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The vertebrate body plan is overall symmetrical but left–right (LR)
asymmetric in the shape and positioning of internal organs. Al-
though several theories have been proposed, the biophysical
mechanisms underlying LR asymmetry are still unclear, especially
the role of cell chirality, the LR asymmetry at the cellular level, on
organ asymmetry. Here with developing chicken embryos, we ex-
amine whether intrinsic cell chirality or handedness regulates car-
diac C looping. Using a recently established biomaterial-based 3D
culture platform, we demonstrate that chick cardiac cells before
and during C looping are intrinsically chiral and exhibit dominant
clockwise rotation in vitro. We further show that cells in the de-
veloping myocardium are chiral as evident by a rightward bias of
cell alignment and a rightward polarization of the Golgi complex,
correlating with the direction of cardiac tube rotation. In addition,
there is an LR polarized distribution of N-cadherin and myosin II in
the myocardium before the onset of cardiac looping. More inter-
estingly, the reversal of cell chirality via activation of the protein
kinase C signaling pathway reverses the directionality of cardiac
looping, accompanied by a reversal in cellular biases on the cardiac
tube. Our results suggest that myocardial cell chirality regulates
cellular LR symmetry breaking in the heart tube and the resultant
directionality of cardiac looping. Our study provides evidence of
an intrinsic cellular chiral bias leading to LR symmetry breaking
during directional tissue rotation in vertebrate development.
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The embryonic heart is the first evident organ to undergo left–
right (LR) asymmetric morphogenesis during development.

The heart starts as a straight tube along the midline of the em-
bryo. Subsequently, it rotates and bends toward the right,
forming a C-shaped loop, with its convexity pointing toward the
right of the embryo. Correct handedness of cardiac looping is of
crucial importance for proper cardiac morphogenesis during
embryonic and postnatal development (1–5). Reversed cardiac
looping (leftward rotation) leads to dextrocardia, a congenital
heart disorder with severe consequences, characterized by the
apex of the heart pointing toward the right side and often as-
sociated with other cardiac defects such as double-outlet right
ventricle (6). Therefore, it is clinically important to understand
the mechanisms associated with asymmetric cardiac looping.
Despite extensive knowledge obtained in the past decades on

biochemical and molecular signals for cardiac development, little
is known about the biophysical mechanism of cardiac LR asym-
metry at the cellular level. No apparent LR asymmetric cellular
proliferation, growth, or cell death has been observed between the
right and left sides of the heart tube (7–13). Cardiac directional
looping is widely believed to be intrinsic to the heart, is inde-
pendent of the cardiac jelly and cardiac contractions (2, 9), and
may arise from a tissue-intrinsic actomyosin-dependent mecha-
nism (11, 14). Recent evidence suggests that chirality at a cellular
level, or cell chirality, regulates chiral morphogenesis at a tissue

level during development (15–20), as found in directional rota-
tion of Drosophila hindgut and genitalia (18, 19, 21). Cell chi-
rality is a fundamental property of the cell arising from the chiral
nature of intracellular macromolecules such as the cytoskeleton
and is often observed as biased cell alignment, migration, and
rotation as well as intracellular organelle positioning and cyto-
skeleton dynamics (19, 20, 22–29). We wondered whether cell
chirality controls chiral morphogenesis of the heart during verte-
brate development.
In this study, we first demonstrate that chick cardiac cells

isolated from embryonic hearts before and during C looping are
intrinsically chiral with an in vitro cell chirality assay. Then we
show that cells in the developing myocardium exhibit overt chi-
rality as evident by a rightward bias of cell alignment and a
rightward polarization of the Golgi complex. Concomitantly, N-
cadherin and myosin II are enriched on cell boundaries with a
right bias before cardiac looping. Furthermore, we demonstrate
that the reversal of cell chirality via activation of the protein
kinase C (PKC) signaling pathway reverses the directionality of
cardiac looping. Our study, therefore, provides evidence of a
tissue-intrinsic cellular chiral bias leading to LR symmetry breaking
during directional cardiac looping.

Significance

Cell chirality, or handedness of the cell, is a newly discovered,
fundamental property of the cell, so far studied in cell culture
only with micropatterning or graded biomaterial-based ap-
proaches. The relevance of intrinsic cell chirality on organ lat-
erality is yet to be established. Cardiac looping is the first
organ-specific left–right asymmetry evident during embryo-
genesis. Despite extensive insights into the molecular signals
regulating cardiac left–right asymmetry, the biophysical
mechanism is still unknown. Our findings establish intrinsic cell
chirality as a regulator of cardiac laterality. This study combines
an in vitro chirality assay with embryonic left–right asymmetry
in vivo and will significantly impact the understanding and
future studies of embryonic left–right asymmetry and con-
genital heart diseases.
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Results
Chick Cardiac Cells Isolated from Hearts Before and During C Looping
Exhibit Clockwise Chiral Rotation in Vitro. During early embryonic
development, the bilateral splanchnic mesoderm merges and
folds in a cranial to caudal direction, forming a relatively straight
heart tube at Hamburger–Hamilton stage 9 (HH9), which is
open along its dorsal side (Fig. 1A and SI Appendix, Fig. S1).
Around HH10, the straight heart tube undergoes 90° asymmetric
rotation toward the right side of the embryo, which imparts the
directionality to cardiac looping (Fig. 1A). We first determined
whether cells from the chick heart tube before and during
looping are intrinsically chiral. To effectively determine the
chirality of less-adhesive cells, we successfully developed an in

vitro 3D system, in which cells were cultured at the interface of
two layers of Matrigel of different concentrations (Fig. 1B). The
cells exhibited persistent rotational motion with a coherent di-
rectionality, which is consistent with the previous findings on 2D
micropatterns (27). In this study, we isolated cells from the chick
cardiac tube before the onset of looping (HH9) until the com-
pletion of looping (HH11) and confirmed the cell phenotype
with anti–MF-20 (a myocardial marker) staining (Fig. 1 B and
C). Utilizing the 3D chirality assay, we categorized the motion of
cells as undergoing rotation, no rotation, and complex rotation
(for cells undergoing rotation in a different plane or switching
the direction of rotation). The rotating cells were further clas-
sified as either clockwise or counterclockwise, depending on the
directional bias. We found that chick cardiac cells from HH9,
HH10, and HH11 cardiac tubes exhibited a dominant clockwise
bias of rotation, and therefore the cells were intrinsically chiral
before and during looping (Fig. 1 D and E). It is important to
note that the percentage of cells undergoing clockwise rotation
was highest (73%) at HH10 with a very strong statistical signif-
icance, the stage at which the chicken embryonic cardiac tube
begins the asymmetric looping. We also analyzed the rotational
bias of cells isolated from a single left-looped heart arising due to
spontaneous inversion in chicken embryos, and interestingly, those
cells exhibited significant counterclockwise rotational motion in
vitro with 69% of the rotating cells undergoing counterclockwise
rotation, demonstrating the correlation between this intrinsic
rotational bias of cardiac cells and the directionality of cardiac
looping (SI Appendix, Table S1). These data, taken together,
indicate that cardiac cells exhibit intrinsic clockwise chirality
during the embryonic looping stages.

Activation of PKC Signaling Reverses Intrinsic Chiral Rotational Bias
of Cardiac Cells and the Directionality of Cardiac Looping. Next, we
wanted to identify molecular signaling pathways that regulate the
inherent chiral rotation of cardiac cells. We screened for com-
pounds from a library of common drugs that cause congenital
laterality defects (SI Appendix, Fig. S2) or birth defects in LR
asymmetry. We focused on methoxamine (α1-adrenergic re-
ceptor agonist), thalidomide (immunomodulatory and anticancer
drug), paroxetine (antidepressant, selective serotonin reuptake
inhibitor), lidocaine (anesthetic, numbing agent), and nitro-
furazone (antibiotic), covering the major classes of drugs that
cause congenital laterality defects (30). We performed a dose-
dependent study of the effect of these drugs on the intrinsic
chirality of cells isolated from chicken embryonic heart tubes
during looping stages (HH9–HH10) (SI Appendix, Fig. S2). We
found that thalidomide, paroxetine, and methoxamine increased
the percentage of counterclockwise (CCW) cells, suggesting a
potential role of PKC in cardiac cell chirality (31–34). Moreover,
our work from the 2D micropatterning system with clockwise
cells such as human umbilical vein endothelial cell (HUVEC)
lines (27) demonstrated that the activation of PKC signaling
reverses chirality of endothelial cells from clockwise (CW) to
CCW (35). Based on these results we identified PKC signaling as
a promising candidate for regulating the chirality of cardiac cells.
Therefore, we next determined whether activation of PKC

signaling is sufficient to reverse the intrinsic chirality of cardiac
cells. We treated cells isolated from chick cardiac tube at HH10
with 12-O-tetradecanoylphorbol-13-acetate (TPA) (a potent small-
molecule activator of PKC signaling) in the 3D bilayer Matrigel
culture system and found that TPA treatment at a very low dose
significantly switches the rotational bias from CW dominance (73%
CW vs. 27% CCW) to CCW dominance (31% CW vs. 69% CCW)
(Fig. 2 A and B). This result confirms that activation of PKC sig-
naling is sufficient to reverse the intrinsic chirality of cardiac cells
isolated during C-looping stages. We additionally tested Bryostatin
1 and Indolactam V, two other activators of PKC signaling (SI
Appendix, Fig. S3) (36, 37). Consistent with our previous results,

Fig. 1. Chick cardiac cells before and during C looping exhibit dominant CW
rotation in vitro. (A) Confocal images of the chicken embryonic heart be-
tween HH9 and HH11. Blue arrow indicates the rightward direction of car-
diac rotation at HH10. Red, F-actin (Phalloidin); green, anti-ZO1; blue,
nucleus (Hoechst). (Scale bar: 200 μm.) A, anterior; E, endocardium; L, left; M,
myocardium; OV, omphalomesenteric veins; P, posterior; R, right; and SPL,
splanchnopleure. (B) Overview of culture of cardiac cells at the interface of a
bilayered Matrigel system. Cells were isolated from the chicken embryonic
heart tube during the looping stages, followed by a brief culture in the
bilayered Matrigel system before analyzing the directionality of rotation
using time-lapse microscopy. (C) MF20 antibody staining showing the
abundance of myocardial cells in Matrigel during 3D culture. (Scale bar:
150 μm.) (D) Percentage of cardiac cells isolated from chicken embryos be-
tween HH9 and HH11 undergoing CW, CCW, no rotation, complex rotation,
and rotation. (E) Table denoting total number of cells from different ex-
periments undergoing CW, CCW, no rotation, complex rotation, and rota-
tion. Boldface type indicates a dominant bias. *P < 0.05, ***P < 0.001; ns,
nonsignificant.
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application of 10 μM Bryostatin 1 reverses the chirality of chick
cardiac cells from CW to CCW (SI Appendix, Fig. S3 A and B).
Indolactam V treatment of chick cardiac cells similarly results in a
significant increase of CCW rotation in the treated cardiac cells
compared with the controls (SI Appendix, Fig. S3 C and D).
However, the effect of Indolactam V treatment was less pro-
nounced compared with TPA treatment, possibly due to relatively
low potency of Indolactam V compared with TPA, as observed in
our previous studies and literature (38).
To relate PKC activation directly with cardiac looping, we

assessed the activation of PKC signaling in early straight heart
tubes by staining HH9 chicken embryos with phospho-PKC-α
antibody. We observed phospho-PKC-α–positive cells in the
ventral myocardium before cardiac looping (SI Appendix, Fig.
S4). More interestingly, our results show that the left side of the
heart tube contains a higher amount of phospho-PKC-α com-
pared with the right side of the heart tube (SI Appendix, Fig. S4).
Next, we examined whether PKC activation can reverse the

directionality of cardiac C looping. We treated chicken embryos
in an ex ovo liquid-sandwich culture system with a varying dosage
of TPA added to the culture medium at the HH9 minus stage,
just before the formation of the straight heart tube (Fig. 2 C and
D). In the control embryos, ∼80% of the heart tubes were right

looped, whereas in the experimental embryos the dominant di-
rection of looping was leftward (55%) compared with rightward
(10%) (Fig. 2D). Therefore, with TPA treatment, there was a
70% decrease in the percentage of embryos undergoing right-
ward looping and 55% increase in leftward looping compared
with control, both of which were statistically significant (Fig. 2D).
Our results demonstrate that the activation of PKC signaling is
sufficient to reverse the directionality of chick cardiac looping.
Taken together, we demonstrated that a molecular signaling
pathway that reverses intrinsic cardiac cell chirality reverses the
directionality of cardiac looping.
We next tested the effect of formin inhibition by using SMIFH2

(a small molecule inhibitor) on the directionality of cardiac looping
(39). Formin is known to mediate chirality at the actin cytoskeleton
level (26) and regulate the establishment of LR asymmetry during
development in pond snails and frogs (40). A dose-dependent
treatment of SMIFH2 on chicken embryos at the HH9 minus
stage caused an increase in no-looped and leftward-looped hearts
(SI Appendix, Fig. S5). Based on all of the data taken together, we
conclude that modulation of intrinsic cell chirality results in al-
terations in the directionality of cardiac looping.

The Golgi Complex Exhibits an Overall Rightward Polarization in the
Ventral Myocardium with a Stronger Bias on the Right Side Before
Cardiac Looping. To analyze LR polarity in the myocardium be-
fore looping, we examined the polarization of the Golgi appa-
ratus within individual myocardial cells (Fig. 3 A–E and SI
Appendix, Fig. S6) in the ventral myocardium. Fluorescently la-
beled Golgi apparatus with anti-Golgi (GM130) antibody was
used to determine Golgi positioning relative to the nucleus (labeled
with Hoechst) with respect to the embryonic anterior–posterior
(AP) axis (Fig. 3 A and B and SI Appendix, Fig. S6 A–D). LR
polarity of the Golgi was determined by the angle between a
vector drawn from the centroid of the nucleus to the centroid of
the Golgi and the embryonic AP axis (Fig. 3B). The Golgi po-
larization was defined as anterior left, posterior left, posterior
right, or anterior right (Fig. 3C). We observed a preferential po-
larization of the Golgi toward the embryonic right in the overall
ventral myocardium at HH9 with the majority of the angles falling
between 180° and 360° (Fig. 3 D and E). Overall, these results
indicate that the myocardium before cardiac looping has an
overall right bias of Golgi polarization, which could be indicative
of directional cell alignment or directional collective cell migra-
tion, causing the heart to rotate toward the right.
Intriguingly, we also observed a position-specific bias of the

Golgi LR polarity in the myocardium. Cells in the right ventral
myocardium (while cardiac fusion is ongoing) at HH9 exhibited a
very dominant anterior-rightward bias of Golgi polarization from
early HH9 (Fig. 3 D and E and SI Appendix, Fig. S6). Whereas
the cells in the left ventral myocardium had no obvious AP po-
larization and had a relatively randomized LR polarization with
a slight left bias. To determine whether there is any position-
specific difference in intrinsic chirality of the cells in the straight
heart tube at HH9, we separated the right and left halves of the
cardiac tube, isolated cells, and analyzed in vitro rotational bias
(Fig. 3 F andG). Consistent with the biases of Golgi polarization,
cells from the right half exhibited significantly dominant CW
rotation (63%) in vitro whereas the cells of the left side had a
comparable percentage of cells undergoing CW and CCW ro-
tation with a slightly higher (14%) percentage of cells un-
dergoing CCW rotation (Fig. 3 F and G). These results suggest
that whereas cells from the right half of the heart tube showed
dominant CW rotational behavior, cells from the left half
showed relatively randomized rotational behavior. Overall, these
results indicate that cells in the embryonic heart during the
looping stages are intrinsically chiral and the dominant chirality
of the cardiac tube could originate from cells located in the right
half of the cardiac tube.

Fig. 2. Activation of PKC signaling reverses intrinsic chiral rotational bias of
cardiac cells and reverses the directionality of cardiac looping. (A) Percent-
age of CW, CCW, no rotation, complex rotation, and rotation in cardiac cells
isolated from HH10 chicken embryos cultured in the 3D bilayered Matrigel
system with and without TPA treatment. (B) Table summarizing the number
of cells with and without TPA treatment. (C) Images of HH11 chicken embryo
cultured with and without TPA categorized into each group. Blue outline
shows rightward heart looping and red outline shows left looping, re-
spectively. (D) Percentage of right-, left-, and no-looped hearts in control
and TPA-treated chicken embryos. *P < 0.05, **P < 0.01, ***P < 0.001; ns,
nonsignificant.
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Since we observed a distinction in the overall chiral bias of
myocardial cells between the right and left halves of the cardiac
tube, we next asked whether global embryonic LR signals regu-
late cardiac cell chirality. We examined the effect of application
of the Nodal protein and the small molecule Nodal inhibitor
(SB431542) on the intrinsic chirality of cells isolated from
chicken embryonic heart tubes during looping stages (HH9–
HH11) (Fig. 3 H and I). Our results demonstrate that Nodal
signaling reverses the chirality of cardiac cells from CW to CCW
whereas inhibition of Nodal signaling has no effect on the CW
chirality of cardiac cells. This is in agreement with our previous

findings that the cells in the right myocardium originating from
the Nodal negative mesoderm exhibit dominant CW chirality,
whereas the cells in the left myocardium, having contributions
from the Nodal-positive mesoderm, exhibit more randomized
cellular bias. Additionally, we also examined the effect of BMP
signaling on the chiral bias of cardiac cells. Interestingly, in-
hibition of BMP signaling by the application of small molecule
inhibitor LDN193189 does not affect the chiral bias of cardiac
cells isolated from heart tubes before the looping stages at HH9,
whereas BMP4 application randomizes the chiral bias of cardiac
cells at very high concentrations (SI Appendix, Fig. S7). BMP4 at

Fig. 3. Golgi complex exhibits an overall rightward polarization in the ventral myocardium with a stronger bias on the right side before cardiac looping. (A)
Confocal images of Golgi (anti-GM130, green) and nucleus (Hoechst, blue) in the right and the left ventral myocardium, respectively, at HH9. (Scale bar:
20 μm.) (B) Confocal images of Golgi (anti-GM130, green) and nucleus (Hoechst, blue) showing the vector depicting LR bias of the Golgi. (Scale bar: 5 μm.) (C)
Color schematic designating the directional regions of Golgi polarization in the embryonic myocardium with respect to the nucleus and embryonic axes. (D
and E) Quantification of Golgi polarization with respect to the nucleus along the anterior–posterior and right–left axes. Overall, the Golgi is preferentially
polarized toward the right side of the embryo at HH9 before cardiac rotation starts. Right side, left side, and whole refer to the right, left, and entire ventral
myocardium, respectively. (F) Cells from the right half of the heart tube exhibit dominant CW rotational bias whereas cells from the left half exhibit ran-
domized rotational bias. Shown is the percentage of cardiac cells isolated from right and left sides of the cardiac tube at HH9 undergoing CW, CCW, no
rotation, complex rotation, and rotation. (G) Table denoting the number of cardiac cells from different experiments undergoing CW, CCW, no rotation,
complex rotation, and rotation. (H) Activation of Nodal signaling reverses intrinsic chiral rotational bias of cardiac cells whereas inhibition of Nodal signaling
has no effect. Shown is the percentage of CW, CCW, no rotation, complex rotation, and rotation in cardiac cells isolated from HH9–HH11 chicken embryos
cultured in the 3D bilayer Matrigel system with and without Nodal (1 μg/mL) and SB431542 (75 μM) treatment. (I) Table showing the number of cells with and
without Nodal and SB431542 treatment. Boldface type indicates dominant bias. A, anterior; P, posterior. *P < 0.05, ***P < 0.001; ns, nonsignificant.
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low, physiologically relevant doses, on the other hand, does not
affect the chirality of cardiac cells (SI Appendix, Fig. S7). Our
results taken together suggest that perhaps right-sided BMP
signaling is not instructive for the establishment of cardiac cell
chirality but rather provides a permissive environment for the
maintenance of the CW chirality of the cardiac cells.

Cell Boundaries in the Ventral Myocardium Exhibit a Dominant
Rightward Bias Before Cardiac Looping. To understand the origin
of chiral bias before the onset of cardiac looping, we examined
whether there is a resultant LR asymmetric cell alignment in the
developing myocardium in addition to the Golgi LR polariza-
tion. We hypothesized that the cells in the myocardium exhibit
LR polarity in cell shape before the onset of cardiac looping,
which is displayed by LR asymmetric cell alignment with respect

to the embryonic AP axis. To determine LR asymmetric cell
alignment, the morphology of the myocardial cells was examined
at stages between HH9 minus and HH11 (Fig. 4 and SI Appendix,
Fig. S8). Anti-MF20 and anti-Nkx2.5 antibodies were used to
confirm cardiac tissues.
Using quantitative analysis of confocal images in ImageJ, we

mapped the cell alignment of different regions of myocardium
before and during rotation with respect to the embryonic AP and
LR axes (Fig. 4 A–E and SI Appendix, Fig. S8). At HH9, ventral
myocardial (VM) cells adopt a prominent LR asymmetric shape
with respect to the AP axis (Fig. 4A). The majority of the myo-
cardial cells appeared to be aligned toward the right side of the
embryo with respect to the vertical AP axis. We measured the
angle between cell boundaries (visualized by cortical actin in Fig.
4 A–E) and the AP axis of the heart tube to determine right or

Fig. 4. Cell boundaries in the ventral myocardium exhibit a dominant rightward bias of alignment, and N-cadherin and myosin II are enriched LR asym-
metrically on cell boundaries before cardiac looping. (A) Confocal image of the chick ventral myocardium at HH9, with Phalloidin (F-actin) staining to visualize
cell boundaries. (Scale bar: 50 μm.) (B) Schematic of quantification of the alignment of a cell boundary with respect to the AP axis. Right bias or left bias is
determined by the value of x. The angle −90° to 0° is considered as a rightward bias of cell alignment and 0°–90° as a leftward bias. (C) Percentage of cell
boundaries in the ventral myocardium at HH9 with angles between −90° to 0° and 0°–90°. (D) Circular histogram of angle distribution of cell boundaries in the
ventral myocardium at HH9. (E) Linear histogram of angle distribution of cell boundaries in the ventral myocardium at HH9. Blue denotes cell boundaries with
a right bias and red those with a left bias. (F) Confocal images of the chick ventral myocardium at HH9, with N-cadherin (green) and F-actin (Phalloidin, red)
staining. (Scale bar: 10 μm.) (G) Magnified images of cells within the ventral myocardium to depict cell boundaries with a right bias and a left bias with
respective N-cadherin expression. (Scale bar: 5 μm.) (H) Normalized N-cadherin intensity on cell boundaries in the ventral myocardium at HH9 with angles
between −90° to 0° and 0°–90°. (I) Confocal image of the chick ventral myocardium at HH9, with p-Myosin-II (yellow) and F-actin (Phalloidin, magenta)
staining. Magnified images of cells within the ventral myocardium depict cell boundaries with right bias and left bias with respective p-Myosin-II expression.
(Scale bar: 10 μm.) (J) Normalized p-Myosin-II intensity on cell boundaries in the ventral myocardium at HH9 with angles between −0° to 90° and 0°–90°,
respectively. n = (number of cell boundaries, number of embryos). A, anterior; L, left; P, posterior; R, right. **P < 0.01, ***P < 0.001.
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left bias (Fig. 4 A–E). Cell boundaries with alignment angles
between −90° and 0° were defined to have a right bias, whereas
angles between 0° and 90° were categorized as a left bias (Fig.
4B). Just before cardiac looping at HH9, ventral myocardial cells
exhibited a dominant rightward bias with the majority of the cell
boundaries having an alignment angle between 0° and −90° (Fig.
4 C–E). This rightward bias in the VM disappears by HH10 when
the cardiac rotation starts and the cell boundaries are mostly
perpendicular to the AP axis (SI Appendix, Fig. S9). These results
together demonstrate that the cells of the myocardium have a
LR-biased planar cell shape that arises transiently before cardiac
rotation. We propose that the appearance of right-biased Golgi
polarization and chiral cell shapes in the VM at HH9 marks the
onset of symmetry breaking at the cellular level before cardiac
C looping.

N-Cadherin and Myosin II Are Enriched on Cell Boundaries with a
Right Bias in the Ventral Myocardium Before Cardiac Looping. To
understand whether the LR asymmetric cell shapes are con-
comitant with the presence of the LR asymmetric distribution of
cell adhesion proteins, we analyzed N-cadherin expression along
the cell boundaries in the ventral myocardium at HH9 (Fig. 4 F–
H). N-cadherin is the primary cell–cell adhesion molecule expressed
in the developing heart tube during early morphogenesis and is
visible throughout the myocardium during tubular stages. We ob-
served an enrichment of N-cadherin in the cell boundaries that
makes an angle between −90° and 0° (right bias) with the AP axis in
the myocardium (Fig. 4 F and G, pink rectangles). The normalized
N-cadherin intensity ratio was consistently higher on cell boundaries
that form an angle between −90° and 0° (right bias, pink rectangles,
Fig. 4H, 1.1) compared with cell boundaries that form an angle
between 0° and −90° (left bias, yellow rectangles, Fig. 4H, 0.93) with
a statistical significance. The higher intensity of N-cadherin on the
right-biased cell boundaries was consistent between right and left
VM (SI Appendix, Fig. S10). In accordance with the previous
findings, the dominance of right-biased cell boundaries is stronger
in the right VM than in the left VM (SI Appendix, Fig. S10).
Asymmetric enrichment of N-cadherin is often accompanied

by similarly polarized myosin II expression. To determine
whether there is a LR-polarized myosin II expression on the VM
before cardiac looping, we used immunostaining with phospho-
myosin II on chicken embryos. As expected, we observed an
enrichment of myosin II on the right-biased cell boundaries of
the myocardium (Fig. 4I, green rectangles). The normalized
myosin-II intensity ratio was higher on cell boundaries that form
an angle between −90° and 0° (right bias, green rectangles, Fig.
4J, 1.15) compared with cell boundaries that form an angle be-
tween 0° and −90° (left bias, orange rectangles, Fig. 4J, 0.93).
The right-biased enrichment of myosin II was also consistent
between the right and the left myocardium. However, similar to
the N-cadherin results, the right-biased enrichment was stronger
in the right myocardium compared with the left myocardium (SI
Appendix, Fig. S11).
These results taken together show that there is a LR-polarized

distribution of N-cadherin and myosin II concomitant with the
appearance of cell chirality in the myocardium at HH9 before
the onset of asymmetric cardiac looping.

Activation of PKC Signaling Reverses Biases of Golgi Polarization, Cell
Shape, and the Intracellular Chirality Marker in the Myocardium.
Finally, we wanted to investigate whether the intrinsic LR bias
of cardiac cells mediates chiral cell shapes and LR Golgi po-
larization before the onset of cardiac looping. For this purpose,
we examined cell chirality in the myocardium in the embryos
after TPA treatment at the HH9 minus stage (Fig. 5). In DMSO
control embryos, we observed a dominant rightward bias of
Golgi polarization as evident by higher Golgi polarization angles
falling between 180o and 360o (right biased, 57.5%) compared

with between 0o and 180o (left biased, 42.5%) (Fig. 5 A–C). In
contrast, the bias of Golgi polarization was reversed in the VM
after TPA treatment (Fig. 5 A–C). The majority of the polari-
zation angles were between 0o and 180o (left biased, 58%)
compared with between 180o and 360o (right biased, 42%). This
indicates that there was a reversal of LR polarization of Golgi in
the VM of chicken embryos after PKC activation. Next, we ex-
amined the effect of PKC activation on the occurrence of right-
biased cell shapes in the VM at HH9 (Fig. 5 D–F). Concomitant
with the Golgi polarization results, we observed a reversal of LR
alignment of cell boundaries from right bias to left bias (Fig. 5
D–F). In controls, the majority of the cell boundaries were be-
tween −90° and 0° (right biased, 65%) compared with between
0° and 90° (left biased, 35%). Comparatively, in embryos that
had undergone PKC activation, dominant bias angles of cell
boundaries were between 0° and 90° (left biased, 59%) compared
with between −90° and 0° (right biased, 41%) (Fig. 5 D–F). We
further assessed the effect of PKC activation on the right and the
left myocardium (SI Appendix, Fig. S12). A similar extent of
reversal of Golgi LR polarization and LR bias of cell boundaries
was observed between the left and the right myocardium (SI
Appendix, Fig. S12). These results suggest that chirality of cell
shapes was reversed in the PKC-activated embryos from right
biased to left biased.

Fig. 5. Activation of PKC signaling reverses cell chirality in the myocardium
before cardiac looping. (A) Confocal images of Golgi (anti-GM130, green)
and nucleus (Hoechst, blue) in the ventral myocardium of control and TPA (a
PKC activator)-treated embryos at HH9. (B) Circular histogram of angle dis-
tribution of Golgi polarization in the ventral myocardium at HH9 in control
and TPA-treated groups. n = (number of cells, number of embryos). (C)
Quantification of Golgi polarization with respect to the nucleus along the
anterior–posterior and right–left axes for control and TPA-treated embryos.
(D) Confocal images of the chick ventral myocardium at HH9 for control and
TPA-treated chicken embryos, with Phalloidin (F-actin) staining to visualize
cell boundaries. (E) Circular histogram of angle distribution of cell bound-
aries in the ventral myocardium at HH9 for control and TPA-treated em-
bryos. n = (number of cell boundaries, number of embryos). (F) Percentage
of cell boundaries in the ventral myocardium at HH9 with angles between
−90° to 0° and 0°–90° for control and TPA-treated embryos. **P < 0.01, ***P <
0.001. A, anterior; L, left; P, posterior; R, right. (Scale bars: 20 μm.)
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Taken together, these data suggest that PKC activation re-
verses cell chirality in the myocardium, leading to reversal of
directionality of cardiac looping. We have already demonstrated
that PKC activation also reverses the bias of intrinsic chiral ro-
tation of chick cardiac cells during the looping stages. Therefore,
these results indicate that intrinsic cellular chirality regulates LR
symmetry in the myocardium before cardiac looping through
mediating LR polarization of Golgi and chiral cell shapes. To
confirm that PKC activation reverses chirality within the cells of
the VM in vivo during cardiac looping, we used LR bias of the
cell centroid with respect to the nuclear–Golgi axis as an in-
tracellular chirality marker (SI Appendix, Fig. S13 A–E). We
defined left- or right-biased cells, depending on the positioning
of the cell centroid on the left or right of a straight-line vector
drawn from the centroid of the nucleus to the centroid of the
Golgi, respectively (SI Appendix, Fig. S13E). This bias of the cells
was reversed in the PKC-activated embryos, compared with the
untreated control (SI Appendix, Fig. S13F). This could be indica-
tive of a reversal of internal LR asymmetry within the myocardial
cells. Therefore, we propose that reversing intrinsic cell chirality
via activation of PKC signaling switches directionality of cardiac
looping through reversal of cell chirality in the myocardium.
Overall, these results strongly suggest that intrinsic cellular
chirality of the myocardial cells instructs the directionality of
rightward rotation of the embryonic cardiac tube.

Discussion
Our study demonstrates that intrinsic cell chirality regulates the
directionality of cardiac looping, which is essential for proper
cardiac morphogenesis (4, 6). We show the LR symmetry
breaking at the cell level in the cardiac tube before the onset of
asymmetric looping, as observed by LR biases in the positioning
of the Golgi complex and the distributions N-cadherin and my-
osin II in the myocardial cells. The reversal of cell chirality
switches the cellular LR asymmetry as well as the looping di-
rectionality of developing cardiac tubes, suggesting the critical
role of intrinsic cell chirality in cardiac looping.
Intrinsic cell chirality is a property of the cell dependent on

phenotype and enables polarized cells to prefer right or left bias
during collective migration or rotation. Previously, phenotype-
based intrinsic cell chirality has been implicated in multicellular
morphogenesis on 2D micropatterns (15, 16, 20, 27–29, 41).
Recently, we developed a platform for determining the chirality
of less-adhesive cells in 3D culture, by analyzing the direction-
ality of coherent angular motion, when cultured at the interface
of two layers of Matrigel of different concentrations. Here we
show that cells in the cardiac tube before the onset of looping
exhibit a dominant CW rotational bias. Previously, we demon-
strated that epithelial spheroids derived from the single rotating
cells retain the coherent angular motion and the directionality
of the single cell. It is tempting to speculate whether a similar
scenario is applicable in the context of cardiac rotation, in which
the top–bottom/z-axis polarity of the cardiac cells could be related
to the AP polarity of the cardiac tube and the CW rotational di-
rection correlates that to the rotational bias of the individual
cardiac cells.
The CW chiral bias of the cardiac cells and the rightward cell

alignment and Golgi polarization in the VM are evident from the
early HH9 stage before cardiac fusion and before the onset of
cardiac contraction. The rightward cell alignment is transient
and disappears when the rotation begins (SI Appendix, Fig. S9).
This finding is in accordance with the Drosophila embryonic
hindgut and genitalia chiral rotation, where cell shapes exhibit
transient LR polarity as the cells align with a left or right bias
with respect to the AP axis which mediates the directionality of
rotation (18, 19, 21).
One of the key findings of this study is that PKC activation

reverses the handedness of cardiac looping and correspondingly

the chirality of the cardiac cells. This is supported by the fact that
PKC activators such as TPA and Indolactam V switch the chi-
rality of endothelial cells from CW to CCW (35). One of the
promising PKC isoform candidates is PKC-α which mediates the
switch of cell chirality in endothelial cells. Interestingly, our re-
sults show the presence of activated PKC-α in the cardiac tube
before the onset of cardiac looping. Further investigation is
needed about which isoforms mediate the switch in chirality in
cardiac cells and the role of endogenous PKC signaling during
cardiac looping.
It is intriguing to note that our results suggest that the chirality

of the overall cardiac tube possibly originates from the right side.
Both in our in vitro rotation data and in the in vivo myocardial
chirality results, the right side is more chiral with a dominant CW
bias whereas the left side is comparatively randomized. This is
supported by a previous study on chicken embryos indicating that
the cardiac looping directionality could originate from actin
alignment in the right caudal myocardium (42, 43). Very re-
cently, it has been suggested that LR asymmetric cell movement
and forces originating primarily from the right side and con-
trolled by PRRX1 signaling in chick, Prrx1a in zebrafish, and
SNAIL1 in mouse direct cardiac laterality (11). On a similar
note, the right and the left side of the embryonic heart tube have
differential heparanase activity with the left side having higher
heparanase activity. Heparanase cleaves syndecan 4, activating
PKC-α (44, 45). Therefore, the left side of the heart could have
higher levels of PKC-α activation than the right side. Indeed, in
agreement with this, we found relatively higher expression of
phospho-PKC-α in the left half of the myocardium than in the
right half, showing that there are higher levels of PKC activation
in the left myocardium compared with the right. This is also
supported by our results that cells in the right side of the heart
have CW chirality whereas cells in the left side have a slight bias
toward CCW chirality. Injecting heparanase on the right side
reverses the looping direction, similar to our results of activation
of PKC signaling reversing the looping directionality of the
cardiac tube. In summary, relating cardiac laterality to myocar-
dial cell chirality predominantly originating from the right side
could explain the cellular basis of a right-sided biochemical sig-
naling pathway driving cardiac laterality.
Recent studies have suggested that an actomyosin-dependent

mechanism regulates cardiac looping. Our results show that
myosin II along with N-cadherin shows preferential enrichment
along the cell boundaries that have a right bias. One of the
predominant mechanisms proposed to explain cardiac laterality
is LR asymmetric actomyosin contractions (14, 17, 19, 21, 46).
Similarly, during LR asymmetric hindgut rotation in Drosophila
embryos, DE-Cad and MyoID enrichment on the cell boundaries
with a bias between −90° and 0° seems to restrict the expansion
of cell boundaries, introduce LR asymmetrical cortical tension,
and facilitate directional tissue rotation (19). During Drosophila
genitalia rotation, in which epithelial tissue rotates clockwise
around the genitalia, MyoID regulates LR asymmetric polarized
enrichment of myosin II, leading to LR-biased junction remod-
eling and LR asymmetric cell intercalation resulting in directional
collective cellular movement (21). We propose that before cardiac
looping, similar LR polarization of N-cadherin and myosin II on
cell boundaries could lead to LR asymmetric cellular contraction
and junctional remodeling, driving directional tissue rotation.
However, further studies have to be undertaken to elucidate the
precise role of LR-biased enrichment of N-cadherin and myosin II
in myocardium before the onset of cardiac looping.
In this study, we have also addressed how cell chirality relates

to the global molecular signaling pathways establishing embry-
onic laterality such as Nodal (8, 47) and BMP (11, 48). Our re-
sults show that application of Nodal protein switches the chirality
of cardiac cells from CW to CCW. Interestingly, the chick car-
diac cells retain their CW bias even after the inhibition of Nodal
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signaling. This is in accordance with our results where the right
side of the heart tube, originating from Nodal negative right lat-
eral plate mesoderm, exhibits dominant CW chirality. Whereas
the left side of the heart, originating from the Nodal positive side,
shows more randomized chiral behavior with a slightly higher
percentage of cells undergoing CCW rotation. Our results also
suggest that BMP signaling is not required for the maintenance of
CCW chiral bias of cardiac cells and possibly plays a permissive
rather than an instructive role in the establishment of cell chirality.
However, it is possible that downstream effectors of BMP sig-
naling such as PRRX1 are instructive during the establishment
and maintenance of cardiac chirality. The dose-dependent role of
BMP4 signaling in regulating cell chirality is similar to previous
findings of a dose- and time-dependent effect of BMP4 on cardiac
laterality during development (49–51). For example, injection of a
high concentration of BMP4 to the right side of the zebrafish
embryos reverses cardiac asymmetries (51). In summary, the
myocardial chirality could be established during the initial differ-
entiation of cardiac mesoderm but regulated in a position-specific
manner by the embryonic LR signals. Recently it has been shown
that myo1d is upstream of the Nodal cascade in Xenopus and
zebrafish and is the unifying feature of LR asymmetries across
phyla (52–54). Combining these data with our results shows that
there is possibly an interplay between cell chirality and the global
embryonic LR signals, where early on during development, cell
chirality regulates the establishment of the embryonic LR axis,
which in turn regulates the position-specific variation in cell chi-
rality of cardiac mesoderm, regulating the future directionality of
cardiac looping.
In summary, our study introduces tissue intrinsic cell chirality

as a biophysical and cellular basis of cardiac laterality and pos-
sibly as a universal mechanism regulating directional tissue ro-
tation during vertebrate embryogenesis.

Materials and Methods
Chicken Embryos. Fertilized chicken eggs (Charles River Laboratories) were
incubated to the desired stages at 38.5 °C in a humidified incubator in ac-
cordance with protocols approved by the Institutional Review Board at
Rensselaer Polytechnic Institute. Embryos were staged according to the HH
table of normal stages (55) and harvested in normal saline solution.

Cell Isolation from Chick Heart Tubes. Heart tubes were dissected out from
chicken embryos in ice-cold Leibovitz’s L15 medium (Gibco) supplemented
with 1% penicillin–streptomycin (Sigma-Aldrich), between stages HH9 and
HH12, using a flame-sharpened tungsten needle. The tissues were immedi-
ately digested with 0.25% Trypsin/EDTA (Gibco) solution (prewarmed at
37 °C) or Accutase (Sigma-Aldrich) at 37 °C. Every 4 min, the suspension was
pipetted up and down several times to facilitate digestion and homogene-
ity; this was repeated three times for a total of 12 min. Freshly prepared
Neurobasal Medium (Gibco) supplemented with B27 (Gibco), 5% FBS (VWR),
1% penicillin–streptomycin (Sigma-Aldrich), and 1% GlutaMax (Gibco) was
added to neutralize the Trypsin solution and stop digestion. A cell pellet
was obtained by centrifuging at 300 × g for 5 min. Finally, the pellet was
resuspended in the supplemented prewarmed Neurobasal Medium before
seeding within the bilayered Matrigel for 3D chirality analysis.

Rotational Analysis of Cardiac Cells in a 3D Matrigel Gradient System. The
preparation of the base layer of growth factor-reduced Matrigel (Corning)
was coordinated with the digestion of the chick cardiac cells, so that the
digested cells could be immediately seeded on the Matrigel base layer. The
bilayered Matrigel system was formed using an eight-chambered glass slide
(Ibidi) consisting of a base layer of 100% Matrigel and a top layer of 2%
Matrigel. First, a bottom layer of 100%Matrigel was prepared by pipetting 50
μL of ice-cold Matrigel into the individual chamber. A pipette tip was gently
used to spread the Matrigel on the bottom of the well to achieve an even
bottom layer. The prepared bottom layer of 100% Matrigel was incubated
at 37 oC for 20 min for solidification. Freshly isolated chick cardiac cells were
then seeded onto the Matrigel base layer at a density of 6,000 cells/cm2 and
were allowed to attach for 2 h in Neurobasal Medium (with B27 and 5% FBS
and 1% Glutamax and 1% penicillin–streptomycin). The medium was
replaced with ice-cold 2% Matrigel in fresh cold Neurobasal Medium (with

or without drugs) to form the top layer. The pipette tips were prechilled to
ensure that the 2% Matrigel did not solidify while pipetting onto the wells.
The cells were cultured at 37 °C and 5% CO2 for at least 16 h.

After 1 d of culture time-lapse imaging was performed using an inverted
Zeiss Axio Observer.Z1 or a Keyence BZ-x700 microscope for analyzing single-
cell/tissue rotation. Phase-contrast time-lapse images were gathered with a
10× objective for at least 2 h with an interval of 1 min. The cells were cat-
egorized as undergoing rotation (planar) or no rotation or complex rotation
(out of plane or switching directionality). The direction of planar cellular
rotation was classified into either CW or CCW.

Immunostaining and Imaging of Chicken Embryos. Chicken embryos were fixed
in 4% paraformaldehyde (PFA) for 1 h at room temperature. Embryos were
washed once in 1× PBS and three times in 1× PBST (1× PBS + 0.1% TritonX-
100 + 2% BSA) for 5 min each. Next, the embryos were blocked in 1× PBST
with 10% goat serum for 1 h. Primary antibodies were applied for 24–48 h at
4oC. The following primary antibodies were used: anti-ZO-1 (1:50, ab59720;
Abcam), anti-MF20 (1:10, MF 20; Developmental Studies Hybridoma Bank),
anti-Nkx2.5 (1:100, ab35842; Abcam), anti-GM130 (1:100, BDB610822; Fisher
Scientific), anti–N-cadherin (1:20, 6B3; Developmental Studies Hybridoma
Bank), anti–phospho-myosin II (1:50, 3671S; Cell Signaling Technology) and
anti–phospho-PKC-α (Thr-638, 1:100, 44-962G; ThermoFisher Scientific). The
slides were washed several times in 1× PBS, followed by three 1× PBST
washes, each for 5 min. Alexa Fluor 488/568 secondary antibodies (1:200 in
1× PBST; ThermoFisher Scientific) were applied for 2 h at room temperature
in a humidified chamber followed by several 1× PBS and 1× PBT washes of
5 min each. Alexa Fluor 488/568 Phalloidin (1:40 in 1× PBST; ThermoFisher
Scientific) was applied with the secondary antibodies for visualization of
actin. The embryos were then incubated with Hoechst 33342 (H3570, 200 μg/mL
in 1× PBS; ThermoFisher Scientific) for 30 min. A final wash with 1× PBS for 5 min
was followed by serial washes in 50% glycerol/PBS and 90% glycerol/PBS for
clearing and imaging. The embryos were mounted using SlowFade Diamond
AntiFade reagent (S36963; ThermoFisher Scientific). All imaging was performed
using an inverted Zeiss LSM 510 confocal microscope. Image processing and
analysis were performed using Fiji (ImageJ).

Immunostaining of Chick Cardiac Cells Embedded in Matrigel. Cardiac cells in
Matrigel were fixed with a prewarmed mixture of 4% PFA and 1% glutar-
aldehyde for 15 min. This was followed by quenching in sodium borohydride
(1 mg/mL; Sigma Aldrich) before proceeding with normal immunostaining pro-
tocol as described above. All of the steps were performed at room temperature.

Chicken Embryo Culture and Drug Treatments. Chicken embryos were cultured
using either a sandwich liquid culture method (56) or an EC culture method
as described previously (57). For the liquid culture of chicken embryos, drugs
were added directly into the prewarmed media (Neurobasal supplemented
with B27, 5% FBS, 1% penicillin–streptomycin, and 1% GlutaMax) at HH9
minus stage. TPA (10–50 nM, P8139; Sigma-Aldrich), Bryostatin 1 (10 nM–

10 μM, IB7431; Sigma-Aldrich), and Indolactam V (10 nM–500 μM, I0661;
Sigma-Aldrich), three common cell-permeable, small-molecule activators of
PKC, were used in our experiments (36, 37, 58, 59). For chicken embryo liquid
culture experiments, a range of concentrations of TPA from 0.5 μM to 1 μM
was used. SMIFH2 [Inhibitor of formin homology 2 (FH2) domain, 4401;
Tocris Bioscience], a small-molecule inhibitor of formin, was used in a con-
centration range between 5 μM and 100 μM (39). For drug screening in the
3D chirality assay with other chemicals that affect embryonic laterality, a
range of concentrations was used. The chemicals used were thalidomide (5–
100 μg/mL, 06-521-00; Fisher Scientific), lidocaine (1–100 μM, 30-575-0; Fisher
Scientific), methoxamine hydrochloride (100–500 μM, M6524; Sigma-Aldrich),
paroxetine hydrochloride (1–100 μM, P9623; Sigma-Aldrich), nitrofurazone
(0.1–10 μg/mL, 31706; Sigma-Aldrich), human recombinant Nodal (1 μg/mL,
3218-ND-025; R&D Systems), SB431542 (75 μM, S4317; Sigma-Aldrich),
LDN193189 (10 mM–1 μM, SML0559; Sigma-Aldrich), and BMP4 (1–500 ng/mL,
314-BP-010; R&D Systems). The control media contained equivalent amounts of
the respective solvents (DMSO, HCl, or water).

Quantitative Image Analysis of LR Bias of Golgi and Cell Boundaries in Chick
Myocardium. All of the confocal micrographs for analysis were displayed in
the same manner so the orientation of the embryonic axes (AP, dorsal–
ventral, right–left) was consistent between images. Similarly, the images
were rotated so that the AP axis aligned vertically in each image. LR po-
larization of the Golgi apparatus (labeled with anti-GM130) within the in-
dividual myocardial cells was measured by determining the angle between a
vector drawn from the centroid of the nucleus to the centroid of the Golgi
and the embryonic AP axis. A custom-written program in MATLAB was used
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to draw the angular histogram depicting Golgi polarization as anterior left,
posterior left, posterior right, or anterior right. For quantification of LR
asymmetric cell alignment, image processing was performed as described
above. The angle between cell boundaries (visualized by Phalloidin or anti-
ZO1) and the vertical embryonic AP axis was measured to determine right or
left bias. The frequency and distribution of alignment of cell boundaries
were depicted in histograms.

N-Cadherin and p-Myosin-II Intensity Measurements. Image processing and
quantification of alignment of cell boundaries were performed as described
in the previous section. Mean signal intensity of N-cadherin and p-Myosin-II
was calculated using Fiji. The intensity of each cell boundary was normalized
to the average intensity of all of the cell boundaries before comparison for
directional biases.

3D Reconstruction of Chicken Embryonic Hearts. Multiphoton (Zeiss LSM 510)
image stacks of anti–MF20-stained chicken embryos were stitched together us-
ing the Grid/Collection Stitching plugin in Fiji. Three-dimensional surface ren-
dering of the embryonic heart was performed using Imaris (Bitplane) software.

Image Analysis for Intracellular Chirality in Chick Myocardium. LR bias of the
cell centroid with respect to the nuclear–Golgi axis in the myocardium was
used as an intracellular chirality marker. Confocal images of control and
TPA-treated embryos stained with Phalloidin (F-actin), anti-GM130 (Golgi),
and Hoechst (nucleus) were used for analysis. Phalloidin staining was used at
first for manual segmentation of cell boundaries, followed by marking the

position of the cell centroid in those images using Fiji. A straight-line vector
was drawn from the center of the nucleus to the center of the Golgi. Left (L)-
or right (R)-biased cells were identified and marked based on the positioning
of the cell centroid on the left or the right of the nucleus–Golgi vector, re-
spectively. The cells with the cell centroid overlapping with the nucleus–
Golgi axis were considered as nonbiased or neutral (N).

Statistics. JMP 13 (SAS), Prism (GraphPad), and MATLAB (MathWorks) were
used for statistical analysis. Data were presented as mean ± SEM unless in-
dicated otherwise. Statistical analysis was performed by two-way ANOVA or
two-tailed t test (for two-sample comparisons). For statistical analysis of
dominance of CW and CCW rings/rotation, the binomial cumulative function
in MATLAB was used. Significant differences were accepted at P < 0.05 for
all experiments.

Data Availability. All data that support the findings of this study are available
within the main text and SI Appendix of this paper.
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