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ABSTRACT It has long been known that electrical fields (EFs) are able to influence the direc-
tion of migrating cells, a process commonly referred to as electrotaxis or galvanotaxis. Most
studies have focused on migrating cells equipped with an existing polarity before EF applica-
tion, making it difficult to delineate EF-specific pathways. Here we study the initial events in
front-rear organization of spreading keratinocytes to dissect the molecular requirements for
random and EF-controlled polarization. We find that Arp2/3-dependent protrusive forces and
Rac1/Cdc42 activity were generally required for both forms of polarization but were dispens-
able for controlling the direction of EF-controlled polarization. By contrast, we found a crucial
role for extracellular pH as well as G protein coupled-receptor (GPCR) or purinergic signaling
in the control of directionality. The normal direction of polarization toward the cathode was
reverted by lowering extracellular pH. Polarization toward the anode was also seen at neutral
pH when GPCR or purinergic signaling was inhibited. However, the stepwise increase of extra-
cellular pH in this scenario led to restoration of cathodal polarization. Overall our work puts
forward a model in which the EF uses distinct polarization pathways. The cathodal pathway
involves GPCR/purinergic signaling and is dominant over the anodal pathway at neutral pH.
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INTRODUCTION

Externally applied DC EFs function as spatial cues to motile single
cells or a monolayer of cells (Zhao et al., 2006; Zhao, 2009; Chang
and Minc, 2014; Cohen et al., 2014). EFs have also been shown to
induce directional growth in the fission yeast Schizosaccharomyces
pombe (Minc and Chang, 2010) and to orient neurite growth of
Xenopus neurons (Patel and Poo, 1982) and control the beating di-
rection of ciliain Paramecium (Jahn, 1961). Moreover, vibrating-probe
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measurements have detected endogenous ionic currents at epithe-
lial wound sites (Chiang et al., 1992; Reid et al., 2007), amputated
limbs (Borgens et al., 1977), and developing embryos (Jaffe and
Stern, 1979; Hotary and Robinson, 1994). The measured currents
seem to be in the same order of magnitude as the currents pro-
duced by electric field strengths required to induce directional cell
behaviors in vitro (<100 mV/mm). Thus it is believed that they are
capable of influencing morphogenesis and regeneration by steering
cell migration (Levin, 2009; Zhao, 2009). In skin wounds, EFs are
believed to arise due to the short-circuiting of the transepithelial
potential under which keratinocytes move toward the wound center
to reepithelialize it. Recent findings suggest that electrophoresis of
membrane components represents the mechanistic basis of electro-
taxis directionality (Allen et al., 2013).

A key prerequisite for cell migration is the establishment of a
front-rear polarization (Bourne and Weiner, 2002). Unpolarized
cells need to break symmetry and form a lamellipodium at the
front and a lagging edge at the back to initiate locomotion. While
the lamellipodium provides the protrusive force, the lagging edge
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contracts to detach the cell from the substratum and drive forward
translocation of the cell body (Lauffenburger and Horwitz, 1996).
This kind of polarization can occur spontaneously or in response to
external cues. With an electrical cue, it is unclear whether the di-
rectionality signal is generated at the anodal or the cathodal side
or whether there is a fixed position. The preferred direction of cel-
lular motility in vitro varies according to the cell type and also
within one cell type, depending on the experimental conditions
and the genetic background. Although most of the tested cell
types migrate toward the cathode, some cell types have been re-
ported to move toward the anode (Ferrier et al., 1986; Rapp et al.,
1988; Soong et al., 1990). Lens epithelial cells can move anodally
or cathodally, depending on the electric field strength (Wang
et al., 2003). Fish keratocytes move to the cathode, whereas spon-
taneously detaching cell fragments move to the anode (Sun et al.,
2013). Further, the genetic manipulation of the cGMP and phos-
phatidylinositide 3-kinase (PI3K) pathways, as well as the plasma
membrane proton pump pmal, can reverse the direction of EF
responses in Dictyostelium discoideum (Sato et al., 2009) and
S. pombe (Minc and Chang, 2010), respectively. Taken together,
the reversal phenotypes are an indication that more than one and
perhaps competing signaling pathways are involved in directional-
ity determination (Sato et al., 2009; Sun et al., 2013).

Due to the high resistance of the plasma membrane, it is be-
lieved that the most upstream sensing mechanism(s) should be situ-
ated at the outer surface of the cell. Accordingly, several cell surface
receptors (e.g., epidermal growth factor [EGF] receptor, vascular
endothelial growth factor receptor, B2-adrenergic and purinergic
receptors; Fang et al., 1999; Zhao et al., 2004, 2006; Pullar and Is-
seroff, 2005; Pu et al., 2007; Riding and Pullar, 2015) and ion chan-
nels and exchangers (e.g., epithelial sodium channel, sodium-pro-
ton exchanger 1; Zhao et al., 2006; Yang et al., 2013) have been
shown to be involved in response to external EFs. So far, however, it
has been possible neither to denominate the molecular require-
ments across different cell types nor to dissect whether there are
one or many dedicated EF sensors. At the level of intracellular sig-
naling, EF shares features with the pathways governing chemotaxis
or any other cell migration type (Zhao et al., 2006; Allen et al., 2013).
It is important to point out that a common procedure is to apply the
EF to migrating cells, leading to reorientation of the migration direc-
tion. Although this allows the study of turning behavior, insights into
EF sensing and polarization mechanisms may be impaired by poten-
tial amplification mechanisms and feedback loops established in
migrating cells before EF application.

In this study, we developed an assay to follow symmetry breaking
of human keratinocytes into a front-rear polarity. The direction of po-
larization is random without the EF and directional with the EF. Using
this reductionist assay, we tested the role of a panel of molecules in-
volved in polarization, ranging from intracellular cytoskeletal regula-
tors to cell surface receptors. Our findings suggest that spontaneous
symmetry breaking depends on cytoskeletal elements, which can be
used by polarization pathways sensing the EF. We also demonstrate
that polarization is normally toward the cathode in keratinocytes, but
the direction can be randomized or reversed by lowering extracellular
pH and inhibiting G protein coupled-receptor (GPCR) and purinergic
signaling. Our findings provide novel insights into the initial steps of
front—rear polarization and pH-dependent directional responses.

RESULTS

Keratinocyte polarization assay to study symmetry breaking
Keratinocytes plated on a collagen type | surface acquire a distinct
front-rear polarity with clearly defined leading and lagging edges.
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This kind of polarization is achieved via spontaneous symmetry
breaking after attachment and spreading. To synchronize symmetry
breaking in a group of single cells, we performed an assay that we
named the “polarization assay” (Figure 1A). We rounded cells by
incubating them in experiment medium containing 8% dimethyl
sulfoxide (DMSO) for 30 min, followed by a medium wash. DMSO
treatment leads to temporary lamellipodial loss and cell rounding,
from which cells recover quickly after washout (Keren et al., 2008;
Sanger et al., 1980). As cells regain volume, they spread uniformly
on the substrate, producing a lamellipodium-like membrane struc-
ture encircling the cell body. Ninety-six percent of keratinocytes
broke symmetry after spreading, and this was followed by migratory
activity (Figure 1B and Supplemental Movie S1). Cells required an
average of 48 min to break symmetry after the DMSO washout
(Figure 1C). To test the external requirements for polarization, we
removed the supplements recombinant EGF and bovine pituitary
extract from the medium at the time of DMSO washout or 5 h be-
fore the experiment. No statistically significant difference in obtain-
ing a stable polarity axis was observed, and the time needed to
achieve symmetry breaking remained similar (Figure 1C).

To study the extent of migration after the initial polarization in-
duced with the assay, we followed migration trajectories for 1.5 h
and quantified track length, displacement, and straightness index
(Supplemental Figure S1). Cells in supplemented medium migrated
on average four cell lengths in the 1.5-h time frame. The track length
and displacement significantly decreased for cells that were starved
for 5 h before the experiment. In all conditions, cells followed
straight paths during the time of recording.

Thus the polarization assay allows the quantification of sponta-
neous polarization and subsequent migration.

Control of polarization direction by the electric field

To test whether the direction of symmetry breaking can be controlled
by external cues, we next applied an exogenous EF of 100 mV/mm
during spreading and polarization phases. The direction of polariza-
tion was quantified within the 1.5 h of EF application after the wash-
out of DMSO. In 70% of cases, the EF-directed polarization toward
the quarter facing the cathode compared with the random polarity
axis determination in control cells (Figure 1D and Supplemental
Movie S2). There was no significant difference in the time it took for
cells to polarize between the two conditions, implying that the inter-
nal polarization mechanism is the time-limiting factor in the dynam-
ics of symmetry breaking (Figure 1C). The EF did not seem to
change cell morphologies during polarization but slightly enhanced
the stability of the polarity axis (Figure 1B).

To test the degree of electrotaxis after cell polarization, we fur-
ther followed migration trajectories after symmetry breaking (Sup-
plemental Figure S2). Whereas control cells had a directionality in-
dex, cos 6, close to 0, the value rose to 0.66 by applying the EF. The
increase in the straightness index further shows that the electric field
suppresses the angular deviations in the migration trajectories.

In sum, EF application can potently control the direction of both
polarization and migration in keratinocytes.

The role of force generator molecules and small GTPases

in spontaneous and directional polarization

Because the organization of the actin cytoskeleton is central to the
formation of a front-rear asymmetry (Li and Gundersen, 2008), we
imaged the actin cytoskeleton of cells with LifeAct-mCherry as
they broke symmetry (Supplemental Movie S3). Live imaging re-
vealed a dynamic reorganization of the actin cytoskeleton during
polarization. During spreading, the actin cytoskeletal network was
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FIGURE 1: Keratinocytes efficiently break symmetry in the polarization assay. (A) Representative cell undergoing
polarization assay. The first image in the time series shows the rounded morphology of the cell after being subjected to
8% DMSO-containing experiment medium for 30 min and marks the starting point (0 min) for the time quantification. At
image 3, the cell has completely spread, with a lamellipodium-like membrane structure around the cell body. Symmetry
breaking is visible at 45 min and completed by 60 min. (B) Classification of cell morphologies after cells broke symmetry
and bar chart of morphologies for supplemented and unsupplemented medium. The number of cells quantified is
indicated above each column. (C) Quantification of the time it takes for symmetry breaking after the DMSO is removed.
Single dots represent single cells. The red line is the average value for each condition. (D) Rose plots representing the
direction of symmetry breaking for random (left) and EF-controlled (right) polarization. The length of the gray pie slices
corresponds to the number of cells belonging to the particular angular slice. The percentages are given for four
different quarters, represented by dashed lines. Without the extracellular cue, cells are randomly polarizing. When cells
are subjected to EF, 70% define their polarity axes with their lamellipodia facing the cathode (-). The p value is
calculated with Student’s t-test. **p < 0.01.
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FIGURE 2: The role of cytoskeletal regulators in spontaneous and directional polarization. (A) Quantification of
polarization phenotypes for inhibition of cytoskeletal force generators (myosin Il [blebbistatin] and ROCK [Y-27362] for
contractile rear and Arp2/3 complex [CK-666] for protrusive front) and inhibition of small GTPases Cdc42 (ZCL-278) and
Rac1 (NSC-23766). Inhibiting the Arp2/3 complex, Cdc42, and Rac1 leads to the loss of symmetry breaking, whereas
ROCK and myosin Il inhibition generates cells with more than one lamellipodium. The EF significantly increases the
percentage of cells breaking symmetry in the Arp2/3 and Rac1 inhibition conditions. The number of cells quantified is
indicated above each column. The p value is calculated with Student'’s t test. **p < 0.01. (B) Rose plots representing the
direction of symmetry breaking of polarizing cells with the indicated inhibitors. (C) Automated boundary detection from
phase contrast videos for the representative cells with the indicated treatments. Time progression is represented from
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organized as a ring of parallel actin bundles surrounding the cell
body. Subsequently cells spontaneously broke the symmetry of the
actin ring by tightly pulling together the bundles within one-half of
the cell, leading to the formation of the lagging edge. In the other
half of the cell, the bundles expanded, leading to the formation of
transverse actin arcs and the lamellipodium.

As a next step, we inhibited force generators of the actin net-
work. The rear contractile system was inhibited with blebbistatin
(nonmuscle myosin Il inhibitor) or Y-27632 (Rho kinase [ROCK] in-
hibitor), and the protrusive front system was inhibited with CK-666
(Arp2/3 complex inhibitor). Both blebbistatin and Y-27632 signifi-
cantly increased the percentage of cells with more than one lamel-
lipodial structure but did not interfere with their symmetry-breaking
ability (Figure 2A and Supplemental Figure S4B). The efficiency of
Y-27632 treatment was confirmed by testing the reduction of dou-
bly phosphorylated myosin regulatory light chain (ppMRCLC2) com-
pared with untreated cells via immunoblotting (Supplemental
Figure S4A). By contrast, Arp2/3 complex inhibition led to only 44
and 16% (using 100 or 200 pM CK-666, respectively) of cells being
able to break symmetry, compared with 96% of cells in the control
case (Figure 2A). Moreover, migration tracks were decreased in
length by CK-666 treatment (Supplemental Figure S3B). Morpho-
logically, inhibition of the Arp2/3 complex resulted in unpolarized
cells with filopodia-like boundaries (Supplemental Figure S3B). Phal-
loidin staining revealed that the actin cytoskeleton was disorganized
upon CK-666 treatment (Supplemental Figure S3C). In particular,
the transverse arcs were reduced, and the direction of actin bundles
was perpendicular to the cell periphery rather than parallel. Neither
the reduction in polarization nor the loss of transverse arcs was seen
with the inactive CK-666 analogue CK-689 (Supplemental Figure
S3, A'and C). Together these results demonstrate that Arp2/3 com-
plex-dependent cytoskeleton rearrangements and protrusive forces
at the cell periphery are key for breaking symmetry in keratinocytes,
whereas myosin ll- and ROCK-based contractility is not required.

Cdc42 and Rac1 are molecular switches that orchestrate the or-
ganization of the actomyosin cytoskeleton and regulate the activi-
ties of cytoskeletal force generators (Jaffe and Hall, 2005). Whereas
Cdc42 is a key molecule in polarity establishment, Rac1 controls the
formation of the lamellipodium (Heasman and Ridley, 2008). Cdc42
and Racl inhibition was performed with the drugs ZCL-278 and
NSC-23766, respectively (Gao et al., 2004; Friesland et al., 2013).
Both of these drugs reduced symmetry breaking in keratinocytes
but produced different morphologies (Figure 2A and Supplemental
Figure S3B). Cdc42 inhibition led to the apparent loss of protrusive
activity, which was confirmed by automated outlining of the cellular
boundary over time during the polarization assay (Figure 2C and
Supplemental Movie S4). By contrast, Rac1 inhibition led to small
but detectable protrusions occurring randomly at the cell periphery
(Figure 2C, Supplemental Figure S4B, and Supplemental Movie S5).

Taken together, these data indicate that symmetry breaking in
keratinocytes requires a protrusive Arp2/3-dependent actin network
growth rather than a contractile rear. Whereas Cdc42 decreased the
overall ability of cells to make protrusions, Rac1 was required to or-
ganize the stability and the size of protrusions to form a stable lead-
ing edge.

The electric field increases polarization in cells with
compromised cytoskeletal signaling

We next tested the requirements for cytoskeletal force generators
and small GTPases Cdc42 and Rac1 in EF-controlled polarization.
For this, we quantified the direction of polarization in the cells that
showed polarization under the treatment. The polarizing cells were
also affected by the treatment, as they showed prolonged polariza-
tion times compared with control cells (unpublished data). Of inter-
est, neither the inhibition of the cytoskeleton force generation with
Y-27632 (contractile) nor with CK-666 (protrusive) affected the cath-
odal directionality of cells (Figure 2B). We further found that at a low
concentration of CK-666 (100 pM), EF application increased the per-
centage of cells that were able to break symmetry (from 44 to 69%;
Figure 2A). However, at a higher concentration (200 uM), this en-
hancement did not occur, as this treatment already inhibited the
ability of cells to break symmetry, with 84% of cells staying unpolar-
ized in the non-EF condition.

Similarly, the inhibition of the small GTPases Cdc42 and Rac1 did
not affect directionality determination (Figure 2B). However, as for
the Arp2/3 complex, EF stimulation raised the percentage of sym-
metry breaking in Rac1-inhibited cells from 30% (without EF) to 54%
(with EF; Figure 2A). By extracting the cellular outlines over time, we
could further demonstrate how EF could increase symmetry break-
ing in Rac1-inhibited cells. This may occur via the clustering of the
uncoordinated protrusive activity, and therefore also of the protru-
sive force essential for symmetry breaking, toward the cathodal side
(Figure 2C and Supplemental Movies S6 and S7). By contrast, the EF
was unable to enhance symmetry breaking in Cdc42-inhibited cells,
where all peripheral protrusions were suppressed (Figure 2C and
Supplemental Movie S8).

Taken together, these findings show that the cytoskeleton force
generators and cytoskeleton regulators are not responsible in direc-
tionality determination and that in some conditions, EF application
can partially restore the capacity to polarize.

Plasma membrane signaling in spontaneous and directional
polarization

As a next step, we inhibited more-upstream mediators of cell migra-
tion during both spontaneous and directional polarization. We se-
lected a number of treatments that have been shown to affect direc-
tionality in electrotaxis. We first tested the PI3K system, which
controls the formation of opposing gradients of the polarity lipids
phosphatidylinositol (3,4,5)-trisphosphate (PIP3) and phosphati-
dylinositol (4,5)-bisphosphate (PIP2) in response to external cues
(Bourne and Weiner, 2002). In addition, PIP3 is known to form posi-
tive feedback loops with Rac1 to induce lamellipodium formation
(Srinivasan et al., 2003). PI3K was inhibited with PIK-90, which tar-
gets three of four class | PI3K isoforms with equal selectivity (Knight
et al., 2006). Without the EF, PIK-90-treated cells broke symmetry
but only to retract the newly created lamellipodia and form them at
another location (Figure 3A and Supplemental Figure S3C). Treat-
ment efficacy was tested by Western blot, which showed reduction
of pAKT in cells treated with 5 pM PIK-90 (Supplemental Figure S4A).
Inhibition of PI3K did not lead to the absence of lamellipodium for-
mation, but its activity exerted a stabilizing effect on the position of

blue to red. In Cdc42-inhibited cells, EF does not induce any protrusions toward the cathode, and the percentage of
cells breaking symmetry does not increase with EF. Rac1-inhibited cells show small, unsustained, and random boundary
protrusions without EF. Two examples are shown for Rac1-inhibited cells with EF. In the left example, the cell clearly
polarizes to the cathode. In the right example, small protrusions are driven toward the cathode and suppressed at the

anodal side.
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FIGURE 3: PI3K and EGFR inhibition in spontaneous and directional polarization. (A) Quantification of cell morphologies
for PI3K (PIK-90) and EGFR (AG-1478) inhibition. PI3K inhibition leads to cellular morphology with an unstable polarity
axis. At 1.5 pM PIK-90, the EF can partially rescue this phenotype. The number of cells quantified is indicated above
each column. The p value is calculated with Student’s t test. *p < 0.05, **p < 0.01. (B) Rose plots representing the
direction of symmetry breaking with indicated inhibitors and doses. Whereas PI3K inhibition partially reverses the

polarization direction, EGFR inhibition causes randomization.

the lamellipodium. EF application led to a partial rescue of the un-
stable polarity axis phenotype when using the lower PIK-90 concen-
tration (1.5 uM). Moreover, PI3K inhibition partially reversed direc-
tionality. For the higher concentration of PIK-90 used (5 pM),
cathodal directionality decreased from 70 to 43% and anodal direc-
tionality increased from 7 to 37% (Figure 3B). These results suggest
that PI3K signaling is crucial for control of the polarization direction,
consistent with its reported role in electrotaxis (Zhao et al., 2006).

Next we turned to the EGF receptor tyrosine kinase (EGFR),
which is a key molecule for directional motility in keratinocytes (Zhao
et al., 2002b; Ho and Dagnino, 2012). The EGFR inhibitor AG-1478
reduced the phosphorylation of EGFR but did not affect symmetry
breaking (Figure 3A and Supplemental Figure S4, A and C). This is
in accord with the normal polarization in medium without EGF sup-
plementation (Figure 1B). In EF-controlled polarization, however,
EGFR inhibition led to a significant randomization of directionality
(Figure 3B), with cathodal polarization decreasing to 38%.

GPCRs comprise another class of receptors that have been as-
sociated with electrotaxis in various cell types (Zhao et al., 2002a;
Cao et al, 2013). Among them is the purinergic P2Y receptor
family, which has recently also been implicated in keratinocyte elec-
trotaxis (Riding and Pullar, 2015). We used several compounds to
inhibit both GPCR and P2 receptor signaling: pertussis toxin (PTX)
for Gai inhibition, gallein for Gy inhibition, telenzepine for the

4378 | D. Saltukoglu et al.

muscarinic M1 subclass of GPCRs, suramin and pyridoxal-phos-
phate-6-azophenyl-2',4'-disulfonic acid (PPADS) for P2Y and P2X
receptor inhibition. In addition to its antipurinergic effect, suramin
also impairs general G protein coupling to GPCRs (Beind| et al.,
1996). None of these treatments impaired the ability for spontane-
ous polarization (Figure 4A). PTX led to a reduction of cathodal
polarization, and a significant portion of cells showing a random-
ized response. Whereas telenzepine had no effect on directionality,
PPADS led to a similar randomization of polarization as PTX. Strik-
ingly, treatment with suramin and gallein completely reversed the
direction of symmetry breaking from the cathode to the anode
(Figure 4, B and C).

Taken together, these results show that PI3K, EGFR, GPCR, and
purinergic signaling associated with the plasma membrane have im-
portant roles in directionality determination during keratinocyte
polarization.

Low extracellular pH reverses the direction of polarization

Another way to influence directionality in electrotaxis is through
change in extracellular pH. This effect has been proposed to be
due to the change in charge on the surface of the plasma mem-
brane (Allen et al., 2013). Therefore we examined the effect of
acidifying the extracellular pH (pH,) to 6.6 in our system. Although
this treatment slightly reduced the ability of the cells to polarize, it

Molecular Biology of the Cell



A n= 107 284 195 132 70 142 80 91 73 74 70
1.0
. Stable polarity axis 08
[l Unstable polarity axis
- >1 lamellipodium 0.6
. Unpolarized
0.4
0.2
00 N Q> &
& ¢ K 8§ R g
S %\@b@ & Ry X NS QQ:QW, F o
O & ST PEE DL &
¥ A& D @0 o,-Q \6\ S 2 S
RV Y &R N
Y N o¥ © S S
\90 N "; N $@
)
N
B 270° 4+ -
180° 0
18.0%
90° 90°
100 uM Suramin (P2X, P2Y, GPCR) 10 uM Gallein (GBy)
C EF EF

270°

18.0% 10.

180°

Se——

18.0%

90°

5.0 pg/ml PTX (Gai)
EF

100 uM PPADS (P2X and P2Y)
EF

90°

10 pM Telenzepine (M1 Muscarinic)
EF

FIGURE 4: GPCR signaling in directional polarization. (A) Quantification of cell morphologies for inhibition of Gaii (PTX),
Gy (gallein), purinergic signaling (suramin [also GPCR inhibition] and PPADS), and M1 muscarinic GPCR (telenzepine).
None of the inhibitors, except for gallein to an extent, showed a significant effect on cell morphology. The number of
cells quantified is indicated above each column. (B, C) Rose plots representing the direction of symmetry breaking with
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polarization, and PPADS leads to randomization of direction. Inhibiting
direction of polarization.

also led to reversal of the polarization direction, with 79% of all cells
polarizing toward the anode (Figure 5, A and B, and Supplemental
Movie S9). After migration, trajectories revealed that the cells that
polarized toward the anode were still able to electrotax toward the
anode (Supplemental Figure S5, A and B). In low pH,, cells had a
directionality index of —0.54, compared with 0.66 for cells in nor-
mal-pH medium. Nonetheless, anodal migration was less efficient
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the M1 muscarinic GPCR has no effect on the

than cathodal migration, with significantly lower average track
length, straightness, and displacement value (Supplemental Figure
S5, C-E).

Because the intracellular pH (pH;) can also change when pH is
lowered, we transiently transfected the cells with superecliptic pHlu-
orin-mCherry, a genetically encoded, ratiometric pH sensor, to mea-
sure pH; (Supplemental Figure S6, A-C; Koivusalo et al., 2010).
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Whereas the reduction of pH, to 6.5 lowered pH; by an average of
0.3 U, EF application did not cause any changes in pH; in keratino-
cytes (Supplemental Figure S6, A and B). We also compared pH; val-
ues at the anodal- and cathodal-facing cortical regions of cells. We
did not detect any internal pH gradients that could be responsible for
promoting polarization and directionality (Supplemental Figure S6, C
and D; Martin et al., 2011). By using the membrane-impermeable
2',7'-bis(2-carboxyethyl)-5(6)-carboxyfluorescein (BCECF) acid, we
further ruled out that the EF changes pH, during the course of the
experiment or induces a pH, gradient in the chamber (Supplemental
Figure S6, E and F). Together these results suggest that the extracel-
lular pH is crucial for EF-mediated responses and that altered mobil-
ity of surface molecules could indeed be responsible for directional-
ity. Although the acidification of pH; may also contribute to the
reversal of polarization, EF application changed neither pH; nor pH,,

Morphological differences in anodal and cathodal
polarization

To understand the reversal of polarization with low pH, further, we
used protrusion/retraction maps to compare the morphology of
symmetry-breaking cells in normal and low pHe. In normal pHe,
before any movement in the position of the future lagging edge,
cells protruded their plasma membrane toward the cathode (in the
protrusion/retraction map, this can be seen as red spots before the
event of actual symmetry breaking). This type of leading-edge pro-
trusion was lacking in the low-pH medium condition. By contrast,
an invagination of the back preceded the leading- edge protrusion.
Initially, this invagination started in the midpoint of the future lag-
ging edge and extended laterally with time, forming the character-
istic conical shape of the blue areas representing retraction in the
protrusion/retraction map (Figure 5C). Leading-edge protrusion
and cell translocation during polarization were generally slower in
this condition. Of importance, this type of symmetry breaking was
not a general feature of cells in low-pH medium, as it was not ob-
served in low pH, without EF stimulation (Figure 5C and Supple-
mental Movie S10).

The morphological difference in the mode of symmetry breaking
for cathodal and anodal polarization suggested that there may be a
distinct set of cytoskeletal regulators responsible for either type of
polarization. However, as with normal pH, the inhibition of the
Arp2/3 complex and ROCK at low pH, did not lead to any changes
to the direction of polarization (Supplemental Figure S7) These re-
sults further underscore that cytoskeleton elements are not deter-
mining the direction of polarization. Moreover, the observed
changes in pH; upon pH, reduction do not seem to affect the cyto-
skeletal organization in polarizing cells.

Interplay of membrane signaling with pH, in the

EF response

Finally, we tested different pH conditions for the pharmacological
treatments affecting directionality. We focused on the inhibitions of
GPCR and purinergic signaling. For the treatments that cause
reversal at normal pHe (suramin and gallein), we observed anodal
polarization at pH, 6.6, 7.0, and 7.8, with restoration of cathodal

polarization at pH, 8.0 (Figure 6, A, B, and F). This suggests that the
threshold for cathodal polarization can be pushed toward alkaline
pHe values when GPCR and purinergic signaling is inhibited. For the
treatments that cause randomization at neutral pH, (PTX and PPDS),
we found anodal polarization at low pH, and cathodal polarization
at high pH, (Figure 6, C, D, and F). Considering that randomization
could be an intermediate step when switching from anodal to cath-
odal polarization, we predicted that a mildly acidic pH would cause
randomization in untreated cells. This was indeed the case: random-
ization was found for untreated cells at pH, 7.0. At pH, 8.0, on the
other hand, cathodal polarization was 10% more efficient than at
normal pH, (Figure 6, E and F).

Taken together, our results suggest a tug-of-war mechanism for
directionality that is controlled by an interplay between surface sig-
naling and pHe. Whereas cathodal polarization dominates at neutral
pHe, randomization is a result of equally strong anodal and cathodal
polarization pathways at slightly acidic pHe.

DISCUSSION

Even though EF-generated directional responses have been stud-
ied for decades, little is known about the underlying mechanisms.
The quest for a unifying view has been hampered by the fact that
different cell lines seem to have different requirements for EF-in-
duced directionality. Moreover, most electrotaxis studies have fo-
cused on how cells reorient, and there is—at least for mammalian
cells—no direct assay to study how they establish their very first
polarity when exposed to an EF. Using an assay for EF-guided cell
polarization, we studied mechanisms of front-rear polarity genera-
tion and EF sensing in human keratinocytes. Compared to electro-
taxis, this assay eliminated the complexity of revoking the previ-
ously established morphological and biochemical polarity of
migratory cells because it generated a polarized cell from a uniform
geometry. This not only led to a more robust directional response
than in electrotaxis, but it also allowed us to study general polariza-
tion mechanisms in a hierarchical manner.

For cell polarization without EF, we found that PI3K signaling was
key to a stable polarity axis but was not essential for asymmetry
formation. This implies that these processes are regulated sepa-
rately. Although Cdc42 and Rac1 GTPases were both indispensable
for symmetry breaking, there were differences in their morphologi-
cal phenotypes. Cdc42-inhibited cells did not show any protrusive
activity at the cellular boundary after spreading. However, Rac1-in-
hibited cells protruded at the cellular boundary, which was marked
with small and random protrusions, albeit not strong and coordi-
nated enough to polarize the cells. Accordingly, the inhibition of the
Arp2/3 complex, which regulates the branching of actin filaments at
the leading edge, abolished any symmetry-breaking and protrusive
activity. The inhibition of contractile forces mediated by myosin II,
on the other hand, failed to block symmetry breaking. Cells could
not keep a rigid and intact shape and had larger lamellipodia ac-
companied by frequent lamellipodium breaks. These results dem-
onstrate that the protrusive force but not the contractile back is key
to symmetry breaking in keratinocytes. This is in contrast to fish
keratocytes, which were shown to require myosin-based rear

their leading edges always face the right side. Symmetry breaking in the normal-pH condition (with and without EF), as
well as low-pH condition (without EF), is featured by front protrusions preceding the retraction of the back. By contrast,
at low pH (with EF), there is an invagination of the cellular boundary at the lagging edge. The invagination event is
represented by the unique conical shape of the blue retraction area of the corresponding protrusion/retraction map.
Moreover, there is also a general reduction of leading-edge protrusion and cell translocation speed during polarization

in this condition.
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contractility to break symmetry despite the fact that they have a
similar morphology (Yam et al., 2007). An interesting finding was
that EF stimulation increased the percentage of Rac1- and Arp2/3-
inhibited cells capable of symmetry breaking. This suggested that
the EF evoked compensatory polarization pathways. An alternative
explanation is that the pharmacological treatments did not cause a
complete loss of function and that the upstream cathodal direction-
ality sensors were able to concentrate and thus increase their local-
ized activity. A similar process may be at work when random polar-
ization is overridden by EF-dependent polarization.

Our findings also allow the conclusion that directionality instruc-
tions were generated upstream of the intracellular actin-associated
factors, because their inhibition did not interfere with the direction
of symmetry breaking. On the contrary, all of the treatments that
affected directionality targeted plasma membrane molecules. This
fits well with the notion that the EF effects should be confined to the
outer surface of the plasma membrane due to the high resistance of
the plasma membrane (Poo, 1981). Randomization of directionality
occurred when EGFR was inhibited. Reversal of directionality from
cathode to anode was achieved by low extracellular pH, GPCR and
purinergic signaling, and, partially, PI3K inhibition. Of great interest,
there seemed to be a pHe-dependent spectrum of phenotypes.
Some treatments (PTX and PPADS) showed anodal polarization at
pHe 6.5, randomization at pH, 7.4, and cathodal polarization at pHe
8. For others (suramin, gallein), this spectrum was shifted toward
even higher pH values. Because anodal polarization was still seen at
neutral pHy, this suggests that the anodal pathway was more potent
than in untreated cells. In other words, the outcome of the tug-of-
war was in favor of the anodal pathway because important cathodal
factors were eliminated.

What are these cathodal factors? In addition to antagonism of P2
receptors, suramin inhibits the activation of heterotrimeric G pro-
teins in a variety of GPCRs with varying potency. Because gallein is a
general inhibitor of GBy subunits, it might be that broad inhibition of
GPCR signaling is causing the observed reversal phenotype. How-
ever, the overlap between the proposed inhibitor effects argues for
a particularly important role of the P2Y receptor class, which is the
only set of GPCRs within the purinergic system. This is in accordance
with a recent report on the role of purinergic signaling in electrotaxis
of primary keratinocytes (Riding and Pullar, 2015). Here suramin
caused randomization and not reversal of migration, suggesting
once again that our polarization assay is more suited than electro-
taxis to dissect mechanisms of cathodal versus anodal pathways.

Although the pharmacological treatments discussed here might
have targeted a dedicated cathodal directionality system, the com-
ponents of the anodal pathway are entirely unclear. It could be ar-
gued, however, that the reversal phenotype depends on a drift of
molecules on the cell surface controlled by the overall surface
charge density and the charge on specific molecules (McLaughlin
and Poo, 1981; Allen et al., 2013). The principle has been demon-
strated for EGF (Giugni et al., 1987; Fang et al., 1999), low density
lipoprotein (Tank et al., 1985), acetylcholine receptor (Orida and
Poo, 1978), and concanavalin A-binding receptors (McLaughlin and
Poo, 1981). In this manner, anodal polarization would not be
achieved by an anodal pathway but by the anodal localization of
cathodal pathway components. However, our data give evidence
against this scenario. First, the reversal of polarization in low pHe
appeared morphologically different than with normal pHe. Second,
we showed that the anodal pathway becomes dominant over the
cathodal pathway when cathodal players are inhibited. To obtain a
more complete picture of the regulation of directionality, treatments
that change surface charges could be combined with the direct
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visualization of a set of chosen surface receptors, such as P2Y recep-
tors. Similarly, the contribution of a specific molecule to directional-
ity could be tested by artificially changing the quantity of charges on
the extracellular domain. We believe that our polarization assay
represents a very useful resource for efforts to tackle the question of
EF sensing.

We further expect our findings to have a number of direct impli-
cations for epidermal wound healing. All signaling systems targeted
here have previously been shown to play a role in keratinocyte elec-
trotaxis and/or wound healing in vivo (Pullar and Isseroff, 2005;
Gault et al., 2014). Given that EGFR can be transactivated by GPCRs
during wound healing (Yin et al., 2007), there may also be significant
cross-talk between the individual signaling receptors. Furthermore,
itis important to note that nonhealing chronic wounds display extra-
cellular pH gradients with lower pH values at the wound periphery
(Schreml et al., 2014). This could imply that signaling pathways driv-
ing the cells toward the wound center may be impaired at low pH,
causing randomization and even reversal of polarization and migra-
tion. Additional studies are required to investigate whether the
modification of the pH environment, such as with dynamic hydro-
gels, could be a therapeutic alternative for chronic wounds (Burdick
and Murphy, 2012; Schreml et al., 2014).

MATERIALS AND METHODS

Cell culture and pharmacological treatments

Keratinocytes (courtesy of Leena Bruckner-Tuderman, Department
of Dermatology, University Hospital Freiburg) isolated from human
foreskin were transformed with the human papillomavirus onco-
genes Eé and E7 for immortalization (Kaur and McDougall, 1988).
Cells were kept in Keratinocyte Serum-Free Medium (KSFM; Invitro-
gen, Carlsbad, CA) supplemented with 0.3 ng/ml recombinant EGF
and 30 ng/ml bovine pituitary extract and 100 U/ml penicillin/strep-
tomycin (culture medium). The experiment medium contained an
additional 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (Sigma-Aldrich, St. Louis, MO). For pH experiments, the me-
dium was adjusted to a pH of 7.45 by 2.5 N NaOH or to 6.6 by 10%
HCI. The inhibitors CK-666 (Sigma-Aldrich), NSC-23766 (Tocris,
Bristol, UK), ZCL-278 (Tocris), PIK-90 (Selleck Chemicals, Houston,
TX), AG-1478 (Cayman Chemicals, Ann Arbor, MI), Y-27632 (Merck-
Millipore, Billerica, MA), (-)-blebbistatin (Sigma-Aldrich), suramin
(Tocris), pertussis toxin (Enzo Scientific, Farmingdale, NY), gallein
(Tocris), telenzepine (Tocris), PPADS (Tocris), and CK-689 (Merck-
Millipore) were used at the indicated concentrations.

Polarization assay and phase-contrast microscopy

Ibidi p-channel slides were coated with collagen type | from rat tail
(Life Technologies, Carlsbad, CA) diluted in 0.02 M acetic acid (Carl
Roth, Karlsruhe, Germany) at a ratio of 1:40 (vol/vol) for 1 h at room
temperature. Slides were washed with phosphate-buffered saline
(PBS; Pan, Aidenbach, Germany) and dried for 15 min before seed-
ing. Keratinocytes were seeded at 15,000 cells per p-channel slide.
Cells were incubated for a minimum of 24 h and a maximum of 48 h
before the experiment until they obtained their characteristic half-
moon shape. For the polarization assay, the culture medium was
replaced with the experiment medium supplemented with 8%
DMSO (Sigma-Aldrich). Cells were allowed to round up for 30 min.
The DMSO-containing medium was washed off with 2-3 ml of ex-
periment medium containing either the vehicle control or inhibi-
tors. For EF-controlled polarization, cells in the p-channel slides
were exposed to the EF after the DMSO washout. Thus slides were
connected to the voltage supply via silicon tubes filled with a mix-
ture of 2% agarose (Carl Roth) in KSFM. Ag/AgCl disk electrodes
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(Science Products, Hotheim, Germany) were placed in the electro-
lyte solution of 3 M KCl and connected to a programmable voltage
supply (Agilent, Santa Clara, CA). Two platinum wires (World
Precision Instruments, Saratosa, FL) were placed in each well of the
channel slide to record the potential drop across the channel and
were connected to a voltage feedback system to keep the potential
drop across the channel slide at 5 V (100 mV/mm x 5 cm). Cell
spreading, symmetry breaking, and subsequent migration were re-
corded for 1.5 h with 1-min time interval at 10 different positions.
Imaging was performed with a Zeiss Cell Observer microscope con-
trolled by AxioVision and equipped with a cooled charge-coupled
device AxioCam Rev3 camera. An EC Plan Neofluar 20x/0.5 phase
contrast objective (Zeiss, Oberkochen, Germany) was used. All
experiments were carried out at 37°C.

Directionality analysis

Three types of information were collected from each cell recorded
in the 1.5 h after DMSO removal: one was the categorization of the
type of polarization (see legends in the corresponding figures), rep-
resented as percentages in bar charts. Cells were categorized manu-
ally by following cell behavior in videos. All quantified cells fell un-
der one of the following four categories. Cells that did not change
axis of polarity after polarization were termed “stable polarity axis.”
The "unstable polarity axis” category corresponded to cells that
changed morphology by retracting the lamellipodium formed after
symmetry breaking and creating another one elsewhere at the cell
periphery. Cells in the “>1 lamellipodium” category had either a
stable or an unstable polarity axis, but their major characteristic was
that they had more than one lamellipodial structure. Cells that failed
to polarize were termed "unpolarized.” Cells in the first three cate-
gories successfully polarized. The second type of information was
the time it takes to for the cell to polarize after the DMSO wash. The
graphs for the polarization time were constructed in Mathematica,
such that each black dot represented one single cell analyzed. Third,
for a directionality experiment, the angle at which cells position the
midpoint of their lamellipodium was extracted. The 0° position was
designated to be the cathodal side of the horizontal line drawn par-
allel to the direction of the EF. A second line was drawn along the
lagging edge of the polarized cell. The midpoint of the lamellipo-
dium was connected to the intersection of the 0° line and the lag-
ging-edge line with a third line. The angle between the 0° line and
the third, mid-lamellipodium line was measured with a protractor
and recorded. The recorded angles were displayed on rose plots
constructed in Mathematica around the SectorChart command.
Polar axes were divided into 16 polar grids, and values for the direc-
tionality angle for each cell that falls into these grids were binned.
The percentage of cells that break symmetry toward four different
directions (up, down, cathode, and anode) was calculated by group-
ing the 16 grids into groups of four.

All experiments were performed at least in duplicate, with similar
results. For directionality experiments with inhibitors, a control EF
experiment was always run on the same day. For quantifications,
representative experiments were used, and the data shown origi-
nate from either a single experiment or a combination of experi-
ments from different days. For each video recorded, cells that did
not have any touching neighbors were quantified. The number of
cells analyzed for each condition is stated in polarization-type charts
and rose plots. All statistics were computed in Mathematica. Statis-
tics on polarization types were performed on the polarization type
that mattered most between the conditions. From the percentage
value of the polarization type and the number of analyzed cells (N),
the Bernoulli distribution was computed. Random variates from the
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computed distributions were analyzed with a Student’s t test for the
mean of distributions. For the polarization-time data, the test type
was selected automatically according to the distribution (Student's
t test or Mann-Whitney test). The testing was done to compare the
mean of distributions. The statistics on polarization angles were
done as for the polarization types.

Automated cell tracking

For some experiments, we followed the tracks of cells after they
broke symmetry. The cell-tracking program was home-written in
Mathematica around the Dynamic command. Every 10th image was
loaded and made into a series that was under the control of a slider.
The program recorded the (x, y) coordinates of each click (center of
the nucleus) on each image from which a cell track was constructed.
Tracking started 10 min after the DMSO wash and ended at 1.5 h
after the wash. All tracked cells were shown together on a set of xy-
axes after the starting point of each cell track was brought to the (0,
0) coordinate. The directionality index, cos 8, of a migrating cell was
calculated using the x and y displacements of cells from start to fin-
ish. The displacement value is the shortest distance from the start to
the end coordinates in the time window tracked, and the track
length is the summation of the displacement values calculated be-
tween every 10th image in the tracking series. The straightness
value was obtained by dividing the track length with the displace-
ment for each cell.

Intracellular and extracellular pH measurements

For intracellular pH measurements, cells were transfected with a
superecliptic pHluorin-mCherry construct (32001; Addgene;
Koivusalo et al., 2010), using FUGENE HG (Roche, Basel, Switzer-
land). Superecliptic pHIluorin and mCherry excitation was recorded
simultaneously using the dual-camera mode of the Zeiss observer
microscope (dual-filter set 79 HE; Zeiss) with an Alpha-Plan-
Apochromat 100x/1.46 objective. Calibration was performed at
the end of each experiment with nigericin (Sigma-Aldrich) contain-
ing K*-rich calibration solution (143 mM KCI, 1T mM MgCl,, 1 mM
CaCly, 5 mM glucose, 10 pg/ml nigericin) at three pH values be-
tween 6.8 and 7.8. Postprocessing of raw fluorescence data was
done with a self-written Mathematica program. Background value
was subtracted from raw images, followed by filtering with a
Gaussian filter of value 3. The ratiometric image was obtained by
dividing the pHluorin image by the mCherry image. Image masks
were created by thresholding for every image. For calibration im-
ages, pixel values were averaged from masked images, and aver-
age pixel value versus the corresponding pH value was graphed. A
linear equation was fitted to the curve. The pixel-to-pixel intensi-
ties of the masked ratiometric images were converted to pH values
using the obtained equation. For experiments in which pH values
were averaged from different cells, cells from a single experiment
were used.

For extracellular pH measurements, p-channel slides were filled
with experiment medium supplemented with 10 uM BCECF acid
(Life Technologies). Four positions were selected on the slide for
testing whether an extracellular pH gradient formed during EF
application. Images were taken every 30 s using a Zeiss Cell Ob-
server microscope equipped with a custom BCECF filter (excitation,
bandpass 460/80 nm; beam splitter, 506 nm; emission, bandpass
578/105 nm) and EC Plan Neofluar 20x/0.5 objective (Zeiss).
lllumination was provided by a monochromator (Till Photonics) at A4
=490 nm and A, = 440 nm. Analysis was done in Mathematica. A
calibration curve was generated by using BCECF acid-supple-
mented experiment medium at three pH values between 6.8 and
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7.8. The ratio images were obtained by dividing raw fluorescence
images (/A1) after subtraction of the background. Absolute pH
values were calculated using the equation obtained from the cali-
bration curve. Each condition was repeated three times.

Actin cytoskeleton visualization

For live imaging of F-actin, cells were transfected with the Lifeact-
mCherry construct (courtesy of D. Miller, ETH, Basel, Switzerland)
using FUGENE HG (Roche). A Zeiss Cell Observer microscope was
used to image cells equipped with a 43 HE filter (Zeiss) and Alpha-
Plan-Fluar 100%x/1.45 oil immersion objective (Zeiss). Images were
recorded at 2-min time intervals and subjected to postprocessing
using the online version of Huygens deconvolution software to elim-
inate the out-of-focus fluorescence.

In addition, untreated and CK-666— and CK-689—treated cells
were fixed with 4% paraformaldehyde for 15 min in the dark,
followed by PBS wash. Cells were then stained with Alexa Fluor
488-phalloidin (Life Technologies) for 20 min and washed with PBS.
Imaging was performed with a Zeiss Cell Observer microscope
equipped with a 43 HE filter (Zeiss) Alpha-Plan-Fluar 100x/1.45 oil
immersion objective (Zeiss). Images were postprocessed with the
Huygens deconvolution software to eliminate the out-of-focus
fluorescence.

Protein extraction and Western blotting

Cells were seeded at a nonconfluent density on 10-mm plates
coated with collagen I. Cells were washed with ice-cold PBS, and
cellular protein in treated and untreated samples was extracted
using a 150 pl of RIPA buffer on the dish 10, 30, and 40 min after
DMSO removal. Cellular extracts were kept on ice for 5 min, and
5x Laemmli buffer was added. The samples that were blotted for
pPMRLC2 contained an additional 1 mM ATP. Extracts were boiled
for 15 min before loading on 4-12% gradient gels (GenScript,
Piscataway, NJ). Wet transfer was performed onto polyvinylidene
fluoride membranes. The primary antibodies ppMRLC2, pEGFR
(Tyr-992), EGFR, o-tubulin, and B-actin (all Cell Signaling) were
used at 1/1000 concentration in 5% milk in PBS/Tween-20 (0.02%).
The secondary antibody anti-rabbit (Cell Signaling) was used at
1/2000 (Cell Signaling) and anti-mouse (Bethyl, Montomery, TX) at
1/5000 in PBS.

Protrusion/retraction velocity maps

Cell outlines were calculated using graph cut segmentation (Boykov
and Kolmogorov, 2004). To obtain a consistent temporal segmenta-
tion, segmentation information was propagated between frames.
Graph cut unary costs were set to zero, except for pixels with hard
foreground/background constraints, for which unary costs were set
to a sufficiently large constant K. For computing boundary costs, we
chose asymmetric penalties. This promotes segmentations along
dark-bright intensity transitions that are characteristic at cell bound-
aries in phase contrast microscopy (Bensch and Ronneberger, 2015).
For initialization, dark spots inside the cells were used as foreground
mask, computed by thresholding. Starting from the initial segmen-
tation, segmentation information was propagated to the next frame.
The eroded segmentation mask served as hard foreground con-
straint, and the complement of the dilated segmentation mask
served as hard background constraint for the segmentation of the
next frame. In a postprocessing step, small segments were dis-
carded, and cell outlines were smoothed. Automated cell outline
determination yielded precise results; however, outlines were manu-
ally inspected to ensure high-quality results and manually corrected
where necessary.
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Symmetry-breaking events were detected to assist in browsing
the large amount of data and extract relevant time intervals. When
cells break symmetry, their shape changes from a roundish to an el-
liptic shape. We identify symmetry-breaking events by detecting
these shape transitions. For each cell segment, the eccentricity was
computed as a function over time. The eccentricity is the ratio of the
distance between the foci of an ellipse (with the same second
moments as the segment) and its major axis length. It is O for a circle
and 1 for an ellipse that is degenerated to a line segment. To this end,
frame intervals where the eccentricity traverses the range [0.6, 0.7]
were detected as symmetry-breaking events. A reference orientation
was computed at the frame where eccentricity was closest to 0.7.

Protrusion/retraction velocity maps describe cell contour move-
ments in a polar coordinate system and distinguish outward- (pro-
trusion) and inward-pointing movements (retraction). Contours were
extracted as the boundary pixel positions of the cell segments. For
cells breaking symmetry, the orientation was normalized to the ref-
erence orientation computed before. For calculating cell contour
movements, we established temporal point correspondences by
uniform angular sampling (N = 80 angular samples) of the contours
centered to their mean position. Contour positions were smoothed
temporally to compensate for inconsistent fluctuations. Contour ve-
locity vectors were computed from the displacement vectors be-
tween corresponding contour points. Cell edge protrusion/retrac-
tion was measured by the scalar projection of the velocity vectors
onto the local normal direction of the cell contour (hormal direction
defined as pointing outward). The measure is positive for protrusion
and negative for retraction.

The methods were implemented in MATLAB (MathWorks).
Eccentricity and orientation were computed by MATLAB function
regionprops. Graph cut segmentation was computed using the
MATLAB interface provided by Boykov and Kolmogorov (2004).
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