kn�1, ��20°, r�322, t*�1 (total time).
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Because accumulation of stress fibers is localized at FN/PEG
interfaces, resembling the spatial distribution of LR polarity, it
may contribute to the LR polarity gradient.

Abrogation of LR Polarity and Multicellular
Alignment With Removal of Interface or
Inhibition of Stress Fiber Accumulation
To test whether the stress fiber accumulation and LR polarity
are associated with FN/PEG interfaces, but not with inhomo-
geneous cell-cell contacts, we used an additional method to

restrict cell plating to specific regions. A thin shadow mask,
containing 25 long, rectangular windows, was overlaid on a
homogeneous FN substrate before plating cells. The mask was
removed after 30 minutes, leaving cells only within the 25
rectangular domains (Figure 7A and Online Figure VIII). After
6 hours, cells at the edge of cell sheets polarized outward, but
showed no LR polarity (Figure 7B) or stress fiber gradient
(Figure 7C). After 14 days, consistent with the lack of LR
polarity or stress fiber gradient, the multicellular ridges failed to
produce parallel ridges along the principal diagonal, instead,

Figure 5. LR polarity at fibronectin (FN)/
polyethylene glycol (PEG interface). A,
Immunofluorescence microscopy of
�-tubulin in vascular mesenchymal cells
(VMCs) on FN/PEG with polarity defined
based on microtubule organizing center
(MTOC) orientation relative to nuclear cen-
troid and interface for cells past, near, and
120 �m remote from interface. Scale bar,
100 �m. VMC polarity (B) 6 hours after
plating (n�3 experiments; � 370 cells
each; mean � SD) and (C) 2 hours after
plating (n�3 experiments; � 260 cells
each; mean � SD).

Figure 6. Stress fiber accumulation at
fibronectin (FN)/polyethylene glycol
(PEG) interface. Immunofluorescence
microscopy of non-muscle myosin-IIa
(NMM-IIa) in vascular mesenchymal cells
(VMCs) on FN/PEG substrate shown as
(A) a single image and (B) stacked
images (n�45). Immunofluorescence
microscopy of nuclei of VMCs on
FN/PEG substrate shown as (C) a single
image and (D) stacked images (n�45).
Scale bar, 100 �m.

556 Circulation Research February 17, 2012

 by guest on February 15, 2012http://circres.ahajournals.org/Downloaded from 



forming a labyrinthine pattern as in conventional cultures (Fig-
ure 7D). Thus, the FN/PEG interface is essential for expression
of stress fiber accumulation, LR polarity, and multicellular
aggregates with asymmetrical alignment.

To further test whether stress fiber accumulation is
required for LR polarity, we used the nonmuscle myosin-II
inhibitor, blebbistatin, and the Rho kinase (ROCK) inhib-
itor, Y27632, to inhibit stress fiber accumulation specifi-
cally on nonmuscle myosin-II phosphorylation in response

to Rho kinase.27–30 In the presence of either inhibitor,
results showed loss of stress fiber accumulation (Figure 8A
and 8B), loss of LR polarity of cells near the interface
(Figure 7B), and loss of the coherent orientation (Online
Figure IVB and IVC). In addition, the multicellular aggre-
gates failed to exhibit asymmetrical alignment, instead,
forming a labyrinthine pattern in the presence of Y27632
and a more disorganized pattern in the presence of bleb-
bistatin (Figure 8C and 8D).

Figure 7. Abrogation of left-right (LR)
polarity and LR alignment of multicel-
lular ridges with removal of substrate
interfaces. A, Microscopic images after
shadow-mask plating show plating lim-
ited to rectangular domains. Scale bar,
300 �m and 200 �m (inset). B, Polarity
of vascular mesenchymal cells (VMCs) at
the edges of cell sheets shadow-plated
onto uniform fibronectin (FN) (n�3
experiments; �175 cells each; mean �
SD) and VMCs near the FN/polyethylene
glycol (PEG) interface with Y27632 (n�3;
�135 cells each) or blebbistatin (n�3;
�150 cells each) inhibition. C, Stacked
images of non-muscle myosin-IIa (NMM-
IIa) immunofluorescence after shadow-
plating on FN (n�40). Scale bar,
100 �m. D, Multicellular patterns by
hematoxylin staining after shadow-
plating on FN substrate. Scale bar,
2 mm.

Figure 8. Abrogation of left-right (LR)
alignment of multicellular ridges with
stress fiber inhibition. Stacked images
of non-muscle myosin-IIa (NMM-IIa) im-
munofluorescence (A) with Y27632 on
fibronectin (FN)/polyethylene glycol
(PEG)substrate (n�60), and (B) with
blebbistatin on FN/PEG substrate
(n�45). Scale bar, 100 �m. Multicellular
patterns by hematoxylin staining (C) with
Y27632 on FN/PEG substrate, and (D)
with blebbistatin on FN/PEG substrate.
Scale bar, 2 mm.
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To test for cell-type specificity, BVECs, 3T3 cells, and
ST2 cells were cultured on the FN/PEG substrates. Stress
fiber accumulation at the interface was seen in all cell types,
but ST2 cells showed leftward-biased polarity whereas
BVECs and 3T3 cells showed neutral polarity near the
interface (Online Figure IX). Because ST2 cells are multipo-
tent but do not self-assemble into aggregates under our
culture conditions, it suggests that LR asymmetry is not tied
to self-assembly but possibly to multipotency. Together with
results that inhibition of stress fiber formation abrogated LR
polarity and the alignment of VMC aggregate patterns, it
indicates that cytoskeletal reorganization is necessary and
cell-type specific for the LR asymmetry.

Discussion
Our findings suggest an inherent, cryptic chirality in VMCs
that is revealed by an unbiased extracellular mechanical
transition and mediated by cytoskeletal reorganization, anal-
ogous to chemically induced chirality seen in neutrophil-like
cells.31 To our knowledge, this is the first demonstration of an
association between LR asymmetry and cytoskeletal reorga-
nization, triggered by an unbiased mechanical interface, and
the first demonstration that a microscale dynamic asymmetry
unfolds into a de novo, consistently oriented and periodic
macroscale pattern resembling tissue architecture. In VMCs,
the rightward-biased turning required stress-fiber accumula-
tion at the FN/PEG interface, suggesting that chirality may be
in the architecture of the actin filament assembly at the
macroscale level, say as clockwise or counterclockwise
orientation. Alternatively, it may arise from chirality at the
micro- or nanoscale, such as helicity of microfilaments, or
chiral rotagen molecules, such as dynein or myosin, in which
a molecular chirality directly drives the LR asymmetry.
Given that the chirality at the molecular level may be similar
among cell types, our observation that chirality is cell-type
specific, together with findings of Wan et al,32 suggests that
the cell-type dependence of right/leftward bias may depend
on macroscale cytoskeletal chirality, which may vary with
cell-type. Thus, instead of “provoking” the LR asymmetry,
the substrate interface may merely amplify the LR asymmetry
already present in the cytoskeletal assembly.

On the other hand, the 20° steady-state orientation is an
independent phenomenon. The evolution to this orientation
may result from equilibrium between competing forces,
specifically the lateral movements produced by cellular chi-
rality and the outward movement created by random cell
motility. It likely involves a combination of matrix traction,
cell migration, intercellular signaling, and intercellular me-
chanical stress. It is not surprising that cells settle into a
specific orientation relative to mechanical signals, given that
tissue aligns to mechanical stress in vivo, as in skeletal,
muscle, and vascular tissues. During the subsequent aggre-
gation stage, the observed coherent migration into patterns of
multicellular aggregates may involve both reaction-diffusion
and matrix traction.33 Given that mechanical inductions
introduced from native tissue architecture are lost when cells
are enzymatically harvested, our findings may explain why
chirality is rarely seen in cultured adult cells.

Cellular LR asymmetry is believed to amplify into tissue
LR asymmetry through various means, such as planar cell
polarity, an epithelial patterning phenomenon that involves
asymmetrical distribution of proteins and cross-talk via the
cytoskeleton, which determine the apical-basal axis in tis-
sues.7 In vivo examples include drosophila hindgut rotation8

and the coherent orientation of cardiomyocytes, which form
individual concentric layers of fibers, with incrementally
increasing angle in each layer from the epicardium to the
endocardium.34 At a broader level, this robust capacity of
differentiated cells to self-organize into multicellular struc-
tures with LR asymmetrical alignment may have a fundamen-
tal role in embryogenesis and postnatal development, allow-
ing cell-based engineering of regenerative tissues that are
architecturally and functionally more authentic than previ-
ously possible.
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Novelty and Significance

What is Known?

● The emergence of left-right (LR) asymmetry is a critical step in tissue
morphogenesis.

● This asymmetry has been attributed to a hypothetical innate cellular
chirality, and pattern formation has been attributed to reaction-
diffusion phenomena.

● LR asymmetry is rarely observed in conventional cell culture.

What New Information Does This Article Contribute?

● Vascular mesenchymal cells preferentially turn right on migration
across an unbiased substrate interface and then orient at 20° to
the interface.

● In the presence of multiple parallel interfaces, they further self-
organize into parallel diagonal stripes evenly spaced throughout
the culture.

● This rightward bias requires accumulation of stress fibers at the
interface, suggesting that mechanical signals play a critical role in
this asymmetrical morphogenesis.

It is not clear how cells distinguish left versus right to produce
tissue and organ asymmetry. We have found that vascular cells
encountering a substrate interface preferentially turn right and
that, with multiple interfaces, they self-organize into a regular
diagonal pattern of macroscopic stripes. In this manner, asym-
metry in cells may be translated and amplified into a de novo LR
asymmetry at the tissue level. This LR bias required stress
fiber accumulation in cells at the interface, potentially
explaining the lack of LR asymmetry in conventional cultures
where substrate interfaces, such as those in our experiments
and in nature, are absent. This phenomenon may be a simple
model for the LR asymmetry seen in the spatial plan of many
organs. In addition to serving as a model of how tissue is laid
out in development, these findings offer novel mechanisms of
cellular self-organization and may guide cell-based therapy
for tissue repair.
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