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Abstract

The development of the vertebrate body plan with left-right (LR) asymmetry (also known as
handedness and chirality) requires the emerging chiral morphogenesis of epithelial cells at
specific embryonic stages. In this process, cell-cell adhesions coordinate cellular organization
and collective cell migration, and are critical for the directional looping of developing embryonic
organs. However, the underlying biophysical mechanism is not yet well understood. Here we
modeled normal and delayed epithelial LR symmetry breaking with patterned epithelial chiral
morphogenesis on microscale lines with various widths. The patterned cells exhibited biased
migration wherein those on opposing boundaries migrated in different directions. Disrupting
adherens junctions with ethylene glycol tetraacetic acid (EGTA) resulted in a decrease in
velocity difference in opposing boundaries as well as the associated biased cell alignment, along
with an increase in the overall random motion. Altering the distance between the opposing
boundaries did not significantly alter alignment, but significantly disturbed the velocity profile of
the cell migration field. Further examination of cell polarity indicated that disruption of adherens
junctions did not affect cell polarization on the boundaries, but decreased the transmission of
chiral bias into the interior region of the epithelial cell sheet. Overall, our results demonstrated
the dependence of the scale of collective cell migration on the strength of cell-cell adhesion, and
its effects on the chirality of a multicellular structure through mediating cell polarity in the
vicinity of geometric boundaries. This study demonstrated that our 2D microscale system
provides a simple yet effective tool for studying the influence of collective cell migration on LR
symmetry breaking, and possibly for fetal drug screening to prevent birth defects related to

alteration in cell-cell adhesion.
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Introduction

Tissue morphogenesis is a complex process involving drastic epithelial cell migration, which
leads to collective cell behaviors such as convergence, extension, invagination, rotation and
looping, and culminates in the formation of a functional organism with properly placed tissues,
organs and organ systems. Left-right (LR) asymmetry, or chirality, is widely observed during
tissue morphogenesis, and considered as a well-conserved characteristic in living organisms at
all hierarchical levels,' including the twisting of snail shells and positioning of human internal
organs. The disruption of normal LR asymmetry leads to birth defects in laterality, often as a
result of heritable genetic diseases such as Kartagener syndrome or prenatal exposure to
teratogens.” Recent studies indicate that many LR symmetry-breaking events such as heart and
gut looping are due to intrinsic chirality within the tissue,”’ through vast organization and
reorganization, and directional migration of cells within a multicellular planar structure. In
particular, cell-cell adhesion plays a significant role in this collective chiral process. For instance,
it was reported that blocking the expression of the cell-cell adhesion molecule, N-cadherin, at
HH stage 3-4 randomized heart looping of chicken embryos.® Therefore, studying the role of
similar epithelial cell-cell adhesion molecules and their influence on collective migration is of
interest for exploring LR asymmetry in development and disease.

Previously, we have demonstrated cell chirality at a multicellular level for the first time using an
in vitro model.”"> When cells were constrained between two micropatterned appositional
boundaries (such as in rings and long strips), the cell monolayer in-between exhibits a biased
alignment, the chirality of which depends on cell phenotype and cytoskeletal function.’

13,14
T F

Subsequently, such a chiral phenomenon has been reported in other similar systems. or

instance, vascular mesenchymal cells formed chiral patterns on surfaces containing alternating
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fibronectin lanes and cell non-adhesive polyethylene glycol (PEG) lanes, and such patterns
expanded into the entire surface with PEG degradation.'* Recapitulating chiral morphogenesis
using in vitro models provides us with an opportunity to interrogate the biophysical mechanisms
of how multicellular chirality is established.

Single cells were demonstrated to be chiral,"” but it is not clear how single cell chirality can be
transformed into a multicellular level. We hypothesize that cell-cell adhesion plays a significant
role through coordinating cell migration and cell polarity. To this end, we have studied Madin-
Darby canine kidney (MDCK) cells, a widely used epithelial cell line, cultured on 2D long strip
patterns with a varying width under the treatment of ethylene glycol tetraacetic acid (EGTA), a
calcium chelator capable of disrupting cadherin junctions. We find a distinct profile of
directional epithelial migration, associated with the biased cell alignment observed on line
patterns, and this migrational bias decreases with weakening in cell-cell adhesion and a reduced
size of underlying geometry (ie, line width). We infer that the development of specific cell-cell
interactions at a specific stage when the organ has a proper size may be important for LR
asymmetry in embryonic development. This study demonstrates that our 2D microscale system
provides a simple yet effective tool for studying tissue morphogenesis, and possibly for fetal
drug screening to prevent birth defects related to disruption of collective migration.

Material and Methods:

Cell Culture

Madin-Darby canine kidney epithelial cells (MDCK) (ATCC® CCL-34™) were maintained with
complete Dulbecco's Modified Eagle Medium (Life Technologies) with 10% fetal bovine serum
(Sigma) in tissue culture flasks. Once reaching 100 % confluency the cells were trypsinized and

seeded onto the fibronectin-coated micropatterned surfaces.
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Microcontact Printing

The microcontact patterning is performed using a gold-coated glass slide method.” A chromium
mask was used to transfer geometric features (ie, line patterns of various widths) to a silicon
wafer master mold using SU-8 2050 photoresist (Micro-Chem). Polydimethylsiloxane (PDMS;
Corning) stamps were created using this master mold. The stamps were then used to transfer the
adhesive self-assembly monolayer (SAM), octadecanethiol (Sigma), to gold-coated slides. The
background was subsequently blocked through immersion of the slides in a non-adhesive
ethylene glycol-terminated SAM ((HS-(CH»)1,-EGs, Prochimia). The patterned gold-coated slide
was then washed with ethanol, dried, and treated with 10 ug/mL of fibronectin (Sigma) before
cell seeding.

Cell Patterning

The cells were allowed to attach until the patterns were at approximately 50 % confluency, and
any excess cells were washed off with fresh media. Ethylene glycol tetraacetic acid (EGTA)
(Sigma), a calcium chelating agent, was then added to the media to remove calcium ions, thereby
disrupting the calcium-dependent cadherin bonds. Cells were treated with either 0, 0.5 mM or 1
mM EGTA and their migration on line array patterns observed.

Time Lapse imaging

Time lapse imaging was performed at 37 °C and 5% CO; in a Zeiss Axio Observer with XL
incubator for 18 to 24 hours after cell seeding. Phase contrast images were taken at a rate of 5
minutes per frame. For single cell imaging, the cells were sparsely seeded and images were taken
every 5 minutes for approximately 3 hours.

Analysis of Cell Migration
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The time lapse videos of confluent lines were analyzed using MATLAB. For easier processing,
the videos were first cropped and rotated using ImagelJ so that the micropatterned line was
aligned in the vertical direction. Cell migration was analyzed using the MatPIV program.” In this
program, Fast Fourier transform (FFT) was utilized to match regions of two sequential phase
contrast images to estimate local displacements of sub-regions. The overall average speed was
defined as the mean of speed, average change in local displacements divided by the time interval,
over an entire line segment for all time points. The velocity difference between the left and right
boundaries was determined by subtracting the vertical velocity of the left boundary from that of
the right.

Single cell migration was tracked manually using an ImageJ plugin, MTracklJ.” Individual cells
were tracked frame by frame, and the overall average speed of a cell was determined as the total
travel distance divided by the time.

Analysis of Chiral Cell Alignment

Cell alignment was determined by running the same videos used for the cell migration analysis
through a custom-written MATLAB program.’ The program is based on the automated detection
of intensity gradient of phase contrast images of the cells.'® The biased angle was determined by
examining the cell alignment in relation to the left boundary of the line pattern. The angle is
between -90°and +90° with 0° being perpendicular to the boundary. The reported angle of
alignment was the average across the entire line.

Immunofluorescence Staining

Cells were fixed using 4% paraformaldehyde or a cytoskeletal buffer fixative and blocked for 30
minutes at 37 °C using bovine serum albumin (5% in 1X Tris buffered saline, Sigma). The

presence of E-cadherin was determined by incubating the cells with anti-E-cadherin-FITC
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antibody (5 pg/mL, BD Bioscience) for 1 hour. The centrosome was visualized through the use
of monoclonal anti-a-tubulin FITC (1:30 dilution, Sigma). All slides were mounted using a
mounting medium containing, 4',6-diamidino-2-phenylindole, DAPI (Vectashield).

Statistical Analysis

The statistical analysis was performed using the statistical computing software R.'” One or two
way analysis of variance (ANOVA) was used with the Tukey's honest significance (HSD) post-
hoc test. One-way ANOVA was performed for the 200 pm line widths to determine the influence
of EGTA concentration on alignment, the velocity difference between the left and right
boundaries, overall speed and single cell speed. One sample t-tests were also performed for the
differences at the boundaries to ascertain whether the difference was statistically different from
zero (po = 0). Two-way ANOVA was performed to determine the influence of width and EGTA
concentration on the variations in alignment, the velocity difference between the left and right
boundaries, and overall speed. Tukey’s HSD post-hoc tests were performed at a 95% confidence
level to assess significance. The p values were reported for post-hoc tests, unless noted
otherwise. Data appear as mean + standard deviation. Error bars in all graphs are displayed as

standard error.

Results

Disruption of Adherens Junctions Diminishes Epithelial Cell Chiral Alignment

Madin-Darby canine kidney (MDCK) epithelial cells on 200 pm line patterns displayed a chiral
alignment (Figure 1a), as observed for other cell types previously reported.” If a cell is followed
downwards, it tends to point toward the left side (Figure 1a). To determine the role of adherens
junctions in the establishment of chirally aligned epithelial cells, the cells were treated with

EGTA at 0, 0.5, and 1 mM (Figure 1 a-c). EGTA is a calcium chelating agent, and is commonly
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used to disrupt the calcium-dependent cadherin/cadherin bonds of adherens junctions.'® In
untreated MDCK cells (Figure 1d) E-cadherin was found to primarily localize at cell-cell
boundaries. In contrast, E-cadherin was more localized in the interior of the cell (Figure 1e-f),
with little observed at the cell-cell boundaries for 1 mM EGTA treatment (Figure 1f), indicating
an effective disruption of adherens junctions. We quantified cell alignment by determining the
intensity gradient of phase contrast images of lines (Figure S1).” The average angle of alignment
(relative to the left boundary) was found to decrease with EGTA concentration with a
statistically significant decrease between the control and the 1 mM EGTA treatment group (p =
0.014; Figure 1g).

Migrational Bias Decreases with Disruption of Cell-Cell Adhesion, while Cell Motility
Increases.

The formation of cell chiral alignment on micropatterns coincides with asymmetrical cell
migration on opposite boundaries. For untreated cells, cells on the left boundary moved
downwards, while those on the right upwards. Such directional migration on boundaries was able
to maintain even after cells were overconfluent for many hours. The difference in velocity
between the two boundaries (-0.54 + 0.18 um/min) was significantly different from zero (p =
0.00022; Figure 2a), and therefore cell migration on boundaries was chiral. When compared to
the EGTA treated groups, this velocity difference was significantly larger (p = 0.036, ANOVA).
We suspected that diminishing chiral alignment was due to a decrease of cell motility. An
examination of the average speed of the cell monolayer showed a slight increase with EGTA
treatment (Figure 2b), from 0.39 + 0.04 um/min for control to 0.60 &+ 0.26 pm/min for 1 mM
EGTA. However, the results were not statistically significant within our specified confidence

level of 95% (p = 0.062, ANOVA). An analysis of single cell motility did show a statistically
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significant increase, from 0.45 + 0.34 pm/min for the control to 0.84 + 0.34 pm/min for | mM
EGTA (p < 1.7E-05; Figure 2c). These results indicate that while EGTA does influence the
migration rate of individual MDCK cells, cell motility itself does not seem to be a driving force
behind the establishment of chiral alignment.

Disruption of Cell-Cell Adhesion Disturbs the Distinct Linearly Varying Velocity Profile.

We further examined the velocity profiles across the width of line patterns under the EGTA
treatment conditions (Movie S1-2), since the formation of chiral alignment requires cell
migration in a coordinated fashion, ie, collective cell migration. The velocity profile across the
width of a 200 pm control line shows plateau regions, regions where cells are migrating at a
uniform speed near the two edges, connected by a single linearly varying region (Figure 3a),
referred to in subsequent figures as ‘One Linear Region’. These velocity profiles were created
through an averaging of the parallel velocities across the width of the line for all time points.
This profile illustrates that over time the migration for the control lines is incredibly consistent
with cells on the left boundary migrating downward and those on the right migrating upward.
The conflicting boundary information creates an area in the middle, the distinct linearly varying
region, also referred to as the linear region, in which cells are receiving information from both
boundaries. This conflicting information influences the interior cells’ migration directionality
creating an area near the center of the line wherein cells migrate very little or are constantly
switching direction resulting in an average velocity of zero in the velocity profile. Line patterns
treated with EGTA, however, show a more diverse velocity profile (Figure 3b-c), as quantified
by the number of linear regions (Figure 3d). The presence of more than one linear region is
denoted as ‘Multiple Linear Regions’ in all related figures. The more diverse velocity profile

after EGTA treatment suggests that there is a less coherent transmission of migration information
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throughout the cell sheet likely due to the decrease in cell-cell adhesion. The presence of the
plateau regions at the two boundaries leads us to believe that there is a characteristic length
(perpendicular to the boundary) where cells are collectively migrating at the same speed in the
same direction. The characteristic length affects the formation and stability of chiral patterns.
Decreasing Line Width Affects Velocity Profile

To directly elucidate the role of this characteristic length, presumably influenced by the extent of
cell-cell adhesion, on the scale of chiral alignment formation, we varied the width of patterned
lines (Movie S3-4), and examined the plateau and linear regions of the velocity profiles as shown
in Figure 3a. For the control, when the line width decreases from 200 um to 100 um, the velocity
profile still maintained a distinct linearly varying region (Figure 4a). The 50 pm patterns, which
are two to four cells across, have a large chance (~ 40%) of displaying a velocity profile that
does not change across the width of the line (ie, no linear regions), which indicates that all cells
in the line are migrating in the same direction, at a similar speed (Supplemental Figure 2).

The number of linear regions increased significantly with EGTA concentration and line width
(Figure 4b-c). In particular, the percentage of a single linear region is highest at 100 um for both
EGTA groups. When the width decreased to 50 um, a similar percentage of lines with no linear
regions (ie, ~40%) were found as in the control group.

A detailed quantification of the velocity profile shows that the length of plateau region decreased
on a narrower line (p = 0.0091, ANOVA) and with EGTA treatment (p = 7.0E-04, ANOVA;
Figure 4d). For the control group, the characteristic length is 44 + 32 um on 200 um-width lines,
and 15 + 1.6 pm on 50 um-width lines (p = 0.029). In contrast, when treated with 1 mM EGTA,
the length becomes 33 + 19 um for 200 pm lines, and 12 + 4.6 um for 50 um lines. When

normalized by the line width (Figure 4e), the plateau region showed a slight decrease in

10
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percentage with increasing line width (p = 0.056, ANOVA), suggesting that the scale of plateau
region is not simply proportional to line width. The relationship to EGTA concentration was
statistically significant (p = 0.013, ANOVA) indicating that decreasing cell-cell adhesion is
related to the decrease in collective migration along the boundaries. All data suggest that the
scale of directional collective migration at boundaries decreases with a reduction in cell-cell
adhesion, and can be affected by the underlying pattern size.

Effects of Pattern Size on Chiral Morphogenesis

After determining the influence line width has on the velocity profile, we examined how this
width influences the ability of the cells to align and create a chiral bias on the line patterns. We
did not find much change in chiral alignment between the 100 pm and 200 pm untreated lines,
but there was a slight decrease in biased alignment for cells on the 50 um line pattern (Figure
5a). The EGTA treatment decreased biased alignment, and this was observed for all line widths
(p =9.7E-05, ANOVA; Figure 5a).

The differences in velocity between the opposing boundaries showed similar trends with that of
the alignment, but line width was also found to have a statistically significant effect (p = 0.002
Concentration; p = 1.3E-04 Width, two-way ANOVA). For the control, decreasing the line width
significantly reduced the velocity difference between boundaries (200 um v. 50 pm: p = 0.003).
When EGTA concentration increased from 0 mM to 1 mM, a significant decrease in velocity
difference was observed for 100 um (p = 0.015) and 200 um patterns (p = 0.062; Figure 5b).
The overall average speed did not change much with the variation of line width, although a slight
decrease of speed was perceived for the control (Figure 5¢; 0.30 + 0.03 for 50 pm lines vs 0.39 +
0.04 for 200 pm lines). EGTA treatment was shown to be a more significant factor influencing

overall speed (p = 0.0019, ANOVA). Higher concentrations of EGTA increased the overall

11
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average speed, with statistically significant differences detected (p = 0.0032, ANOVA) between
the | mM EGTA group and the control, while no significant difference was found between the
control and the 0.5 mM EGTA group (Figure 5c¢).

Taken together, these data suggest the scale of multicellular structure can significantly affect the
cell chiral alignment and biased migration, without a drastic influence on overall migration
speed.

Coordinated Cell Polarity Mediates In Vitro Chiral Morphogenesis

Compared to the random collective migration of a cell cluster in an open space, the collective
migration of the cells near the boundaries are directionally biased. We further looked into how
the directional bias was transmitted into the interior region (in a distance of several cell width) of
the patterned line. For this purpose, we examined the internal polarization by focusing on the
location of the centrosome in relation to the nucleus. Cells on the boundary, regardless of
treatment, exhibit a consistent localization of the centrosome between the boundary and the
nucleus with the centrosome situated toward the leading edge of the cell (Figure 6a-c). As we
progress through to a more interior region approximately 2-3 cell widths (~ 30 um) from the
boundaries we see, for the control lines, an internal polarization similar to that seen for the cells
directly contacting the corresponding boundary. This propagation of boundary information
seems to be less prominent under EGTA treatment based on the more random internal
polarization of these interior region cells (Figure 6b,c). Taken together, our data suggest that
disruption of adherens junctions doesn’t affect cell polarization at the boundary, but decreases
the transmission of chiral bias in the epithelial cell sheet.

Discussion

12
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Our objective was to investigate how cell-cell adhesion affects chiral morphogenesis of epithelial
cells in a geometrically-defined multicellular structure. Using micropatterning techniques, we
showed that disruption of adherens junctions diminished the capability of MDCK cells to
establish chiral alignment on the patterned substrate, accompanied by a decrease in directional
migration on the boundaries and a deviation from the distinct linearly-varying velocity profile of
non-treated epithelial cells. In addition, varying geometrical size altered chiral alignment and
directional migration of epithelial cells on patterned boundaries. Taken together, these data
suggest that epithelial chiral morphogenesis can be regulated by varying cell-cell adhesion, and
is influenced by the size of a multicellular structure.

In this study, we used dog kidney epithelial cells, or MDCK cells as a model for multiple
reasons. First, MDCK is one of the most studied epithelial cells for various applications
including collective cell migration, and their properties are well characterized. Second, while the
kidneys are seemingly symmetric organs there is in fact a distinct asymmetry in size between the

19-21

two kidneys with the left being larger than the right. More importantly, there are also several

genes that when disrupted cause alterations in both left-right asymmetry and kidney function,>*
indicating that similar pathways regulate both. Therefore, we chose the MDCK cells line as a
suitable model for studying the influence of collective migration on chirality.

The chirality of multicellular morphogenesis (Figure 1) is initiated at the boundaries and
propagated towards the interior regions through cell-cell contacts. At boundaries, the cells
showed definite cellular polarization, and positioned their centrosome, rather than nuclei, closer

9,25

to the boundary.”” We observed that as cells polarized towards the boundaries of the line pattern
on appositional boundaries, the cells biasedly migrated in opposite directions along the pattern

itself. We quantified this bias through detection of a difference in velocity between the two

13
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boundaries (Figure 2). Polarization at the border of an epithelial cell cluster is a common
occurrence often times seen in the case of wound healing.*® Due to the confined nature of the
cells, they are unable to migrate outward into the open space causing them to migrate along the
boundary of the micropattern. Such a difference on appositional boundaries eventually generates
a shear flow-like field of cell migration, which results in the chiral alignment of both boundary
and interior cells observed on the micropatterns. We would expect a similar outcome with other
methods that are capable of generating comparable line features. Microcontact printing directly
onto a petri-dish has previously been used to study chirality and no difference was seen between
the gold-slide and petri-dish methods.” Creating lines using a channel method would create a
physical barrier and assuming that the channel walls are non-adhesive, it is likely that the results
would be similar because migration through a channel and on micropatterns is similar.””**
The extent of chirality of patterned cells highly depends on cell-cell interactions. E-cadherin is
known to link to the actin cytoskeleton,”” although the exact mechanism is not yet fully
understood.” Epithelial cell sheets have been previously shown to lose collective migration
directionality under both EGTA treatment and E-cadherin antibody treatment.’' The loss in
collective migration in their system and ours is likely due to a reduction in the transmission of
information between cells. The linking of cells’ actin cytoskeletons at the sites of adherens
junctions has been shown to facilitate force transmission in several different systems.’> When
cells are seeded sparsely, random walk is likely to dominate over any directional bias. We see
that when more cells are in a confined region, cellular random movement is largely inhibited
(Figure 2¢ vs 2b). Restricted movement has been shown to force cells to move together.” The
presence of cell-cell adhesion further enhances collective cell migration. Thus, cells tend to

migrate in clusters rather than individually.**”” Such kind of clustered migration can be

14
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appreciated from the presence of plateau regions close to boundaries in the velocity profile
(Figure 3a). The size of the cluster or plateau region increases with the strength of cell-cell
adhesion. Using EGTA, we were able to decrease cell-cell adhesion while maintaining cell
motility and found a decrease in the length of plateau regions. In addition, due to decreased cell-
cell adhesion, the cells were less able to transmit boundary information to the interior region
resulting in the disappearance of a single distinct linearly varying region connecting the plateau
regions and replacement with multiple linear regions. The sum of these changes led to the
observed loss of chirality due to the EGTA treatment. A visual representation (Figure 7) of these
results illustrates the biased collective movement of untreated epithelial cells migrating along
opposing boundaries and the effect of disrupting cell-cell adhesion on this collective behavior.
The diagram displays several of the possible alterations in migration that occur after an effective
disruption of cell-cell adhesion.

The scale of patterned geometry is another important consideration for chiral morphogenesis.
When the line is broad, the biased alignment or migration on boundaries cannot be easily
transferred to the interior region, which is far away (compared to cell size) from boundaries.
When it is narrow, the clustered movement on two boundaries will affect each other, and
effectively decrease the size of the cluster, ie, the length of plateau region, as observed in Figure
4d. In an extreme case (50 pm lines), cell movement on two boundaries was found to
synchronize and move in the same direction (Figure 7). A study examining MDCK migration
outward from a line showed independent migration at the boundaries for lines greater than 150
um in width.>” A similar line width of 100 um was determined to be the best for strong chiral

patterns to be observed for the control MDCK cells.

15
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The chiral migration behavior of the cells leads to questions regarding the migration at the ends
of the lines. The micropatterned line is a very long rectangle with the length being substantially
longer than the width. We observed that with wider lines (e.g., 200 um in width), the entire line
can be divided into several segments, and in each segment there is generally a flow at the ends
creating a cycling of cells. For example at the bottom end of a segment, cells on the left
boundary migrate downward, to the right at the end boundary and then migrate upward on the
right side. While this cyclic flow corresponds to wider lines, the flow of cells on the 50 um line
is unidirectional and therefore this type of flow is not observed. It is possible that non-uniformity
in proliferation and/or build-up of cells due to migration creates areas of less and more cells.
Over time, flow on 50 pm lines may shift direction, based on the cell density with cells migrating
from areas of higher cell density to lower cell density. Once the cells become over confluent it is
possible that migration will slow substantially as has been seen previously.*® In addition, the cell
density of an epithelial layer can be maintained by extruding cells from the monolayer when it is
over-confluent.®

LR asymmetry breaking events are often associated with directional migration such as at
Hensen’s node in chick development,® and at the primary heart field during zebra fish heart
development.*’ Our findings suggest that the success of epithelial related asymmetry breaking
events will depend on properties such as; cadherin expression and the geometrical size of the
organ/ tissue structure when it happens. Indeed, it was reported that blocking of N-cadherin
expression at HH stage 3-4 randomized heart looping of chicken embryos.® It is therefore
expected that insufficient or delayed expression in specific cell-cell adhesion molecules, such as

E-cadherin, examined here, is likely to induce similar birth defects in laterality.

16



Page 17 of 29 Integrative Biology

In summary, epithelial cell chiral alignment is accompanied by collective directional migration
on micropatterned boundaries and is dependent on both cell-cell adhesion and the underlying
geometrical shape. The scale of collective cell migration depends on the strength of cell-cell
adhesion, and affects the chirality of a multicellular structure in a size-dependent manner. Our
simple yet robust in vitro platform provided deep insights into collective cell migration in tissue

chiral morphogenesis.
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Figure 1. The chiral alignment of MDCK cells is lost with a high EGTA concentration. a-c)
Phase contrast images of MDCK cells on 200 um -width microcontact printed lines for a)
untreated; N =7, b) 0.5 mM EGTA treatment; N = 3, and ¢) 1.0 mM EGTA treatment; N = 4. d-
e) E-cadherin is localized to cell-cell boundaries in d) the control, indicated by the white arrows.
It is internalized and cell size increases with the EGTA concentration increase from d) 0 to ¢) 0.5
mM EGTA and to f) 1.0 mM EGTA. g) The average biased angle of alignment on 200 um lines
decreases with increasing EGTA concentration. The biased angle was determined by examining
the cell alignment in relation to the left boundary of the line pattern. The angle is between -

90°and +90° with 0° being perpendicular to the boundary. * p < 0.05.
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Figure 2. Treatment with EGTA increases cell motility in confluent and single cells, but
decreases directionality. a) Velocity difference between the left and right boundaries on 200 pm
lines decreases with the increase of EGTA concentration. The negative value indicates that cells
on the left boundary migrate downwards while those on the right migrate upwards. b) The
overall average speed increases with increasing EGTA concentration. A decrease in adherens
junctions leads to an increase in migration speed. ¢) Treatment of sparsely seeded MDCK cells
with EGTA shows an increase in migration speed with increasing EGTA concentration (Control:

N =49; 0.5 mM EGTA: N =23; 1 mM EGTA: N =23). *p <0.1; ** p <0.05.
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Figure 3. A decrease in adherens junction formation results in greater variability in velocity

profile across the line width. a) An untreated 200 pm line exhibiting a single linear slope. The

solid lines accent the plateau regions on each boundary and the connecting linear region as

denoted by dotted lines. b) A 200 pm line treated with 0.5 mM EGTA exhibiting a variable

slope. ¢) A 200 pm line treated with 1.0 mM EGTA exhibiting a variable slope. d) Untreated 200

um lines consistently exhibit one linear region. The EGTA treated groups show more variability

in the number of linear regions.
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Figure 4. Decreasing the width of the patterned line causes a decrease in the plateau region and

decrease in the variability of the velocity across the line width. a) Untreated cells on patterned

lines exhibit linear changes in velocity across the width except for the 50 um line, where some

exhibit no change in velocity across the width (200 um: N = 7; 100 pum: N =5; 50 um: N =5). b)

MDCK cells treated with 0.5 mM EGTA on patterned lines (200 pm: N = 3; 100 um: N = 4; 50

pm: N = 3). ¢) MDCK cells treated with 1.0 mM EGTA on patterned lines (200 um: N = 4; 100

pm: N = 6; 50 um: N = 7). d) Decreasing line width decreases the length of the plateau region

and negates the difference in plateau region due to treatment with EGTA. # p < 0.05 when
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compared to the 200 um group at the same EGTA concentration. €) The plateau region of control

lines is slightly larger as a proportion of total line width than for EGTA treated lines.
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decrease in the magnitude of the difference in velocity between the boundaries, but does not
influence speed. a) The angle of alignment decreases for 50 pm control lines b) Decreasing line
width decreases the magnitude of the velocity difference between boundaries, but no difference
is indicated for the 50 um line. c¢) Overall average speed does not change with line width. # p <
0.05 when compared to the 200 um group at the same EGTA concentration, and ** p < 0.1 when

compared to the control group with the same width.
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50 pm 50 um

Figure 6. Internal polarization of the cells is consistent at the boundaries regardless of treatment
but disruption of adherens junctions decreases transmission of chiral bias to the adjacent interior
cells. a-c) The centrosome, visible by the bright green area and accented by the white arrows, is
positioned toward the boundary in comparison to the nucleus (blue) for border cells regardless of
treatment: a) untreated control, b) 0.5 mM EGTA, and ¢) 1.0 mM EGTA. However, boundary

dependent internal polarization is only seen for interior cells of the control (a).

28



Page 29 of 29 Integrative Biology

t 1 1

tt

or or

14

t
/]

i : i A decrease in cell-cell adhesion

i

I

or L
l/ Cell Body

. Nucleus
E-Cadherin

200 pm Control Line

+ Centrosome

50 pm Control Line

Figure 7. A diagram of how decreasing cell-cell adhesion and line width causes alterations in
the ability of cells to migrate collectively and transfer boundary information. Decreasing cell-cell
adhesion causes the cells to migrate more randomly resulting in a variety of potential migration
outcomes. Decreasing line width often causes confounding boundary information with the end

result being overall migration in the same direction.
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