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Abstract—Intrinsic cell chirality has been implicated in the
left-right (LR) asymmetry of embryonic development.
Impaired cell chirality could lead to severe birth defects in
laterality. Previously, we detected cell chirality with an
in vitro micropatterning system. Here, we demonstrate for the
first time that chirality can be quantified as the coordination
of multiaxial polarization of individual cells and nuclei.
Using an object labeling, connected component based
method, we characterized cell chirality based on cell and
nuclear shape polarization and nuclear positioning of each
cell in multicellular patterns of epithelial cells. We found that
the cells adopted a LR bias the boundaries by positioning the
sharp end towards the leading edge and leaving the nucleus at
the rear. This behavior is consistent with the directional
migration observed previously on the boundary of micropat-
terns. Although the nucleus is chirally aligned, it is not
strongly biased towards or away from the boundary. As the
result of the rear positioning of nuclei, the nuclear position-
ing has an opposite chirality to that of cell alignment.
Overall, our results have revealed deep insights of chiral
morphogenesis as the coordination of multiaxial polarization
at the cellular and subcellular levels.

Keywords—Cell chirality, Cell polarity, Cell morphology,
Nuclear morphology.
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INTRODUCTION

Cell chirality is an intrinsic property of the cell, and
has recently been observed undisputedly as a consistent
left—right bias in multicellular structures™*’ as well as
in individual cells.’>>® This LR asymmetry can be seen
in vivo in the tissue level with the alignment of
epithelial cells in the hindgut of Drosophila.'*?° On an
organism level, the asymmetric morphology and posi-
tioning of internal organs in the thorax of animals and
morphological asymmetry of the central nervous sys-
tem (e.g., differences between the left and right frontal
lobes) of higher mammals have long been appreci-
ated.?>*® Changes in cell chirality have been associated
with cell phenotype and oxidative stress.>>*’ Cancer,
diabetes, and other disorders can also cause birth de-
fects in LR asymmetry.>*>* An understanding of
biophysical mechanisms underlying multicellular chiral
morphogenesis will facilitate the elucidation of etiol-
ogy of birth defects in laterality.

The determination of LR axis requires the pre-
establishment of the other two axes, anterior-posterior
and dorsal-ventral axes, in embryonic development.
Coordination among these axes is critical as any mis-
interpretation could lead to severe birth defects.***?
On a 2D substrate, cell migration direction is directly
linked to the back-front (BF) polarity through the
polarized shape that migrating cells take
on.'421:30414499 91y cell chirality is a handedness, and
can be considered as the relation between the LR and
BF polarity,*®*7->152 or towards which direction, left
or right, the cell will be biased when the BF axis is
defined. Therefore, the coordination of multiaxial
polarity is crucial to the determination of chiral biases
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in cells and important to the understanding of the
biophysical mechanisms of LR asymmetry.

Previously, chirality was measured through the bias
in alignment angle as found in cell edges,'**® the
minimum circumscribed rectangle method,” and using
intensity gradients of phase contrast images.'®?>47-!
None of these analyses, however, were based on indi-
vidual cells, and the physical nature behind cell chi-
rality (i.e., the coordination of multiaxial polarity) was
largely ignored. Here, we utilized a recently developed
Python-based algorithm to evaluate the polarizations
of individual cells, nuclei and their relative positioning
within a geometrically controlled cellular monolayer.*
Such an approach enables accurate and robust analy-
ses of epithelial chiral morphogenesis.

With this approach, we demonstrated that the cells
are polarized by positioning their sharp ends towards
the boundary and biasedly along the direction of cell
migration. Cell chirality is the result of interactions
between three axes of polarity while nuclei simply take
the same orientation of the cell without a directional
bias towards the leading edge or the rear. We believe
that this new analytical approach based on polarity
analysis is potentially a powerful tool to unveil the
physical mechanisms of cell chirality and provide deep
insights into the nature of multicellular chiral mor-
phogenesis.

MATERIALS AND METHODS

Cell Culture and Immunostaining

MDCK cells were maintained in flasks with media
composed of Dulbecco’s Modified Eagle Medium
(DMEM) with High Glucose (Life Technologies), 10%
fetal bovine serum, 1 mM sodium pyruvate, and 1%
penicillin—streptomycin. Microcontact printing was per-
formed using polydimethylsiloxane (PDMS) stamps and
self-assembled monolayers (SAMs) as previously
described.*>*” All micropatterns were in the shape of rings
with an inner diameter of 90 um and a width of 235 um.

Cells were trypsinized and seeded onto the patterned
surfaces. Once attached, the excess cells were washed
off using phosphate buffered serum (PBS). Micropat-
terned cells were then cultured for 24-36 h until con-
fluency. Cells were fixed with 4% paraformaldehyde
and stained for nuclei and tight junction with DAPI
and ZO-1 antibody, respectively. Samples were subse-
quently imaged for the cells with phase contrast imag-
ing, and nuclei and ZO-1 with fluorescence imaging.

Image Processing

We used a Python-based automated object-labeling
connected-component method to analyze individual
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cells and their nuclei, as reported before.?® Briefly, ZO-
1 images were adjusted for brightness, and the back-
ground was subtracted to highlight the cell edges and
to minimize artifacts in ImageJ. Edges were further
corrected for discontinuities using the brush tool.
Nuclei images were adjusted for brightness and
thresholded. Pre-processed ZO-1 images were doubled
in size, thresholded, run through a watershed algo-
rithm, and skeletonized. Images were then converted
into a binary array and run through a nearest neighbor
protocol. Nearest neighbor analyzed all the elements in
the array and identified all the “on’ pixels which had a
value of 1. Pixels with a 0 value were designated as
“off” pixels. “On” pixels were then analyzed to iden-
tify nodes, which are pixels with three or more neigh-
bors. Nodes were paired to create edges through the
pixels connected between them. These were simplified
to polygonized images. Individual cells and their edges
were identified in the polygonized images through a
connected component protocol. Pre-processed nuclei
were run through a connected component protocol and
paired with cells. Any cells with multiple or no nuclei
were removed from analysis. Cells and nuclei were also
analyzed for morphological features, alignment angles,
and polarity-based features. This algorithm’s pipeline
is highlighted in Fig. S1.

Determination of Alignment and Polarization

Alignment angles (0) are the orientation angle of the
major axis between —90° and 90° and defined as either
clockwise (CW) ranging from —90° to —0° and coun-
terclockwise (CCW) from 0° to 90°. Shape polarization
angles (¢) are also along the major axis, but defined to
point towards the sharp end. Therefore ¢ is between
—180° and 180°. Nuclear positioning polarization angle
(p) is between —180° and 180° and is the direction from
the centroid of the cell to the centroid of the nuclei.
Nuclear positioning polarization distance, or more
simply polarization distance, is defined as the distance
between the centroids of the cell and its nucleus.

Statistical Analysis

All data is presented as mean + standard error of
mean. Alignment bias was determined using a bino-
mial test. The variation of cellular and nuclear per-
centages and morphological parameters with their
polarization directions and radial positions was
assessed using a two-way analysis of variance (ANO-
VA). Tukey’s HSD post hoc tests were performed at a
95% confidence interval to determine statistical sig-
nificance. The p values were reported for post hoc tests,
unless noted otherwise. Error bars in all graphs are
displayed as standard error.
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RESULTS

Cells and Nuclei Exhibit Chiral Alignment

We defined cell and nuclear polarization as vectors
starting from the centroid and pointing towards the
sharp end as shown in Fig. l1a. This definition is based
on our observation that on confluent substrates the cell
moves through the monolayer with the sharp ends at
the leading edge (see Supplementary Video S1).47-!
For each of these vectors, an angle was assigned as
defined in Fig. 1b.

Figures 1c and 1d show typical images of the ZO-1
(tight junctions) and nuclei staining from a region on
the micropatterned ring. After image processing, cell
boundary and nuclei are identified as shown Fig. le
and 1If, and the cell and nucleus shape polarization
angles were highlighted with green lines, and evaluated
based on Fig. 1b. Among four quadrants defined by
circumferential and radial axes, two (—180° to —90°
and 0°—90°) were defined as counterclockwise (CCW)
alignment and two (—90° to 0° and 90°—180°) as
clockwise (CW) alignment, following the convention
outlined before.*’ Consistently with previous analy-
ses,”” both cell and nucleus based analyses had a sig-
nificant bias towards counterclockwise (CCW)
alignment among chiral rings.

Polarization Switches Directions on the Micropattern
Borders

We next sought to determine how shape polariza-
tion direction changes between borders. Figure 2a
shows a region of a typical ring in which the cells show
a CCW alignment and there is a clear switch of cell
shape polarization between the inner and outer ring, as
shown by the arrows. In order to quantify this change,
we analyzed the distributions of cell shape polariza-
tions at five equally sized ranges of radial distance as
shown in Fig. 2b. We found that the cells switched
from a polarization that is pointed towards 0° and
tilted towards a positive value on the inner boundary,
to a direction that is pointed towards £180°, and
biased to negative values on the outer boundary.
Similar but less significant trend was found with nu-
clear shape polarizations. Although the chiral align-
ment biases were weak as indicated by the small
deviation of alignment direction from the circumfer-
ential direction, such polarizations on boundaries
would be both characterized as the CCW alignment
based on the definition of Fig. 1b. In contrast, the
direction of polarization in the circumferential direc-
tion was exactly opposite on the two boundaries. This
highlights the necessity of considering the direction of
polarization, instead of simply its orientation.*’

Cell Chirality Demonstrate Polarity Bias and Nuclei
Are Chirally Biased

As the largest directional bias has been observed on
two boundaries (Fig. 2), we therefore focused on the
inner and outer one fifth (1/5) of the rings. If we define
that the cells face towards the boundary (Fig. 3a), the
opposite polarization of the cells observed on inner and
outer boundaries (Fig. 2a) is actually consistent and
both have a leftward bias.*’ To compare cell behavior on
inner and outer boundaries, we adopt local coordinates
with the BF (from back to front) and LR (from left to
right) axes defined separately on two boundaries. This
effectively divides the polarization into four quadrants:
front-right (FR), back-left (BL), front-left (FL), and
back-right (BR). We first performed morphological
analyses (Fig. S2). We found that the cells with BL
polarization had a slightly smaller area and a lower as-
pect ratio, while the nuclear morphology didn’t show a
significant variation between the four quadrants.

When comparing the percentage of the cells in four
quadrants, we found that the quadrant location had a
significant effect on the percentage of cells present
(p < 0.001, ANOVA; Fig. 3b), but effects of physical
location (inner ring and outer ring) were not significant
(p > 0.05, ANOVA). There was a strong bias towards
a front-left (FL) polarization of cell shape (p < 0.05),
with a larger bias on the inner boundary than on the
outer (FL fraction: 41.7 + 3.1% vs. 34.3 + 1.6%;
p < 0.05). On the outer ring, the back-right (BR)
portion was elevated (26.7 £ 1.2% on the outer vs.
18.2 £ 1.9% on the inner; p < 0.05).

Analysis of nuclear shape polarization also revealed
a strong dependence on quadrant location (p < 0.001,
ANOVA), but not between inner and outer ring
(p > 0.05, ANOVA; Fig. 3c). Differently from cellular
strong polarization towards FL, nuclei strongly
polarized towards FL and BL on the inner ring
(» < 0.05), and towards FL on the outer boundary.

To further understand the nature of cellular and
nuclear polarizations, we performed additional statis-
tical tests, as shown in Table 1. For the cells, on both
the inner and outer boundaries there was a significant
bias towards the front (i.e., towards the boundaries; F
vs. B in Table 1), while the nuclei did not show a sig-
nificant bias. Both the cells and nuclei demonstrated a
significant leftward bias (L vs. R) and towards CCW
(CW vs. CCW) at both boundaries. The cells or the
nuclei that were polarized towards the front tended to
bias towards the left side (FL vs. FR). Whereas the
cells polarizing towards back were biased to the right
side (BR) on the outer ring (BL vs. BR), the nuclei
were biased towards to BL on the inner ring (BL vs.
BR). The data suggest that while the leftward bias of
the cells is a chiral behavior of the cell based on its
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(a)

(b)

FIGURE 1. Analysis of polarization biases and chirality in cell and nuclear shape. Scale = 50 um. (a) The front of cells and nuclei
is defined as the sharp end, as indicated by the green arrows (red dot for cell centroid and blue dot for nuclear centroid). (b)
Definition of alignment angles in a polarization axis (blue dashed lines representing cylindrical coordinates). (c) A region of
interest of ZO-1 (tight junctions) fluorescence image. (d) Nuclei with DAPI staining. (e) ZO-1 images are processed and cell shape
polarization angles are calculated, with red dots for cell centroids and green lines for cell polarization direction. (f) Nuclear shape
polarization was determined and shown with green lines. Blue dots represent nuclear centroids.

front polarization, the nuclei seem to bias towards the
left side in general, especially on the inner ring.

To determine the relationship between cell and
nuclear shape polarizations, heat maps were gener-
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ated for the inner and outer boundaries (Fig. 3d). The
heat maps demonstrated that there was a simultane-
ous bias towards FL polarization for both cells and
nuclei at both boundaries (17.4 and 13.1%). Further,
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FIGURE 2. Variation of cell and nuclear shape polarization between the inner and outer boundary. Scale bar = 25 um. (a) A region
of a CCW ring stained for ZO-1 (red) and nuclei (blue). White arrows indicate cell shape polarization direction of representative cells
at the boundaries. (b) Circular histograms show the distribution of shape polarization angles of cells (left) and nuclei (right) in 5
regions of the 38 rings that are equally divided in the radial distance from the inner to the outer ring.

among the cells that were chirally aligned (i.e., FL or Chiral Measures for Cell and Nucleus Polarization
BR polarization), a significant number of nuclei
demonstrated a leftward bias (i.e., FL and BL
polarizations) on both the inner (64.4%) and outer
(54.6%) fifths of the ring. Overall, the cells have a
strong FL polarization, while the nucleus has a bias
toward the left side (Fig. 3e).

Based on these analyses, we proposed four possible
chiral measures: L vs. R, CCW vs. CW (i.e., FL + BR
vs. FR + BL), FL vs. FR, and BL vs. BR as seen in
Table 2. We found that the first three measures pro-
vided similar results for determining cell chirality,
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FIGURE 3. Analysis of cell and nuclear shape polarization at boundaries. (a) Each boundary region adopts local coordinates with
the cells facing the closest boundary, dividing the entire plane into four quadrants (FR: front-right, BL: back-left, FL: front-left, and
BR: back-right). Among them, BR and FL (red) represent a CCW bias and FR and BL (green) represent a CW bias. (b) Analysis of
cell shape polarization reveals a bias towards front left (FL) polarization at the inner ring, and FL and BR polarizations at the outer.
* significantly different between quadrants, and # significantly different from the inner ring. (c) Nuclear shape polarization analysis
reveals a strong bias towards FL and BL polarizations at boundaries. * significantly different between quadrants. (d) Heat maps
between cell shape polarization and nuclear shape polarization at the inner (left) and outer (right) rings. (e) Cells tend to polarize
themselves towards FL in regions near the micropatterned boundaries, while nuclei are biased to the left with no significant bias
towards front or back (arrows: cellular or nuclear shape polarization, blue dot: nuclear centroid, and red dot: cell centroid).

while the measure BL vs. BR could not do as well. The
measure FL vs. FR gave the least number of the
opposite chirality (CW), indicating that this measure
might be most robust for detecting a chiral bias. The
nuclei were always biased to the left side no matter
which direction of the cells take on in the BF axis. In
particular, on the inner ring, the nuclei are biased to-
wards BL instead of BR (BL vs. BR). Therefore, L vs.
R or FL vs. FR will be a good measure of nuclear
chirality, but CW vs. CCW (FL + BR vs. FR + BL) will
not be able to capture the biased nature behind the
chiral alignment of the nuclei.

Polarity and Chirality of Nucleus Positioning in the Cell

We next investigated the directional bias in nuclear
positing within a cell. We first determined the centroids
of cells and their nuclei as shown in Figs. 4a and 4b.
The nuclear positioning was defined as a vector from
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cell centroid to its nuclear centroid, and the angle of
this vector was determined as the biased angle for
nuclear positioning and characterized similarly as in
Figs. 1b and 3a. 61.6% of nuclei oriented themselves
towards boundaries (FR + FL) at the inner ring, while
at the outer ring the nuclei were more randomly
polarized (relative to cell centroid) with 49.3% towards
boundaries (FR + FL) (Fig. 4c¢). Cell nuclei taking on a
BL position had the largest polarization distances at
both the inner and outer border (7.79 £ 0.70 um and
8.02 £ 0.45 um, respectively; Fig. 4d), although no
significant difference between any two quadrants was
detected. We also generated heat maps to visualize the
relationships between nuclear positioning polarization
and cell and nucleus shape polarization angles with
heat maps (Fig. S3). Further analysis showed that
there was a bias, though not significant, in nuclear
positioning towards CW alignments (Fig. 4¢). A trend
of rightward bias in polarization was also observed.
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TABLE 1. Analysis of polarity and chirality of cell and nuclear shape at the micropatterned boundaries.
Polarization Type Cell Nucleus
Location Measures Bias p value Bias p value
Inner Fvs. B Frex 1.4E — 06 F 3.1E — 01
Lvs.R L 1.2E — 04 L 3.8E — 04
CW vs. CCW CCW** 2.5E — 03 CCw* 2.2E — 01
FL vs. FR FL** 8.1E — 05 FL*** 6.8E — 04
BR vs. BL BR 4.7E — 01 BL* 1.2E — 02
Outer Fvs. B Fr* 7.0E — 04 F 5.6E — 02
Lvs.R L 2.8E — 03 L* 1.6E — 02
CWvs. CCW CCW*** 4.2E — 06 CCW*** 5.1E — 04
FL vs. FR FL** 5.1E — 06 FL*** 7.0E — 04
BR vs. BL BR*** 7.4E — 04 BR 21E - 01
Combined Fvs. B Fee 5.3E — 08 F 1.2E — 01
Lvs.R L 5.7E — 06 L 6.2E — 04
CWvs. cCW CCW*** 2.0E — 05 ccw* 1.6E — 02
FL vs. FR FL*** 6.7E — 07 FL*** 1.6E — 04
BR vs. BL BR*** 9.0E — 08 BL* 1.8E — 02

Cell and nuclear shape polarization angles for the 38 rings were analyzed for biases at the inner, outer, and combined inner-outer fifths of the

ring.

CW, clockwise; CCW, counter clockwise; NC, non-chiral; L, left; R, right; FL, front-left polarization; FR, front-back polarization; BL, back-left

polarization; BR, back-right polarization.

* Significant at p < 0.05, ** significant at p < 0.01, and *** significant at p < 0.001.

Interestingly, there was also a bias towards FR, sig-
nificantly at the outer ring (p < 0.05). When the biases
were calculated for individual rings in Table S1, to
determine chiral biases of nuclear positioning, among
the four chiral measures, only the measure FL vs. FR
was able to detect a significant chiral bias (towards
FR) of patterned cellular rings.

DISCUSSION

The objective of this study was to investigate the
possibility of using cell and nuclear polarity in multiple
axes to determine the chirality of individual cells and
nuclei in a geometrically defined multicellular struc-
ture. Using a combined approach of cell patterning,
fluorescence straining, and advanced image processing,
we showed that cell shape, nuclear shape, and nuclear
positioning inside the cell were chirally polarized,
consistent with directional cell migration on the
boundaries. While the cells could clearly sense and
polarize themselves with the sharp end towards the
boundary, the nuclear shape didn’t have an apparent
preference. The nucleus was pushed towards the rear
end of the cell, resulting in an opposite chirality in
nuclear positioning. Taken together, these data suggest
that epithelial chiral morphogenesis can be character-
ized as the coordination of multiaxial polarization at
the cellular and subcellular levels.

Cell chirality is the coordination of multiaxial
polarity. Chirality is known as handedness, or LR

asymmetry, and recently recognized as a fundamental
intrinsic property of the cell.>!'*3%47:31:52 From a
physics point of view, chirality requires the coordina-
tion of multiple axes.*’>> One example is the embry-
onic development, which has three main axes of
polarity (anterior-posterior, ventral-dorsal and left—
right). Loss or disturbance of the cross-talk between
these axes can lead to severe malformations.?>>3-%-31-3
The other example is the Cartesian coordinates, which
are typically right handed. The directionality in LR
axis (say y axis) is completely defined after the estab-
lishment of the bottom-top (z axis) and back-front (x)
axes. On our micropatterned ring-shaped surfaces,
with cell attachment defining the z axis and patterned
microscale boundaries defining the back-front (BF)
x-axis, the cells on boundaries adopted a consistent
dominant bias towards either CW or CCW, depending
the cell phenotype.*” A loss of chiral alignment could
be due to disturbed chiral machinery, but it also could
be caused by a loss in polarity along the BF axis.
Therefore, it is very important to study how the
polarity in different axes determines cell chirality.
From Fig. 3b and Table 1, we can see that the cells had
a stronger bias towards FL rather than BR, although
they are both considered as the CCW alignment. In
addition, 68% of the cells on the inner ring and 64%
on the outer adopting a front bias (i.e., FL + FR) have
a significant bias towards the left side (i.e., FL), while
only 50% cells on the inner ring and 57% cells on the
outer ring adopting a back bias [i.e., BL+BR)] have a
bias towards the right side. This suggests that the
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TABLE 2. Chirality analysis of patterned epithelial cells with four chiral measures.

A. Cells and Nuclei Polarized Left vs. Right

Cells Nuclei
Method Total CW (R) CCW (L) NC CW (R) CCW (L) NC
Inner ring L vs. R 38 7 27 4 8 27 3
Outer ring L vs. R 38 7 21 10 8 21 9
Combined ring L vs. R 38 5 28 5 5 23 11
B. Cell and Nuclei Alignment

Cells Nuclei

Method Total CW CCW NC CW CCW NC
Inner ring alignment 38 6 27 5 12 18 8
Outer ring alignment 38 4 25 9 5 25 8
Combined ring alignment 38 5 27 6 8 20 10
C. Cells and Nuclei Polarized Towards Front Axis

Cells Nuclei
Method Total CW (FR) CCW (FL) NC CW (FR) CCW (FL) NC
Inner ring FL vs. FR 38 4 25 9 8 23 7
Outer ring FL vs. FR 38 2 25 11 6 23 9
Combined ring FL vs. FR 38 3 27 8 9 23 6
D. Cells and Nuclei Polarized Towards Back Axis

Cells Nuclei
Method Total CW (BL) CCW (BR) NC CW (BL) CCW (BR) NC
Inner ring BR vs. BL 38 13 15 10 24 11 3
Outer ring BR vs. BL 38 4 18 14 9 11 18
Combined ring BR vs. BL 38 8 17 13 19 10 9

Bold values indicate statistical significance (p < 0.05).

Cell and nuclear shape polarization over individual rings was determined for the various types of chiral measures as listed below. The number
is highlighted in bold to indicate the direction that a significant bias is detected among chiral rings with a binomial test.
CW, clockwise; CCW, counter clockwise; NC, non-chiral; L, left; R, right; FL, front-left polarization; FR, front-back polarization; BL, back-left

polarization; BR, back-right polarization.

front-biased cells have a higher chance to take the
correct chirality. To our knowledge, this is the first
data revealing that the tight control of BF polarity has
a significant influence on the chirality observed on
micropatterned surfaces.

The back-front (BF) axis control is critical for chiral
morphogenesis. Epithelial cells can polarize and form
different structures such as planar sheets and epithelial
tubes.'-*7?%3% Previously it was demonstrated that the
cell tends to position its centrosome and Golgi appa-
ratus closer to the boundary than its nucleus.*’ In this
study, we demonstrated that cell shape is also polarized
with the sharp end towards the boundary. At least two
mechanisms could potentially contribute to the estab-
lishment of the BF axis: 1) the difference between cell
adhesive and non-adhesive regions controlling polar-
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ization on boundaries through cell active protrusion
and strong cell-substrate adhesion,*’” and 2) cell-cell
adhesion that further propagates the BF axis to the
interior region near the boundaries.®'

As the BF axis control largely relies on the bound-
ary, we expect that the chiral phenomena will be
mostly observed in the vicinity of boundaries of the
ring. Indeed, the boundary region based analysis for
cells shows that 71% of rings (27 out of 38; Table 2B),
rather than 58% seen in whole ring analysis (22 out of
38), have a CCW bias. For nuclei, LR analysis
demonstrates that 60% have a leftward bias, which
corresponds to the CCW bias, compared to the 50%
seen in the whole ring alignment analysis. Therefore,
boundary region based analysis may be a better choice
for determining chirality in cell culture.
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centroids, blue: nucleus centroids, green: nucleus positioning vector connecting two centroids with a cell). (c) Analysis of nuclear
positioning polarization angles. (d) Analysis of nuclear positioning distances. (e) Determining polarity and chirality of nuclear
positioning inside the cells at the patterned boundaries. * Significantly different at p <0.05 and ** Significantly different at p <0.01.

Cell shape polarization was demonstrated to switch
directions from the inner to the outer boundaries in
Fig. 2b. Previously, we also found a reversal in cell
migration was also reported on two opposite bound-
aries.*”>! These findings further demonstrated that the
boundary is critical for establishing chirality in cell

culture, and suggested that cell shape polarization and
migration direction may be closely related.

In this study, we define the sharp end of the cell as
the leading edge, rather than the large, blunt-end used
in the traditional definition for migration
(Fig. 2e).2'%4%% This is because in multicellular cul-

% BIOMEDICAL ENGINEERING SOCIETY”

www.bmes.org



72 M. J. Raymonp JRr. et al.

ture, the cells need to wedge their way between each
other in order to migrate, just like neutrophil
transendothelial migration and extravasation.'%!%-20:43
With this definition, shape polarization direction is
consistent with the reported migration directions. The
sharp end of the cell at the leading edge pulls forward
the bulk of cell body, which is drawn back by cell-cell
adhesion and cell matrix adhesion. Therefore, the
analysis of cell shape polarization was able to predict
the direction of cell migration from a still image
without tedious time-lapse imaging. In particular, in
the future, we will further incorporate the labeling of
other organelles such as centrosomes to examine the
relationship between cell polarity, cell shape and cell
chirality in multicellular patterns with fluorescence live
cell imaging.

Nuclear shape polarization is towards the left side in
the inner ring, not specific to FL or BL (Fig. 4c). This
is different from cell shape, which is strongly biased to
the left side as well as the front side, creating the strong
CCW alignment with a front bias (Fig. 4b). Specifi-
cally, nuclei did not have a strong bias towards the
front or the back (Table 1, F vs. B), but no matter
which direction the nuclei took on in the BF axis, they
were always biased to the left side (Table 1, FL vs. FB
& BL vs. BR). Also, as a result of the nature
underlying nuclear shape polarization, the comparison
between left and right side (L vs. R) will be a much
better marker to assess the chiral bias, rather than
FL + BR vs. FR + BL (Table 2). These findings
suggest that the nuclear shape is not polarized based
on the cellular front-back axis, and that the nuclear
shape chirality is probably directly derived from the
chiral alignment of the cell.

It is widely reported that the nucleus tends to align
with the cell body. On microscale or nanoscale grooves,
cell nuclei follow the groove direction but not as closely
as the cells do.”'"'*** The nuclear deformation medi-
ated by cell shape is through aligned actin filaments and
regulated by actomyosin contractility.'®?>** Both the
dome-like actin structure on the top of nuclear mem-
brane and the lateral tensed actin filaments surrounding
the nucleus have been reported to be responsible for the
nuclear alignment. The cytoskeleton such as actin fila-
ments is mechanically linked to the nucleus through
LINC complex.®** In this complex, the SUN-domain
proteins cross the inner nuclear membrane and bind to
nuclear lamina. At the other end, they are also con-
nected to the KASH-domain containing Nesprin family
of proteins that cross the outer nuclear membrane.
Outside of the nuclear membrane, the Nesprin proteins
can bind to actin filaments or through plectin to
intermediate filaments. In this study, as the cell mi-
grates towards the left with a sharp end as the leading
edge, actin filaments aligned from the leading edge to
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the rear end generate the normal and lateral compres-
sion on the nucleus. As the leading edge is confined by
the actin filaments, the nucleus appears smaller or
elongated. Therefore, the observed nuclear alignment
and polarization are possibly caused by aligned actin
filaments in the chirally aligned cells.

The BF polarity of nuclear positioning, differently
from cell shape polarization, is not determined relative
to the boundary. At the inner ring, the nucleus tends to
position closer to the boundary, relative to the centroid
of the cell, while at the outer ring, it is far away from
the boundary (Fig. 4c—Fig. 4e). This difference
between the inner and outer boundary can be ex-
plained by curvature sensation of the cells and nuclei.*?
On the ring patterns, the actin filaments tend to align
in the circumferential direction, pushing the nuclei
towards the center of the ring. For the concave adhe-
sive surfaces on the inner ring, it is towards the
boundary while for the convex surfaces on the outer
ring, it is away from the boundary.

The chiral nuclear positioning is possibly regulated
by cellular cytoskeleton. We found that the nuclei were
positioned towards FR and BL, which are in the
opposite circumferential direction of cellular shape
polarization (towards FL and BR instead). It is rea-
sonable since many previous studies have also impli-
cated that the nucleus positions itself away from the
leading edge in cell migration,”!'?*%#! possibly through
the regulation of connections between the nucleus and
the cytoskeleton.!” Therefore the cell migrating left-
ward will have its nucleus positioned towards the right
in the cell, and vice visa. Taken together, the polarity
and chirality of nuclear positioning is largely associ-
ated with cell migration and its related cytoskeleton
organization.

There are a few limitations of this study. First, for
simplicity, we have arbitrarily divided the ring into five
zones in the radial direction and categorized the
direction into the four quadrants. Although it serves
the purpose of the current study, the use of more
sophisticated statistical analyses without such catego-
rization might be necessary for other studies. Second,
the new measures and insights of multicellular chirality
revealed by our analyses need to be further validated
through fluorescence live imaging using multiple cell
types under pharmacological and genetic manipula-
tions in the future. Finally, the chirality of individual
cells determined in multicellular chiral patterns should
be further examined in the future with putative
biomarkers associated with cell chirality such as a-ac-
tinin-1.%"

In summary, the chirality of multicellular morpho-
genesis was characterized in great detail with the multi-
axial polarity analysis of individual cells on micro-
patterned surfaces. On the boundary, cells sense the
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boundary and adopt a LR bias, while their nuclei align
with them accordingly. On a confluent cell layer, the
cells move forward by positioning the sharp end at the
leading edge and their nuclei at the rear, resulting an
opposite chirality of nuclear positioning. The individ-
ual cell-based multiaxial polarization analysis provides
insights into biophysical mechanisms of epithelial
multicellular chiral morphogenesis and therefore can
potentially benefit the in-depth analysis of birth defects
in laterality.
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