iIScience

Competing signaling pathways controls electrotaxis

Graphical abstract Authors
S. Kulkarni, F. Tebar, C. Rentero, M. Zhao,

Cellular mechanisms involved in electrotaxis

. ~~a_ Downstream P. Saez
EF sensing by CMPs intracellular signaling  Acto-myosin polarization

2® © .

§ ° ge é from receptorsa‘ S tec . e Correspondence

S e ererrnenl) CorrrmRrRRe = PIP . i

g i \_\._L\___{ _____ GTPa:es‘; Feactin G-actin iy pablo.saez@upc.edu

I Negatively cmp Positively CMP pctomyosh """: 2
In brief
Mechanobiology; Cell biology;

8 2 Biophysics

< S

Electromigration of membrane proteins

0.02 Directed cell migration

% (]
- |l T
= ° . g 0.1
g s e X ex =
15} I .o < . Cathodal
% ‘. 05| |0 X
= -10}e s 2 Anodal
= & s < .

. =-0.1]  Ttreeeee----

4. © 5 15

2 4 6 Tt [min]
R [nm] 0.02

Highlights
e A mechanistic model that explains electrotaxis across
different cell types

e Simultaneous polarization of membrane receptors sets
cooperative and competing stimuli

e Using electric fields, directed cell migration is enhanced,
canceled, or switched

Kulkarni et al., 2025, iScience 28, 112329
May 16, 2025 © 2025 The Author(s). Published by Elsevier Inc.
https://doi.org/10.1016/j.isci.2025.112329 ﬁ CellPress



mailto:pablo.saez@upc.edu
https://doi.org/10.1016/j.isci.2025.112329
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2025.112329&domain=pdf

iIScience

¢? CellPress

OPEN ACCESS

Competing signaling pathways controls electrotaxis

S. Kulkarni,'! F. Tebar,2® C. Rentero,?® M. Zhao,* and P. Saez':5:6*
1Laboratori de Calcul Numeéric (LaCaN), ETS de Ingenieria de Caminos, Canales y Puertos, Universitat Politécnica de Catalunya, Barcelona,

Spain

2Department of Biomedical Sciences, Faculty of Medicine and Health Sciences, University of Barcelona, 08036 Barcelona, Spain
3Cell Compartments and Signaling Group, Fundacié de Recerca Clinic Barcelona - Institut d’Investigacions Biomediques August Pi i Sunyer

(FRCB-IDIBAPS), 08036 Barcelona, Spain

4Department of Ophthalmology & Vision Science, School of Medicine, University of California, Davis, Sacramento, CA, USA
5IMTech (Institute of Mathematics), Universitat Politécnica de Catalunya-BarcelonaTech., 08034 Barcelona, Spain

6Lead contact
*Correspondence: pablo.saezQupc.edu
https://doi.org/10.1016/j.isci.2025.112329

SUMMARY

Understanding how cells follow exogenous cues is a key question for biology, medicine, and bioengineering.
Growing evidence shows that electric fields represent a precise and programmable method to control cell
migration. Most data suggest that the polarization of membrane proteins and the following downstream
signaling are central to electrotaxis. Unfortunately, how these multiple mechanisms coordinate with the
motile machinery of the cell is still poorly understood. Here, we develop a mechanistic model that explains
electrotaxis across different cell types. Using the zebrafish proteome, we identify membrane proteins directly
related to migration signaling pathways that polarize anodally and cathodally. Further, we show that the
simultaneous and asymmetric distribution of these membrane receptors establish multiple cooperative
and competing stimuli for directing the anodal and cathodal migration of the cell. Using electric fields, we
enhance, cancel, or switch directed cell migration, with clear implications in promoting tissue regeneration

or arresting tumor progression.

INTRODUCTION

Cell migration determines some of the most fundamental pro-
cesses of life, such as embryonic development, wound healing,
or tumor invasion, among many others.' Cells migrate guided
by exogenous signals in vivo and in vitro. For decades, there
have been tremendous efforts to understand how cells organize
themselves and with others to follow stimuli in the form of chem-
ical* and mechanical cues.”® There is also an increasing interest
in the life sciences and bioengineering in controlling cell migra-
tion through external cues because it may allow us to, e.g., arrest
tumor cell invasion or promote tissue regeneration.’”® It may
also allow us to precisely design the cellular structure in tissue
constructs to achieve remarkable biomimetic features.®°
Electrotaxis, the migration of cells under the influence of elec-
tric fields (EFs), represents a powerful and programmable form of
guiding cell migration.”™™® Numerous experimental observa-
tions are consistent with the hypothesis of electrotaxis. Indeed,
electrotaxis is ubiquitous across different cell types, including
cancer cells,’ neurons'® or leukocytes,'® and tissues.'”"'® It
also appears in different physiological conditions, e.g., during
embryonic development'® or wound healing.?® Most studies
have shown that cells migrate toward the cathode. However,
we can also find cell types, or cells under specific conditions,
that migrate toward the anode. Corneal epithelial cells (CECs)
migrate to the cathode under the influence of an EF of 150 mV/

mm in magnitude, which has been attributed to a cathodal distri-
bution of epidermal growth factor receptor (EGFR) and mem-
brane lipids.?"**? This behavior was also found in mammalian
epithelial cells (MECs) under the same EF strength,?® with
EGFR polarization and migration toward the cathode. Embryonic
and adult neural progenitor cells show directed migration to the
cathode in an EF of 500 mV/mm, which was reduced when PI3K/
Akt was inhibited.”* Human telomerase-immortalized corneal
epithelial (hTCEpi) cells also undergo cathodal electrotaxis in
the presence of an EF of 101.2 mV/mm,® as well as in fish ker-
atocytes®® and macrophages®’ in the presence of an EF of
400 mV/mm. Other studies showed that Chinese hamster ovary
(CHO) cells migrate to the cathode or anode in an EF of 300 mV/
mm depending on the presence of integrins.® EFs of around 75-
100 mV/mm cause anodal migration of endothelial cells with an
anodal polarization of vascular endothelial growth factor (VEGF)
receptors, PI3K-Akt, and Rho signaling.? The same consistency
in the migration and polarization of EGFR toward the anode was
found in breast cancer cells.*>*' Bone marrow mesenchymal
stem cells and macrophages also show anodal migration.”’=
Lung cancer cell lines CL1-5 (highly metastatic) and CL1-
0 (weakly metastatic) have shown anodal and weak electrotaxis,
respectively.*> However, it was later demonstrated that CL1-5
cells accumulate EGFR and filopodia on the cathodal side®* in
an EGFR-independent migration mode.>® On cell aggregates,
glioblastoma and medulloblastoma migrate cathodally and
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Figure 1. Mechanisms and model description

(A) Sketch of the main processes involved in electrotaxis. Left box: Two competing forces polarize charged cell membrane components. First, an EF exerts forces
on the net electric charge of the cellmembrane, pulling it in a certain direction (electrophoresis). The generation of an electroosmotic flow by the EF that transports
soluble ions and fluid outside the cell (electroosmosis) also generates drag forces on the membrane proteins. Middle box: The polarization of membrane
components induces intracellular signals involved in the cell polarization of the actomyosin network that controls the direction of migration (right box).

(B) A 1D electrotaxis model couples CMPs polarization, intracellular signals, and gel active models (see STAR Methods for details on the description of model
variables and governing equations) to establish the cell migration velocity v (direction and magnitude). The retrograde flow, vF, (black arrows) moves from the
cathodal and anodal cell front inwards (sub-indexes ¢ and a in the variables, respectively). The polymerization velocity (v, blue arrow) points outwards from the
cell membrane. The position of the apical side of the cell is denoted by /5(t) and the one facing the cathodal one is denoted by /. (t).

anodally, respectively, in the same culture and stimulation
conditions.*®

Unfortunately, how cells follow the EF stimulus is not well un-
derstood and, therefore, important answers to the following
questions remain elusive. For example, why do some cells
migrate toward the anode while others migrate toward the cath-
ode? What are the cell sensors that trigger electrotaxis? Are
there universal mechanisms that explain electrotaxis across
cell types? To answer these questions, we must understand
three fundamental layers in the electrotaxis process: First, how
an EF is sensed by the cell; second, how that signal is transferred
intracellularly to finally control the migration machinery of the
cell. We show a schematic representation of the main mecha-
nisms involved in electrotaxis in Figure 1.

When an EF is applied to a cell, only cell components with
an extracellular domain can sense it because the EF cannot
enter the electrically insulated cytoplasm.®” Therefore, cell
membrane proteins are likely candidates for sensing an exter-
nally applied EF. Among several hypotheses, theoretical and
experimental evidence has shown that electrotaxis is consis-
tent with the electromotility model,?>*43° where the electro-
motility of charged membrane proteins (CMPs) with extracel-
lular domains polarizes under the effect of an EF using
electrophoresis and electroosmotic forces (see®®“° and refer-
ences therein). VEGF/EGF receptors,”® integrins,”® receptor
tyrosine kinases (RTKs),"' and G protein-coupled receptors
(GPCRs) have been shown to polarize under EFs. Many of
these proteins then trigger cell polarization through putative
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downstream signaling adaptation processes.””™** Some of
these CMPs can also cluster in lipid rafts, creating complex
compounds of molecules that also electro-migrate under an
EF.23’45

Mechanistically, an EF, as any other tactic cue, must eventu-
ally control the physical forces that dictate cell migration. Cells
migrate because of asymmetric intracellular forces that direct
cells in specific directions. The forces involved in cell migration
can be reduced to three: First, forces that protrude the cell mem-
brane forward due to a continuous polymerization of actin fila-
ments.“®~*® The extension of actin filaments, particularly at their
fast-growing “barbed ends,” is tightly regulated by various fac-
tors involved in nucleation, capping, and depolymerization of
actin filaments.*®°° Second, contractile forces generated by
myosin motors induce an inward retrograde flow in the actomy-
osin network.®'~*® Third, adhesion forces that are transmitted
from the internal actomyosin network to the extracellular space
through molecules in the adhesion complexes.*** Stronger ad-
hesions mean higher effective friction in the retrograde flow
which, consequently, slows it down while weak adhesions allow
for faster retrograde flows.*®°® The polarization and balance of
these three forces ultimately determine the strength and direc-
tion of cell migration.

In connecting the initial polarization of CMPs in response to
exogenous EFs and the final polarization of any of those three
motile forces, there are intermediate signaling layers. Specifically,
small GTPases of the rho family, phosphoinositide kinases, and
phosphoinositides phosphate (PIPs) have fundamental roles
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Table 1. Table of all abbreviations

Abbreviation Definition

EF Electric Field

CMP Charged Membrane Proteins

EDL Electrical Double Layer

EOF Electro Osmotic Flow

CEC Corneal Epithelial Cells

MEC Mammalian Epithelial Cells

hTCEpi Human Telomerase-immortalized Corneal Epithelial
CHO Chinese Hamster Ovary

EGFR Epidermal Growth Factor Receptor
VEGF Vascular Endothelial Growth Factor
RTKs Receptor Tyrosine Kinases
GTPases Guanosine Triphosphates

PIPs Phosphoinositides Phosphate

PI3K Phosphoinositide 3-kinase

GPI Glycosyl Phosphatidyl Inositol
GEFs Guanine Nucleotide Exchange factors
GDP Guanosine Diphosphate

GAPs GTPase Activating Proteins

PTEN Phosphatase and tensin homolog
LEGI Local Excitation Global Inhibition

in cell polarization and migration.’*° Intricate feedback loops
between Rho-GTPases, PIPs, phosphoinositides, and their acti-
vating stimuli determine what will become the front and back of
the celland, eventually, the cell migration direction. Understanding
the coordination of these pathways in space and time is a funda-
mental goal for studying electrotaxis and cell migration in general.
Further details and modeling options will be described in the
following sections.

In short, there is direct experimental evidence of electrotaxis
across multiple cell types. However, what specific sensors at the
cell membrane trigger electrotaxis, how these CMPs first redis-
tribute, and how they polarize the downstream signals that control
the motility forces of the cell to, eventually, establish either an
anodal or cathodal migration remains poorly understood. Here,
we explore a mechanistic computational model to answer these
questions by integrating models of electromigration of CMPs,
signaling pathways, and cell migration which, as far as we know,
has never been described before. This approach provides a com-
plete, efficient, and adaptable way of analyzing all the elements
that cooperate toward electrotaxis. To make this tool available
for guiding future experimental research and further modeling ef-
forts, we present the computational model in an online platform up-
loaded in the MATLAB Central File Exchange. We have also
included Table 1 all the abbreviations used in the text for clarity.

RESULTS

Polarization of CMPs and intracellular signals explain
electrotaxis

To analyze electrotaxis, we developed a one-dimensional
computational model of electrotaxis. To make the reading of
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the article clearer, we summarize all model variables in Table 2
(see Section for further details of the model). In short, the first
layer of the model corresponds to the polarization of CMPs,
p., which represent the sensing components of the cell. The
CMPs polarize due to EOF and electrophoretic forces, which
effectively induce an electromigration velocity, ve, of the
CMPs.?%4%6" These CMPs induce downstream intracellular
signaling, which we first model via a Local Excitation Global Inhi-
bition (LEGI) model.®® The LEGI represents one of the simplest
yet most comprehensive mathematical models for cell
signaling.®*:** The LEGI model computes an activator (A), an in-
hibitor (I), and a response element (R), which represents intracel-
lular signals, small GTPases such as Rac and Cdc42, that acti-
vate the cell front through actin filament polymerization. To
account for the actin polymerization against the cell membrane
we follow well established models.®> Migration is computed by
a classical active gel model,°®®” which is coupled with the
signaling model to modify the actomyosin network velocity, vF,
and the actin polymerization at the cathodal and anodal fronts,
Vp, Which eventually dictate the migration direction and velocity
of the cell.

To analyze electrotaxis through our computational model, we
initially define an unpolarized state of the cell, i.e., the density of
CMPs, intracellular signals, actin, and myosin are homoge-
neously distributed along the cell. The cell expands symmetri-
cally as previously described®” until we stimulate the cell with a
physiological EF of 120 mV/mm at t = 180s (Figure 2). We first
analyze the polarization of CMPs as the first responders to the
externally applied EF. We use an electromigration model to eval-
uate the redistribution of CMPs. We use values of the {-poten-
tials of the membrane surface in fibroblasts and mesenchymal
stem cells of = —60mV,*® comprising the behavioral character-
istics of most cell types, which have high negative {-potentials. In
terms of the CMPs, we first focus on EGFR because it has been
shown repetitively as one of the main extracellular components
involved in electrotaxis.?”**®® The ¢{-potential of EGFR is =
—9.24 mV.%° The electrophoretic forces alone would make the
EGFRs move with a velocity of —1.5 nm/s (toward the anode,
Equation S2). However, the additional presence of the electroos-
motic flow makes the negatively charged EGFRs accumulate
cathodally with an electromobility velocity of 6 nm/s (Figure 2A;
Equation 1).

The polarization of EGFRs induces a cascade of intracellular
signals that we account for with an LEGI signaling model. First,
the accumulation of EGFR at the cathodal side activates PI3K
pathways, which activates the responders (e.g., small GTPases
Rac1 and Cdc42) (Figure 2B). This signaling process has two
main effects on the migration behavior of the cell. First, the actin
polymerization velocity increases in those regions where EGFR,
and consequently PI3K, Rac1, and Cdc42, accumulate. The po-
larization of Rac1 induces an equal polarization but in opposite
directions in RhoA’®"" and, consequently, in myosin activity,
which results in a backward retrograde flow (Figure 2C). The
retrograde flow drags the actomyosin network, which further in-
creases the front-rear polarization in a positive feedback loop
(Figures 2D and 2E). The balance between the actin polymeriza-
tion velocity and the retrograde flow velocities at the cell fronts
establishes the directed migration of the cell to the cathode

iScience 28, 112329, May 16, 2025 3
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Table 2. Table of model variables and occurrence

Variable Definition Occurrence
va Retrograde Flow velocity Figures 1 and 2, Equation 8
Vp Polymerization Velocity Figures 1 and 2, Equation 9
v Migration velocity of the cell Figures 1, 2, 3, and 4, Equation 10
Ve Electromotility Velocity of the CMPs Figure 3, Equations 3 and 4
ps Density of CMPs (Charged membrane Figure 2, Equation 4

proteins)
R Density of the responder in the LEGI model Figure 2, Equations 5, 6, and 7
of Density of Actin Figure 2, Equations 11 and 12
oM Density of Myosin Figure 2, Equations 13 and 14
¢4 Zeta Potential of the CMP Equation 3 and Equations S2-S4
) Zeta Potential of the cell surface Equation 3 and Equation S1
G, G Concentrations of active and inactive form Equations 1 and 2

of GTPases respectively

(Figure 2F) with a steady-state velocity of 0.014 u m/s, in agree-
ment with the velocity and direction of cell migration®?2*
(Figure 2J).

Moreover, cells may also be initially polarized, migrating in a
given direction, or previous stimuli could be present. To
address this case, we take the same EF case above (Figure 2)
and consider this cathodal migration as a natural polarization

E = 120 (mV/mm)

or polarization due to any stimuli. Then, we shift the EF direction
to address how an EF can reverse the migration direction to
that initially polarized cell (Figure S8B). Our results show how
the EF is capable to repolarizing the CMPs, the underlying sig-
nals, and the motile machinery. For further analysis of how mul-
tiple signals can compete with each other, we refer to Betorz
et al.®’
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Figure 2. Computational results of a cell stimulated with an EF of 120 mV/mm with {-potential difference of 50.76 mV

(A-E) Kymograph of model variables along the initial cell length (Y axis) over time (X axis): CMPs polarization (A), intracellular signals (B), retrograde flow (C), actin
(D), and myosin (E) densities. At the right of each panel, the CMPs, the intracellular signals (responder, solid line, and activator, dash line), the retrograde flow, actin
(F-actin, solid line, G-actin, dash line) and myosin densities (bound, solid line, unbound, dash line) are shown at steady state; Retrograde flow (solid), blue and
black at the cathodal and anodal sides of the cell, respectively, and polymerization velocity (dash), black and blue at the cathodal and anodal sides of the cell,
respectively (F); Migration velocity of the cell (G). Color bars are differentiated by transmembrane, internal signal and actomyosin network variables.
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Figure 3. Effect of an electric field in CMPs

Color map of the model results for (A) electromotility and (B) migration velocities. The results are computed for a {-potential difference in a range of —60 to 60 mV

and an EF stimulus in a range of 50-500 mV /mm.

(C) Results of electromigration velocities on transmembrane proteins when electroosmosis and electrophoresis are active and (D) when electroosmotic flows

have been canceled.

(E and F) For those proteins that electromigrate toward the cathode and the anode, we compute the PDF for the control (electro-osmosis + electrophoresis) and
the modified system (only electrophoresis). The PDFs have been normalized by using multivariable analysis, meaning that the sum of the areas for the two
distributions adds to 1—this helps visualize which case dominates in that particular velocity regime.

In summary, our model integrates all modules involved in the
cascade of events that triggers electrotaxis. It pinpoints the
fundamental role of the {-potential in the response of CMPs to
an EF (EGFR in this case), describes the role of the polarization
of the CMPs in the downstream regulation of PI3K and GTPases
and the consequent polarization of the intracellular forces that
control cell migration. The model reproduces the polarization
of EGFR, PI3K, and small GTPases toward the cathode as previ-
ously described.???%3

{-potential differences explain opposing electrotactic
directions

As we showed above, the polarization of EGFR and the down-
stream signaling events polarize the cell toward the cathode.
Although electrotaxis is ubiquitous across cell types and certain
cell types migrate toward the cathode, others do it toward the
anode as we described in the introduction. Based on an
EGFR-centered model, as the main CMP involved in the sensing
process, this would not be possible. However, there are other
CMPs involved in downstream signals of the migratory machin-
ery of the cell. Different CMPs, with different physical properties,
have different {-potentials and sizes. Indeed, the sign of the
{-potential difference should explain the polarization of the
CMPs toward the cathode or the anode (see Equations 1 and
2) and, consequently, the cathodal and anodal migration,
respectively.

Therefore, we analyze the effect of the {-potential differences
in electrotaxis by considering hypothetical cells with a {-poten-
tial difference in a range of —60 to 60 mV exposed to a range
of EFs between 50 and 500 mV /mm and compute the electro-
motility velocity of the CMPs (Figure 3A). These CMPs can
then be responsible for the activation of downstream signals
as described for EGFR above. Electromotility velocities increase
as we increase the strength of the EF and the magnitude of the
{-potential difference. Increasing values of {-potential differ-
ences and EF induce an increasing accumulation of CMPs to-
ward the cathode (¢; — ¢, >0) or anode ({; — ¢, <0).

Then, we compute the cell migration velocity for each combi-
nation of {-potential and EFs at steady-state. As expected, our
results show a clear correlation between the sign of the {-poten-
tial difference and the direction of cell migration and between the
magnitude of the {-potential difference and of the EF and the
migration velocity of the cell (Figure 3B), as repetitively shown
in the literature. Therefore, cells crowded by CMPs that result
in {-potential differences of the same magnitude but opposite
signs induce migration velocities of the same magnitude but
opposite direction, i.e., cathodal and anodal -electrotaxis
(Figure 3B).

As one could have predicted, the model results suggest that
the {-potential difference of cells, and consequently the electro-
motility of CMPs, may be responsible for the different electrotac-
tic responses across cell types.

iScience 28, 112329, May 16, 2025 5
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Track down CMPs responsible for electrotaxis

Then, we wonder what specific CMPs could match a specific
{-potential difference and, consequently, could be responsible
for anodal or cathodal migrations. To tackle this idea, we used
a previous screening of the zebrafish keratocytes proteome to
describe the electromigration of CMPs (see® for a complete
description of the screening process and the physical properties
of the proteins).

First, we compute the electromotility velocity v, following Sar-
kar et al,*° who assumed pure electrostatic forces without for-
mation of an EDL around the CMPs, and we plot it as a function
of the charge and equivalent radius of transmembrane proteins
(Figure 3C). Our results show that 62% of transmembrane pro-
teins redistribute toward the anode (Figures S2 and S3). All pro-
teins that accumulate toward the anode have net negative extra-
cellular charges, with an averaged mean charge of —6.11. For
these proteins, electrophoretic forces are larger than the drag
forces due to the cathodal electroosmotic flow. For cathodal
accumulating proteins, 62.6% of transmembrane proteins have
positive charges, meaning that electrophoretic and electroos-
motic forces cooperate to drag proteins toward the cathode. In
the cases with negative CMPs, the electroosmotic flow domi-
nates, and the CMPs polarize toward the cathode. All proteins
analyzed are provided as Data S1 with their physical properties
and electromigration velocities. A statistical analysis is also
shown in Figures S2 and S3.

Then, we identify proteins that may be implicated in down-
stream signals for cell migration. For those proteins that electro-
migrate toward the cathode, we found proteins participating in
the EGFR transactivation/metalloproteases pathway (alpha-2A
adrenergic receptor) and PI3K signaling (tyrosine-protein kinase
STYKT1), epithelial-mesenchymal transition (lysophosphatidic
acid receptor 5b), and G protein-coupled receptors/Rho
GTPases (sphingosine 1-phosphate receptor 1). In the list of
anodal accumulating transmembrane proteins, we also found
proteins participating in interrelated pathways that include
EGFR transactivation/metalloproteases (type-1 angiotensin Il re-
ceptor) and PI3K signaling (adiponectin receptor protein 2),
epithelial-mesenchymal transition (TM2 domain-containing
protein 1 precursor), integrin involvement (nuclear envelope inte-
gral membrane protein 2), G protein-coupled receptors/Rho
GTPases (beta-2 adrenergic receptor), and metalloproteases
(tetraspanin-12). Each CMP and the affecting signaling pathway
is available in Data S2.

We also analyze v, assuming the formation of an EDL around
the CMPs as we did in previous sections (see for details on the v,
calculation). The results are qualitatively similar to the case in
which the EDL is neglected. Now, only 52.9 % of transmembrane
proteins redistribute toward the anode, with an averaged mean
charge of — 6.97. For cathodal accumulating proteins, 50.8 %
of transmembrane proteins have positive charges. Many of the
above mentioned CMPs proteins implicated in downstream sig-
nals for cell migration were also found in this case. All proteins
analyzed and the affecting signaling pathway of each CMP are
available in Data S3 and Data S4 Finally, we look into CMPs
However, the assumption that all CMPs may be dragged by
the maximum electroosmotic flow velocity could be overesti-
mated. Some proteins could have the core domains below that

6 iScience 28, 112329, May 16, 2025
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maximum velocity while others could have them above the De-
bye length and there are even different approaches to compute
electrophoresis of CMPs based on the formation of the EDL.
Moreover, solutions of higher viscosity than the value used
here could create a much slower electroosmotic flow. To analyze
the effect of these extreme scenarios, we recompute the
electromigration of all CMPs without the electroosmotic flow
(Figures 3D, S4C, and S4D). Our results show a preferential po-
larization of CMPs toward the anode because the electroosmotic
flow, assisting the cathodal accumulation, is now canceled, both
for the calculation of v, assuming or neglecting the formation of
the EDL. Now, the percentage of CMPs accumulating toward the
anode for transmembrane proteins is 73.1% (Figure S3) when
the EDL is neglected (same behavior is observed when the
EDL is taken into account). We also plot the probability density
function (PDF) of proteins accumulating in the cathode and the
anode for these cases (Figures 3E, 3F, S4B, and S4D). Finally,
we look into CMPs that electromigrated to the cathode in the
control case but switched to the anode when the electroosmotic
flow is removed. We find several proteins, such as the Galanin
receptor 2b and the Tyrosine-protein kinase receptor Tie-2
when EDL around the CMPs is neglected, or the G protein
coupled receptor 26 when the EDL is considered, that are impli-
cated in different pathways of cell migration (highlighted in yellow
in Data S2 and S4). Together, these results show simultaneous
anodal and cathodal accumulation of transmembrane proteins
involved in downstream signaling pathways of the motile ma-
chinery of the cell with different approaches in the calculation
of the electromigration velocity.*® Whether anodal or cathodal
electrotaxis prevails will depend on the polarization of CMP,
the following competition of signaling pathways, and the
strength of these mechanisms that make either the anodal or
cathodal electrotaxis win.

Intracellular signaling may explain opposing migration
directions

Then, we wonder how this opposing redistribution of CMPs
and, consequently, multiple stimuli for intracellular signaling
impacts electrotaxis. To analyze this scenario, we increase the
complexity of the signaling model. Instead of the LEGI model
used above, we adopt a model that includes an explicit descrip-
tion of small GTPases of the rho family (Rac1, Cdc42, and RhoA),
phosphoinositide kinases (PI3K and PI5K), and phosphoinositi-
des (PI(4)P, PI(4,5) P, and PI(3,4,5) Ps, or PIP, PIP2, and PIP3,
respectively) (see’® for details). This approach allows us to
impose stimuli for each pathway (rho GTPases, phosphoinosi-
tide kinases, and phosphoinositides) and analyze the feedback
loops between them (Figure 4A). A complete description of these
interactions and the full coupled system of partial derivative
equations (PDEs) is described in STAR Methods.

Because we do not know all CMPs involved in the signaling
process and how strongly they respond to the polarized
CMPs, we explore mathematically different possibilities. We as-
sume that there are two separate CMPs that can take values of
the ¢-potential difference either 10 or -10 mV. To investigate
possible cooperative and competing combinations of these
stimuli, we assume that one of these CMPs induces the activa-
tion of PI3Ks and the other can activate Rac1 and Cdc42 through
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Figure 4. Effect of the CMPs polarization in the signaling network and migration of the cell
(A) Schematic representation of the signaling interactions. Arrows indicate positive feedback (activation) from one component to another. Tails indicate negative
feedback (inactivation) of one component by another. f; and f, are the magnitudes of feedback for activating Cdc42 and Rac1 by PIP3. S; are the strength of the

signal from receptors to GTPases or PI3K.

(B-F) Two cases are shown, where the gradient of receptors that activates PI3K is always polarized toward the cathode (gray gradient) and the polarization of
receptors that activate Rac1 and Cdc42 are toward the cathode (B and E) or the anode (C and F). (B and C) Evolution in time of Rac (blue), Cdc42 (red) and Rho
(black), and PIPs (E and F) in the cathodal (dash) and anodal (solid) side of the cell are presented. (D) Cell migration velocity for the cases presented in (B-E) and
(C-F). For the case presented in (B and C), we vary the strength of the stimulus Sp, Sg, and S¢ in a normal feedback loop from PIP3 to Cdc42 and Rac1 (G), when
no feedback loop to Cdc42 (H) and no feedback loop to Rac1 (l). For the three cases presented in (G) in points (J-L) we vary the strength of the feedback loop from

PIP3 to Cdc42 and Rac1.

GEFs (Figure 4A). We compute the polarization of these two
CMPs under the stimulus of an EF of 120 mV /mm (Figures 4B-
4F), which produces anodal and/or cathodal accumulation of
CMPs depending on the value of the {-potential difference.
Unless stated otherwise, we take the CMP that polarizes toward
the cathode to activate PI3K in all our following simulations. In our
control case, we assume that the other CMP, which activates
Rac1 and Cdc42, also polarizes toward the cathode (Figures 4B
and 4E). The accumulation of Cdc42 in the cathodal side of the
cell induces a strong actin polymerization, that pushes the mem-
brane forward and an accumulation of RhoA at the anodal side,
that activates myosin activity and a cathodal-to-anodal retrograde
flow (Figure S5). Eventually, the chain of cooperative positive
feedback loops induces an electrotactic response toward the
cathode with a migration velocity of 0.12 u m/s (Figure 4D).
Next, we consider that the CMPs responsible for activating
Rac1 and Cdc42 polarize toward the anode, competing with
the downstream signals of the cathodal PISK polarization
(Figures 4C and 4F). Our simulation shows that cells would
migrate anodally with a velocity of —0.115 u m/s (Figure 4D).
These results indicate that direct activation of GTPases (Cdc42

and Rac1) and not PI3K seems to dominate the final polarization
of the cell (Figures 4D, S6, and S7). Then, to understand the
behavior of different cell types, we wonder how different values
of the strength of the stimuli (Sg, S¢, and Sp) and the feedback
loops from PIP3 to the GTPases (f; and f,, Figure 4A) impact elec-
trotaxis (Figures 4G—4l). We focus on the case where the CMPs
responsible for PISK and Cdc42 polarize in opposite directions.
First, we vary the stimuli strength and keep the feedback from
PIP3 toward Rac1 and Cdc42 (Figure 4G). Our results show that
migration occurs preferentially toward the anode or, in other
words, toward the Cdc42 polarization. However, cells migrate
cathodally for ratios of Sp /S¢ ) 10 following the PI3K polarization.
If the feedback from PIP3 to Cdc42 is canceled, cells migrate
anodally with higher velocity because the opposing stimulus com-
ing from the PI3K polarization is inhibited (Figure 4H). Further, the
inhibition of the feedback from PIP3 to Rac1 does not affect the
migration velocity (Figures 4G and 4l), indicating the effect of
Rac1 from the PIP3 activation is weak. These results suggest
that changes in the activation strength of PIP3 have little effect
on cell migration velocity and that activation of Cdc42 dominates
over the activation from PI3K and Rac1.
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To further understand how the feedback from PIP3 to Cdc42
and Rac1 may affect the signaling process,’”"* we analyze
the effect of their strength (Figures 4J-4L). We analyze 3 cases
(see dots in Figure 4G) with different ratios of the stimuli
strengths, Sg, Sg, and Sp. As shown before, the feedback
strength from PIP3 to Rac1 does not affect the migration velocity
of the cell for ratios Sg/Sp that initially induced anodal migration
(Figures 4J and 4K). If the feedback strength from PIP3 to Cdc42
is enhanced, the migration velocity also increases but does not
change the migration direction (Figures 4J and 4K). However,
for ratios of Sg/Sp that induce migration toward the PI3K accu-
mulation (point I, Figure 4G), the migration direction strongly de-
pends on the feedback strength from PIP3 to Cdc42 (Figure 4L).
Inhibition of the feedback from PIP3 to Cdc42 will shift the migra-
tion direction toward the anode, where Cdc42 polarizes, by
recovering the effect of the direct activation of the GTPases.

Together, these results unveil the complex connections be-
tween the stimuli induced by the polarized CMPs and the
strength of the downstream signaling pathways. Our results
show how different strengths of PIPs to GTPases feedback
loops and of the stimuli induced by the CMPs electro-migration
can induce anodal and cathodal electrotaxis.

Electrotactic control by cellular manipulation

Next, we wonder how we could manipulate cells to engineer a
specific response to enhance, arrest, or shift the electrotaxis di-
rection. To do so, we look back into the main ingredients
involved in electrotaxis. Cell motility can be directly modified
by myosin activity, actin polymerization, or adhesion manipula-
tions, e.g., blebbistatin, CK-666, or talin knockouts, respectively.
We showed through mathematical models the effect of this intra-
cellular manipulation on cell migration.®>’> However, these are
not unique to electrotaxis.

Electrotaxis must be directly coordinated by the polarization
of CMPs and the downstream signaling pathways. Therefore,
one could induce changes in the electromigration direction of
CMPs. The literature has proposed different ways of such
manipulation, which become clear when we look at Equation 1.
One option is to modify the viscosity of the medium, which re-
duces the electroosmotic flow as demonstrated above (Figure 3).
This effect has been demonstrated in cells cultured in low molec-
ular weight polymers.”® Another option is to change the charge
amount of the CMPs by modifying the pH of the medium>®°
or by glycosylation. Glycosylation has been shown to shift the
cathodal electromigration of CMPs to the anodal.”® For small
negative values of cell surface {-potential, the electroosmotic
flow due to the negative cell surface charge pushes the CMPs to-
ward the cathode. When the CMP charge becomes more nega-
tive, presumably the negative charge generates a larger electro-
phoretic attraction toward the anode and, therefore, it can
compensate for the drag forces toward the cathode. However,
the effects on the migration of CMPs by such putative electro-
phoretic force are complicated by the electroosmotic effect
and the {-potential variation, making its mathematical modeling
of this particular aspect unfeasible.

Finally, we can also infer the signaling pathways to modify
electrotaxis. Let us assume a cell that shows Cdc42 polarization
and migration toward the cathode but PIP3 polarization is toward
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the anode (Figures 4C and 4F). Migration inhibition would be
consistent with a system in which a strong GTPases polarization
does not receive enough feedback activation from PIP3, whether
PI3K sufficiently activates PIP3 or not (pointj, Figures 4G and 4J).
These results suggest the feedback from PIP3 to Cdc42 as a key
mediator in inhibiting or enhancing electrotaxis. There are two
options to explain reversing electrotaxis direction. We observe
electrotaxis toward the Cdc42 accumulation in a system where
the activation of GTPases and PI3K is weak. If we then enhance
PI3K activation, which then directly feedback to PIP3, Cdc42,
and Rac1, we would overrule the direct Cdc42 activation at the
anodal side and promote cathodal accumulation (Figure 4G,
white arrow). Second, in such manipulated or endogenous cases
of strong PI3K activation (point I, Figure 4G), we could again
reverse the migration direction either by inhibiting the PIP3 feed-
back to Cdc42 (Figure 4L, white arrow). It is key to note that,
when the polarization of all CMPs is aligned toward the same
side of the cell, we cannot find any signaling manipulation that
can reverse migration direction.

One widely reported signaling manipulation consists of block-
ing PI3K expression, '®** which reduces the PIP2 to PIP3 activa-
tion and, consequently, feedback to Rac1 and Cdc42. Although
most studies have shown a reduction in migration velocity, there
are reports of electrotactic inhibition, no change in the electro-
taxis response, or even a shift in the migration direction.”®"”
Our model conceptualizes most of these observations (point j,
Figures 4J-4L), as we have described in the previous paragraph.
These opposing responses would depend on the strength of all
stimuli and feedback loops. To analyze the blocking PI3K
expression, we reduce the strengths Sg and S¢ to zero so that
the CMPs polarization does not induce a direct polarization of
Rac1 or Cdc42. Rac1 or Cdc42 can still be activated by PIP3
feedback. We compute the migration velocity with the baseline
value of k., and with a reduction of 90%. Our results show
that migration velocity reduces by 93% (Figure S1), consistently
with the usual observation of migration inhibition.

DISCUSSION

The control on-demand of cell migration has huge implications in
cancer, wound healing, and tissue engineering. Among other
external cues, an EF represents a stable and programmable
signal to control cell motility.'® Although electrotaxis happens
in a multitude of cellular systems, it is expressed with important
differences. Some cell types migrate toward the anode while
others do it toward the cathode. To precisely control electro-
taxis, we must understand the fundamental mechanisms that
enable electrotaxis across cell types.

By adopting a minimal model of cell migration®” and extending
it with electromigration of cell membrane receptors and signaling
pathways implicated in cell motility, we have proposed a com-
plete computational model of electrotaxis. To this end, we first
used the physical values of EGFR, which has been implicated
in electrotaxis,”>***>® to model the whole chain of events
involved in electrotaxis. We show that EGFR polarizes cathod-
ally, as shown before in the literature. We also show the cathodal
accumulation of downstream signals, e.g., PI3K, which is also
described in the literature,'®?*?%"" and finally the polarization
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of the motile machinery of the cell to eventually lead to cathodal
migration, as shown in these previous works. Next, we wonder
how it is then possible that some cells still migrate to the anode.
We argue that other signaling proteins should be implicated in
electrotaxis. To prove this hypothesis, we used the zebrafish
proteome and computed the electromigration of each of the
membrane proteins. Our results showed that an approximate
even number of proteins would polarize anodally and cathodally,
and we hypothesize that some of the proteins that polarized to-
ward the anode could be responsible for anodal migration. To
further prove this hypothesis, we simulate cases in which two hy-
pothetical proteins would polarize toward either the same elec-
trode or opposite ones. We showed that competing stimuli could
induce anodal electrotaxis. These theoretical results establish
guidelines and tools to reduce the number of proteins to study
and even to address which ones are candidates for electrotaxis.
We hope that future work can use these guidelines to analyze the
behavior of specific cell lines.

We also looked for specific membrane proteins that may be
involved in electrotaxis as key regulators in cell migration.®®%°
When we looked into the zebrafish’s proteome, we identified
transmembrane proteins involved in the downstream signaling
pathways of electrotaxis that accumulated anodally and cathod-
ally and, therefore, they may compete to establish a specific
migration direction. Our results indicate that individual CMPs
electromigrate cathodally and anodally and that they may pre-
dominately accumulate anodally if electroosmotic flows are
reduced, or if the charge amount is increased. Indeed, we also
identified a few proteins implicated in cell motility, such as
EGFRs and G protein coupled receptors, that show cathodal po-
larization in a control set-up but can migrate anodally if the elec-
troosmotic flow is canceled. But what could happen if, as we
demonstrate, multiple stimuli compete to determine the final
cell polarization? With our computational model, we showed
that the opposed polarization of membrane receptors can trigger
downstream competing signaling pathways and that, depending
on where and at what strength receptors polarize, the prevailing
signal will make cells migrate anodally or cathodally. This activa-
tion strength can be cell-type dependent, and the downstream
signaling competition between different activation pathways
may explain antagonistic responses in electrotaxis. Our results,
in addition to replicating previous experimental findings, provide
a mechanistic rationale for how different cell types may exhibit
anodal or cathodal migration.

These conclusions lead us to propose future experimental
work, that lies beyond the scope of this work. Most of the data
today usually reduces to one specific receptor and, in some
cases, the studies extend to the analysis of one other intracellular
signal, for example, PIP3 or PI3K. First, a detailed proteome
analysis of each cell line should be performed, followed by the
electromotility study of each protein and their corresponding
downstream signaling pathways for cell migration. Based on
our analysis, differences in cellular responses, such as migration
velocities or time to respond to an electric stimulus, should
respond to differences in activation strengths and the feedback
loops between GTPases and PIPs. We strongly suggest that the
next steps should focus on a consistent analysis of how all these
signals (Rac1, Cdc42, RhoA, PI3K, PI5K, PIP, PIP2, and PIP3),
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and not only one of them, polarize under the EF. This extensive
data analysis would tell us how these feedback loops occur,
which should uniquely determine the electrotactic mechanics
for a specific cell line, providing a case-by-case answer to the
response of cells to an external EF.

Here, we have made use of the zebrafish proteome to describe
the mechanisms and competing signaling pathways that may be
involved in electrotaxis. It has been suggested that most cell
types share around 70-80% of their proteome’®® and the re-
maining 20-30% differentially expressed between cell types
are due to tissue specialization and environmental responses.
Future work should focus on a detailed proteome analysis of
cell types that would allow us to check the differences in that
20-30% and show what CMPs polarize to what side, study their
implication in signaling and migratory pathways and provide a
close potential candidate to predict directional migration in elec-
trotaxis. Related to the cell line specificity, we chose a very com-
plete signaling model that has been successfully applied to
reproduce the behavior of certain cell types. However, we could
also use other signaling models that may reproduce more accu-
rately certain cell types. Future work on specific cell types will
have to analyze which one of such models better reproduces
the behavior of each cell line (see®* for details on signaling model
comparison). Our computational model stands as a potential tool
to guide future experimental research in electrotaxis. To this
end, we present an online platform for the scientific community
(uploaded in the MATLAB Central File Exchange) that, upon
providing the physical properties of the membrane proteins
and the EF strength yields the distribution of the proteins, the
Rho-GTPases, PIPs, and phosphoinositides, the myosin and
actin distribution and the migration velocity of the cell. Future
work on coupling our platform with multicellular models®® and
specialized approaches to consider other signaling models®
and effects on amount of receptors®’ should be analyzed.

Limitations of the study

Our model reduces and rationalizes electrotaxis in terms of the
final polarization of the actomyosin network. However, other
mechanisms could also be involved in electrotaxis. An EF also
activates voltage-gated ion channels. The cell membrane depo-
larization would lead to the elevation in intracellular ion concen-
tration. Ca®*, Na*, and K* channels have been directly impli-
cated in electrotaxis.®>® Indeed, one of the immediate effects
in terms of cellular response to EF stimulation is the increase in
intracellular Ca®*.2*~%% Some previous works have looked into
how ion fluxes and pH affect cell migration,®”*® and further
work coupling such approaches with electromigration of ion
channels should be conducted in the future. Even though
some previous data have ruled out this contribution to electro-
taxis, it would be interesting to develop a computational model
to analyze these cases and propose possible sensing and trans-
ductive mechanisms of electrotaxis through such electrochemi-
cal regulation events. We have also assumed that CMPs electro-
migrate in isolation. However, multiple CMPs, including EGFR,
may coalesce to form rafts with a total negative charge larger
than the ¢-potential of the cell membrane which would result in
a negative {-potential difference. In that case, the stronger elec-
trophoretic attraction will result in anodal migration, which has
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been reported in literature.*> Moreover, when we analyzed the
electromigration of the zebrafish keratocyte proteome, we
computed the electromigration velocity neglecting and incorpo-
rating the formation of the EDL around the CMPs.*%¢"° How-
ever, both approaches provided similar results, which further
show that CMPs can polarize anodally and cathodally. Probably,
neither of these two approaches reproduce the actual electromi-
gration of CMPs, which have geometries much different than the
perfect spheres that most studies consider. Moreover, if we as-
sume that CMPs also contribute to the zeta potential of the cell
surface, but CMPs polarize along it, there would be locations
of the cell surface with different values of zeta potential, which
would modify the zeta potential locally. We have not studied
this scenario. These are important considerations that deserve
further investigation in the future. Perhaps, there are even other
mechanisms that we have not yet thought about and, therefore,
the experimental and theoretical work on electrotaxis will still
need to work together. There is also an obvious limitation in
our model due to the 1D approach we chose. This framework
limits the analysis of important cases in electrotaxis, such as
cells that elongate perpendicular to the EF°®°" or cells that
migrate following complex EF distributions.”®'” Well-estab-
lished numerical methods could be used in the future to address
electrotaxis in higher dimensions.®>%

Finally, electrotaxis has been also described for cell
aggregates.'®"718:949 |ntegrating dynamics from single cells
into models of cell aggregates® should also be targeted to
reveal the interplay of intra- and extracellular sensing mecha-
nisms in tissue electrotaxis.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

List of the zebrafish proteome Sarkar et al.*° https://doi.org/10.1016/}.jtbi.2019.06.015

with physical properties

Dataset1: Zebrafish proteome analysis This Paper N/A
with physical properties and

electromigration velocities.

Dataset2: Zebrafish proteome This Paper N/A
analysis with identified

signaling pathways.

Dataset3: Zebrafish proteome This Paper N/A
analysis with physical properties and

electromigration velocities when

the EDL forms around CMPs.

Dataset4: Zebrafish proteome analysis This Paper N/A

with identified signaling pathways when
the EDL forms around CMPs

Software and algorithms

Electrotaxis code This Paper https://es.mathworks.com/matlabcentral/
fileexchange/166511-electrotaxis_1d

MATLAB 2024a The MathWorks, Inc. https://www.mathworks.com/products/matlab.htmi

Seaborn (v 0.11.2) Michael Waskom https://seaborn.pydata.org/archive/0.11/index.html

METHOD DETAILS

To model the cascade of events toward electrotaxis, we consider a one-dimensional computational model. The cell domain, Q, is a
continuum segment with moving coordinates x(t) € [lz(t),l(t)], where I5(t) and I; (t) represents the anodal and cathodal facing bound-
aries of the cell and, therefore, the length of the cell is determined as L(t) = |l.(t) — /.(t)|. The boundary velocities will be given by
Iz(t) and /(t), which are described next. The moving of both cell ends will depend on the velocity of the contractile actomyosin
network and the velocity of actin polymerization at the cathodal and anodal fronts, which will eventually dictate the migration direction
and velocity of the cell.

To model the cascade of events toward electrotaxis, we look first into the first cell sensors. If an EF can only be sensed outside
the cell, then CMPs should be directly, uniquely, and firstly implicated in these opposing electrotactic responses. Therefore, we
model the electro-motility of CMPs,*2“%:¢" which are then responsible for the downstream polarization of intracellular signals. To
reproduce the signaling layer of the process we based on previous models from literature.®?=°*7>="* Finally, we use our previous
active gel models of cell migration to computationally analyze the coupling of GTPases with migration forces of the cell under the
effect of the EF.%’

Electromotility of charged membrane components
CMPs experience two opposing forces. When cells are immersed in electrolytes, the negative charge of the cell membrane makes
positive ions accumulate nearby and develop a well-differentiated region known as the Electrical Double Layer (EDL), whose thick-
ness is of the order of the ionic radius. When an EF is imposed on a cell, the EDL is also exposed to the field and drags the fluid around
it. This creates an electrically generated fluid flow known as electro-osmotic flow (EOF). Embedded on the cell surface, CMPs are
dragged by the EOF and, consequently can migrate along the cell membrane. Besides, these charged particles move due to elec-
trostatic attraction and also experience a local EOF around that drag them. The effect of these two phenomena is referred to as
electrophoresis.

The drag forces from the EOF and electrophoretic attraction redistribute CMPs asymmetrically along the cell membrane,
generating a cathode-anode axis of polarity in cells. To measure the rate and intensity of this redistribution due to the electrophoretic

38,40,61
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and electro-osmotic mobilities of the CMPs, we use the ‘tethered sphere model’ to simplify the geometry of CMP, which results in the
total electro-moatility velocity,

v, = cOEG — &) (Equation 1)

NMm

where ¢ is the dielectric constant of the medium, ¢, is the permittivity of free space, E is the applied Electric field strength, 7, rep-
resents the viscosity of the cell membrane and ¢ and ¢, are the {-potential of the CMPs and the cell surface, respectively. This v,
represents the classical expression derived in,®" which we follow in most of our results. However, to reproduce the results in Figure 3,
where we focus on the zebrafish keratocyte proteome,*® we cannot calculate the electrophoresis motility as a function of the zeta
potential, because we do n’t directly know it. In this case, we followed two approaches (see Methods S1 for details): First, we use
the Einstein relation to calculate the electrophoretic mobility assuming that the EDL is not formed. Second, we compute the zeta po-
tential as a function of the net external charge and apparent radius of each protein. To describe the distribution of positive and nega-
tive CMPs, p, in space and time, we use a convection-diffusion equation:

0p. +0x(Vexp, — Dumdxp.) =0, (Equation 2)

where Dy, is the diffusion coefficient for CMPs. We assume zero Neumann boundary conditions at both ends for p, to consider that
no CMP can enter or leave the cell membrane. We also consider a normalized homogeneous initial condition p, (x,0) = 1.

Signaling pathways and mathematical model

Specifically, Cdc42, Rac1, and RhoA, members of the family of Rho-GTPases and highly conserved in various eukaryotic cells, are
directly involved in regulating the motility forces of the cell such as actin polymerization,>® myosin contractility”®°>°” and cell adhe-
sion.*” These members of the Rho family proteins alternate between an active GTP-bound state on the membrane and an inactive
GDP-bound state on the membrane or in the cytosol. They activate in response to Guanine nucleotide exchange factors (GEFs) by
promoting the replacement of GDP with GTP, while GTPase-activating proteins (GAPs) accelerate GTP hydrolysis, leading to protein
inactivation.?®°? When a ligand activates polarized GPCRs and RTKs, it also induces a polarized expression of GEFs, which prop-
agates downstream to generate a polarization of Rho-GTPases. The active forms of Rho GTPases regulate the activity of numerous
proteins involved in cytoskeletal processes, influencing the polymerization and depolymerization of the actin cytoskeleton.'%%%%
Cdc42 and Rac are highly concentrated at the leading edge'%*~'” and Rho is predominantly localized at the rear.'°®"'? Rac recruits
downstream effectors such as Arp2/3 and the Scar/WAVE complex. Arp2/3 is activated near the membrane by WASp or N-WASp
and facilitates side-branching, nucleation of new barbed ends''®""'® and polymerization against the cell membrane.** As a result,
actin-driven membrane protrusions form at regions of high Rac activity, leading to an increase in cell surface area and inducing a
global rise in membrane tension.”'”"'® Similar to Rac, Cdc42 interacts with membrane-associated proteins like WASp or
N-WASp, promoting the activation of Arp2/3. Cdc42 can also activate Rac.''® Active Rac forms a gradient with the highest concen-
tration at the leading edge of migrating Swiss 3T3 fibroblasts.''® Similar experiments have shown high levels of active Cdc42 at cell
edges undergoing remodeling.'"" Gradients of active Cdc42 and Rac, with the highest concentration at the leading edge, have been
detected in motile HT1080 cells.’° Rho, on the other hand, promotes myosin light chain phosphorylation through Rho kinase
(ROCK)."%" 121122 Importantly, it is believed that the distribution of active Rho is inverse to that of Cdc42 and Rac in motile cells®®'2°
thanks to mutual inhibitory feedback loops between Rac and RhoA.”%""?* ROCK can suppress Rac activity by targeting specific
Rac-specific GEFs and GAPs.”""'2>"25 Cdc42 has been also shown to have both positive and negative regulatory effects on Rho
activation while Rho, in turn, acts as a local antagonist to Cdc42."%" In neutrophils, mutual exclusion between Cdc42 and Rho
has been also observed.'**

The polarized GPCRs and RTKs can also induce a polarized expression of membrane lipids, PI(4)P