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ABSTRACT

Waves of signaling and cytoskeletal components, which can be easily
seen propagating on the ventral surface of a cell, are a systemic
feature of biochemical networks that define the spatiotemporal
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dynamics of diverse cell physiological processes. In this Cell
Science at a Glance article and the accompanying poster, we
summarize the origin, mathematical basis, and function of signaling
and actin waves from systems biology and biophysics perspectives,
focusing on cell migration and polarity. We describe how waves
control membrane protrusion morphologies, how different proteins
and lipids are organized within the waves by distinct mechanisms,
and how excitable network-based mathematical models can explain
wave patterns and predict cell behavior. We further delineate
how specific components interact biochemically to generate
these dynamic patterns. Finally, we provide a set of generalizable
underlying biophysical principles to describe the exquisite subcellular
organization of signaling and cytoskeletal events, membrane
symmetry breaking, protein compartmentalization and wave
propagation.
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Introduction

Cell signaling networks regulate overall cell physiology, including
growth, division, nutrient uptake, energy homeostasis, polarity and
migration. Traditionally, signaling cascades were viewed as a series
of protein—protein, protein—lipid or lipid-lipid interactions triggered
stepwise by surface receptors responding to environmental cues. In
reality, these pathways are rarely simple, often featuring complex
feedback loops, crosstalk and redundancies. These nonlinearities
make cells highly dynamic systems in which numerous components
tightly coordinate to define the timing and location of different
biological events. These activities shift as needed, guided by
adjustments to the strength of key feedback loops, ensuring the cell
adapts effectively to changing external conditions. Furthermore,
many signaling events are often activated in a receptor-independent
fashion where pulsatile, asymmetric activities are simply triggered
by stochastic fluctuations within the cell (Sasaki et al., 2007;
Miyanaga et al., 2007; Hecht et al., 2010; Huang et al., 2013).

Rhythmicity and dynamic patterns of numerous signaling and
cytoskeletal components have been observed in the plasma
membrane (PM) and cortex of a wide range of cell types
throughout the phylogenetic tree (Box 1). These activities are best
visualized as two-dimensional wave patterns that propagate across
the substrate-attached ventral surface of the cell. Recent advances
in microscopy, genetically encoded biosensors, synthetic biology
tools and mathematical modeling approaches have facilitated the
detailed deconstruction of the morphological dynamics of these
patterns in different physiological scenarios. Notably, these waves
not only help cells to organize and sustain their basal activity under
stochastic fluctuations but also enable cells to quickly respond to
external cues by using them as a template to alter the spatiotemporal
activities of numerous components, commensurate with the strength
and type of receptor inputs.

Waves play crucial roles in directed cell migration,
macropinocytosis, phagocytosis, cell cycle regulation, energy
production, intracellular transport and more (Box 1). In this Cell
Science at a Glance article and the accompanying poster, we
primarily focus on the waves and oscillations observed during
migration, chemotaxis and macropinocytosis. We first outline how
wave patterns define cell protrusions, enabling different migration
modes.

Because wave propagation is fundamentally defined by the
segregation of membrane states (Banerjee et al., 2022; Arai et al.,
2010; Gerisch et al., 2012), we overview the process of symmetry
breaking, the initial step whereby membrane components become non-
uniformly distributed. We further describe how excitable network-
based theoretical models can explain the plasticity of wave propagation
modes, introduce how the intertwined intracellular biochemical
networks can fit into this framework and illustrate the dynamic
molecular events of a propagating wave. Finally, we summarize recent
advances in understanding the biophysical principles underlying PM
and/or cortex organization. These fundamental principles not only
improve our knowledge on symmetry breaking and wave propagation,
but also provide a simple, generalizable framework for understanding
the intracellular signaling networks that collectively regulate cell
polarity, migration and other associated physiological processes.

Plasticity in membrane protrusions and spatiotemporal
dimensions of ventral waves

Migrating cells display a diverse array of protrusions, such as
macropinosomes, pseudopodia, lamellipodia, filopodia, blebs and
ruffles (Devreotes et al., 2017; SenGupta et al., 2021; Friedl and
Alexander, 2011). With some exceptions, these protrusions are

Box 1. Physiological roles of actin and signaling waves
Since Vicker's discovery of propagating actin ventral waves in
Dictyostelium (Vicker et al., 1997; Vicker, 2000, 2002), waves and
oscillations have been observed across different cells and organisms.
Gerisch and colleagues characterized the waves in giant electrofused
Dictyostelium cells (Bretschneider et al., 2004, 2009; Gerisch et al., 2009,
2011, 2012; Gerhardt et al., 2014; Lange et al., 2016; Ecke et al., 2023;
Jasnin et al., 2019). The Ueda and Devreotes laboratories have
demonstrated that numerous signaling events, such as PI(3,4,5)P3
production, accompany the waves (Huang et al., 2013; Xiong et al.,
2010; Tang et al., 2014; Lin et al., 2024; Deng et al., 2024 preprint;
Fukushima et al., 2019; Matsuoka and Ueda, 2018; Arai et al., 2010;
Banerjee et al., 2023, 2022). Similar patterns have been observed in
neurons and astrocytes (Ruthel and Banker, 1998; Kakumoto and Nakata,
2013; O'Neill et al., 2023), neutrophils (Weiner et al., 2007; Millius et al.,
2009), macrophages (Masters et al., 2016), T cells (Lam Hui et al., 2014),
mast cells (Wu et al., 2013, 2018), dendritic cells (Stankevicins et al.,
2020), endothelial cells (Riedl et al., 2023), keratocytes (Barnhart et al.,
2011, 2017), oocytes and embryos (Bement et al., 2015), and various
cancer cells (Zhan et al., 2020; Graessl et al., 2017).

Ventral waves regulate cell polarity and random migration in
Dictyostelium, human neutrophils and several types of cancer cells by
controlling protrusion dynamics (Miao et al., 2019, 2017; Devreotes
etal., 2017; van Haastert et al., 2017; Banerjee et al., 2022; Weineret al.,
2007; Zhan et al., 2020). These waves also interact with different external
cues to define cell polarization (Ecke and Gerisch, 2019; Zhan et al.,
2020; Weiner et al., 2007; Bull et al., 2022; Sun et al., 2015; Yang et al.,
2023, 2022; Honda et al., 2021; Lange et al., 2016). In fibroblasts and
melanoma cells, ventral actin waves mediated by integrin engagement
direct sequential assembly and disassembly of focal adhesion
components (Case and Waterman, 2011). In Dictyostelium and
fibroblasts, actin and signaling waves, often in the form of circular
dorsal ruffles, generate macropinosomes, whereas diminished wave
size dampens macropinocytosis (Kay et al., 2024; Lutton et al., 2023;
Veltman et al., 2016; Bernitt et al., 2017; Legg et al., 2007; Saito and
Sawai, 2021). Actin and phosphoinositide waves allow macrophages
and Dictyostelium cells to scan particles to trigger phagocytosis or opt for
‘frustrated’ phagocytosis and not engulf the particle (Gerisch et al., 2009;
Banerjee et al., 2022; Masters et al., 2016; Barger et al., 2019). In
mammary epithelial cancer cells, increased Ras—PI(3,4,5)P3-actin
wave frequency promotes metastasis, possibly by increasing glycolysis
and ATP production (Zhan et al., 2025). In Xenopus laevis and Patiria
miniata embryos, excitable waves mediated by Rho activities and
delayed negative feedback from actin polymerization regulate the onset
of cytokinesis by spatially modulating their propagation zones (Bement
etal., 2015, 2024; Michaud et al., 2022, 2021). In mammalian mast cells,
concentric or spiral waves of activated Cdc42 and formin-binding protein
17 (FBP17) during metaphase help determine the future cleavage plane
during anaphase (Xiao et al., 2017; Tong et al., 2023). In Dictyostelium,
actin waves drive cytofission (a primitive cell cycle-independent division
process) (Flemming et al., 2020), whereas their absence marks the onset
of mitosis (Gerisch et al., 2022). During eight-cell-stage mouse embryo
morphogenesis, restriction of traveling actin polymerization waves by
cell—cell contacts drives the pulsed contraction necessary for lineage
specification (Maitre et al., 2015). Finally, actin waves, possibly in
coordination with microtubule and kinesin dynamics, aid in transporting
signaling and cytoskeletal components toward growth cones in neurons,
thereby regulating axon development and function (Ruthel and Banker,
1998, 1999; Toriyama et al., 2006; Flynn et al., 2009; Winans et al.,
2016).

consistently decorated by newly polymerized F-actin and by
specific signaling molecules, such as the activated form of the
small GTPase Ras and phosphatidylinositol (3,4,5)-trisphosphate
[PI(3,4,5)P3]. Protrusions are remarkably plastic, and their diversity
stems from the overall states of the signaling and cytoskeletal
systems in the cells, which are in turn defined by a constellation of

2

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-




CELL SCIENCE AT A GLANCE

Journal of Cell Science (2025) 138, jcs263634. doi:10.1242/jcs.263634

gene expression, protein localization and activation kinetics in
specific membrane domains, and membrane lipid organization.

Changing the strengths of signaling axes can induce instantaneous
transitions in protrusion morphology and cause cells to adopt a
new migratory mode (Ladwein and Rottner, 2008; Devreotes et al.,
2017). For example, if the level of phosphatidylinositol 4,5-
bisphosphate [PI(4,5)P2] in the membrane is lowered or if Ras is
activated synthetically, cells of the amoeba Dictyostelium discoideum
rapidly form large lamellipodia-like structures instead of confined
pseudopodia and thereby switch from amoeboid to fast keratocyte- or
oscillator-like migratory modes. Conversely, if Ras—phosphoinositide
3-kinase (PI3K) signaling activity is inhibited but cytoskeletal activity
is enhanced through recruitment of protein kinase B (PKB or Akt
proteins), hereafter referred to as Akt, from the cytosol to membrane,
Dictyostelium cells make thin, filopodia-like protrusions across the
entire membrane (Miao et al.,, 2019, 2017). Actin and signaling
activities are usually tightly correlated but can uncouple under certain
mechanochemical conditions. For example, during bleb formation,
signaling activities can trigger protrusions without immediate actin
polymerization (Weems et al., 2023; Zatulovskiy et al., 2014; Schick
and Raz, 2022).

Numerous components of signaling and cytoskeletal networks form
propagating wave patterns, most easily observed on the substrate-
attached, ventral cell surface. Initially discovered in Dictyostelium,
these dynamic waves have since been observed in many different cell
types and organisms (see Box 1) and they have been shown to underlie
and define the dynamics of different protrusions. As in protrusions,
signaling and cytoskeletal components mark these ventral waves
(also known as ‘cortical waves’). These waves do not significantly
deform the cell against the substrate but cause protrusion formation as
they reach the cell edge. Combined theoretical and experimental
studies have demonstrated that these waves are manifestations of
biochemically excitable networks (see section ‘Mathematical models
of excitable behavior’ below). Excitable networks are characterized by
threshold — a level of activity below which little response is elicited but
above which a highly amplified response ensues.

The threshold of the network can be manipulated by altering
levels of signaling activities. Synthetically lowering membrane
PI(4,5)P2 levels or elevating GTP-bound Ras (RasGTP) activity,
for example, increases the speed and propagation range of signaling
and actin waves. As they propagate further, these enhanced waves
convert confined pseudopodia into wider lamellipodia, as noted
above (Miao et al., 2017; Zhan et al., 2020). Many additional
perturbations, by changing the activity levels of signaling and/or
cytoskeletal components, can alter the threshold of the network and
produce correlated changes in wave and protrusion dynamics,
indicating that these morphological structures fall on a continuum
of different protrusions and corresponding ventral waves (see
poster) (Miao et al., 2019; Bhattacharya et al., 2020; Kuhn et al.,
2024 preprint; Edwards et al., 2018; Yang et al., 2023; Deng et al.,
2024 preprint). The striking correlation strongly suggests that the
network threshold determines the size and shape of protrusions
and that ventral waves act as a reliable proxy for protrusion
dynamics, providing information-rich two-dimensional readouts
(Devreotes et al., 2017; Gerhardt et al., 2014; Taniguchi et al.,
2013).

Symmetry breaking and polarity in different physiological
scenarios

During different physiological scenarios, the membrane becomes
dynamically demarcated into ‘activated’ versus ‘inactivated’ or
‘basal’ state regions (Swaney et al., 2010; Ridley et al., 2003).

During polarized cell migration, activated states largely appear at the
front of the cell, where the membrane protrudes, whereas inactivated
states mostly occupy the back of the cell, where the membrane
retracts. Analogously, as ventral waves propagate, the PM—cortex
undergoes corresponding segregation into activated and inactivated
regions. For simplicity, we will hereafter refer to activities or
molecules associated with these state regions as ‘front” or ‘back’
states (Gerisch et al., 2011; Banerjee et al., 2022, 2023). Numerous
signaling and cytoskeletal events, such as the activation of Ras, Rap,
Rac and Cdc42 signaling, PI(3,4,5)P3 production and branched
actin polymerization, specifically self-organize into front-state
regions, whereas the PI(3,4,5)P3 regulator PTEN, activated
RhoA—ROCK and assembled myosin II are dynamically depleted
from the front-state regions and localize into back-state regions (see
poster for a list of components associated with back and front states)
(SenGupta et al., 2021; Shellard and Mayor, 2020; Bagorda and
Parent, 2008).

This self-organization is preserved across physiological processes,
such as macropinocytosis, phagocytosis, cytokinesis and apicobasal
polarity generation, in diverse cell types (see poster and Box 1). For
example, during cytokinesis, front or back molecules and activities
localize to the poles or cleavage furrow, respectively (Janetopoulos
and Devreotes, 2006; Brill et al., 2011); similarly, during
macropinocytosis (Kay et al., 2024) and phagocytosis (Gerisch
et al., 2009; Masters et al., 2016; Banerjee et al., 2022), front or back
molecules and events decorate or vacate the ‘cup’-like section of the
membrane, respectively. Importantly, the front-back spatiotemporal
separation of signaling molecules is typically maintained in the
absence of actin polymerization or myosin-driven cytoskeletal
activities. In addition, when these spontaneous activities are
overridden by global receptor inputs, back-state regions transiently
switch to the front state everywhere in the PM—cortex, and the system
eventually undergoes adaptation. If the cell experiences an external
gradient, front states or back states are created towards or away from
the stimulus, respectively (Arai et al., 2010; Parent et al., 1998; Servant
et al., 2000; Chua et al., 2024; Sasaki et al., 2004; Wang et al., 2014,
Iwamoto et al., 2025; Pipathsouk et al., 2021; Banerjee et al., 2023).

Propagation modes of signaling and actin waves

Several mechanistically distinct processes facilitate the wave-like
propagation of signaling and cytoskeletal molecules on the PM—
cortex, yet these processes are tightly coordinated so that different
waves can appear, propagate and collapse synchronously while
maintaining appropriate time delays between their respective peaks.
The concentration of different phospholipids in a particular region
of the membrane plays a key role in initiating wave propagation. In
back-state regions, high levels of major anionic phospholipids, such
as PI(4,5)P2 and phosphatidylserine (PS), are maintained (Banerjee
et al., 2022; Gerisch et al., 2011; Fukushima et al., 2019; Masters
et al., 2016; Fairn et al., 2009). As the levels of these lipids inside a
specific membrane domain decrease, levels of front membrane
components and events increase, and the membrane region switches
from being the back state to being the front state. During this switch,
linear formin-based F-actin structures are predominantly replaced
by the branched F-actin cortex, and myosin Il disassembles
(Litschko et al., 2019; Freeman et al., 2018; Parsons et al., 2010;
Li and Gundersen, 2008; Bement et al., 2024).

It is important to note that the actin polymerization waves that
propagate parallel to the membrane are not mediated by the lateral
translocation of individual filaments, or treadmilling, but by
sequential activation and deactivation of the networks (Box 2).
Actin polymerization, that is, Arp2/3-based branched nucleation and
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Box 2. Structure of actin waves

Lattice light-sheet imaging in neutrophil cells has demonstrated that as
the ventral waves of the actin-nucleation machinery propagate outwards
towards the cell boundary, they form lamellar protrusions, which can
interweave to form complex rosettes to collectively regulate the
pathfinding of a fast-moving cell (Fritz-Laylin et al., 2017). Although it is
evident that actin structures in waves and protrusions share
commonalities, how actin filaments are topographically laid out in
propagating waves has remained rather poorly understood at the
ultrastructural level. A recent in situ cryo-electron tomography study
has revealed key structural insights (Jasnin et al., 2019), demonstrating
that actin waves do not propagate by elongating pre-existing filaments
parallel to the PM, but rather by sequential de novo nucleation and
depolymerization. Consistent with this, at the single-filament level,
filament growth is perpendicular to the direction of wave propagation,
suggesting the large-scale propagation events are regulated by
upstream signaling activities (Jasnin et al., 2019; Miao et al., 2019). A
pair of daughter actin filaments originating from a mother filament with
opposite polarity did not exhibit any preference towards (or against) the
direction of overall wave propagation, further indicating that the self-
organization of mother and/or daughter filaments would probably not be
sufficient to direct wave propagation. At each location, as the wave
propagates, actin polymerization consists of a complex ‘tent’-like network
of filaments, instead of a simple dendritic ‘tree’-like structure that
lamellipodia are believed to have. As the wave moves forward, Arp2/3
accumulates and creates more daughter filaments that give rise to
additional tent-like actin assemblies, with the newer arrays lifting the
older ones to the top of the wave. Notably, these elegant ultrastructures
empower the cell to precisely reorient actin waves when required and
generate force to push the membrane in the correct spatiotemporal
direction.

monomer addition at the barbed end, mostly pushes the membrane
outward perpendicularly. These actin waves maintain tight
coordination with other front-associated signaling and cytoskeletal
molecules (Gerhardt et al., 2014; Banerjee et al., 2022; Gerisch
et al., 2012; Lange et al., 2016). As erstwhile back-state membrane
regions switch to the front state owing to signaling activities, actin
polymerization ‘waves’ propagate across the plane of the membrane,
whereas old branched actin starts to exhibit retrograde flow
perpendicular to the membrane. Thus, whereas actin filaments
elongating against the PM supply the force for membrane
protrusions, the parallel propagation of the waves determines the
spatiotemporal range of the protrusions (see poster) (Jasnin et al.,
2019; Miao et al., 2019). The distinct actin and actomyosin structures
in the front versus back states are primarily driven by waves of
different signaling proteins and lipids (K&lsch et al., 2008; Devreotes
et al., 2017).

Waves of the other front- and back-associated proteins also
propagate via sequential ‘activated—inactivated’ state switching
(Miao et al.,, 2019; Weiner et al., 2007, Bement et al., 2015;
Bretschneider et al., 2009; Wu et al., 2018). When a PM domain
switches from the back to the front state, back-state proteins dissociate
as front-state proteins are simultaneously recruited from the cytosol.
At the trailing edge of the wave, the original basal configuration of
components is restored. Although the majority of the front- and back-
associated proteins display this ‘shuttling” behavior, different non-
peripheral membrane proteins exhibit dynamic wave pattern
formation via an altered diffusion-mediated dynamic partitioning
mechanism (Banerjee et al., 2023), as discussed below.

Mathematical models of excitable behavior
To understand the basics of excitable wave propagation, consider a
brush fire ignited by a spark that grows as it consumes nearby fuel.

The fire exhausts the fuel in its wake, leaving behind a burnt-out
refractory region that cannot reignite immediately. This interplay of
activation (fuel ignition), inhibition (fuel depletion) and refractory
zones, together with the processes that link the activated regions
(such as flying sparks), captures the essence of excitable wave
propagation mechanisms in biological systems (Hodgkin and
Huxley, 1952a,b; FitzHugh, 1961; Nagumo et al., 1962).

In cell motility, the front state acts as the activator, amplifying
itself through positive feedback while simultaneously triggering a
slower-acting inhibitor and/or refractory element that accumulates
over time to quench the activation (Xiong et al., 2010; Weiner et al.,
2007). These dynamics prevent runaway activation at that region
while allowing activity to diffuse to adjacent regions and initiate
new transient activations such that waves propagate across the cell
surface. Positive feedback can be achieved through a double-
negative feedback loop (Ferrell, 2002), in which the front and back
states mutually suppress each other (see poster) (Li et al., 2018;
Banerjee et al., 2022; Matsuoka and Ueda, 2018).

Mathematical models of excitable behavior formalize these
concepts. Of note, several similar reaction—diffusion models (often
in conjunction with level-set or phase-field methods, which allow
computation of cellular morphology changes) have greatly aided the
study of actin waves and cell motility (Beta et al., 2023; Imoto et al.,
2021; Ghabache et al., 2021; Nishikawa et al., 2014; Kockelkoren
et al., 2003). In excitable networks, the balance between activation
and inhibition determines the stability of the systems and their
response to perturbations. Small disturbances, like minor sparks,
dissipate quickly if they remain below a critical threshold. However,
a perturbation that surpasses this threshold triggers a self-sustaining
wave that propagates through diffusion until the inhibitory feedback
halts further activation — just as fire spreads until it exhausts its fuel
(Bhattacharya and Iglesias, 2019).

Phase-plane analysis allows us to visualize the state of these two-
component systems. Here, nullclines represent conditions where there
is a balance of the positive and negative regulators of the variables
(front state or refractoriness) and hence their respective levels do not
change. The intersections of these nullclines define equilibrium
points. If the system is near a stable equilibrium, minor fluctuations
are quickly corrected. However, nonlinear feedback mechanisms can
push the system into an excitable regime, where a sufficiently strong
input generates a cycle of activation followed by a refractory period.
The spatial extension of these cycles occurs when activator molecules
diffuse across the cell membrane, much like embers carried by the
wind igniting new patches of fire.

The threshold for excitation, which determines whether a
perturbation can trigger a wave, is influenced by the strengths of
positive and negative feedback (Biswas et al., 2021; Shi et al., 2013;
Abubaker-Sharif et al., 2025 preprint) and can be likened to the
moisture content of the brush in a fire-prone landscape. Dry brush
ignites easily, akin to a system with strong positive feedback and
a lowered excitation threshold. Conversely, damp brush resists
ignition, akin to a system with a higher threshold and suppressed
spontaneous wave initiation. In cells, altering the strength of
feedback loops similarly changes the threshold (see poster).
Increased alterations of feedback loop strengths can make the
threshold disappear, inducing synchronized oscillatory expansions
and contractions (Miao et al., 2017). Further changes can push the
system into a stable front state, driving continuous cellular
expansion with a ‘pancake’-like morphology and ultimately
catastrophic fragmentation (Edwards et al., 2018).

In motile cells, two coupled excitable networks operate — the
signal transduction excitable network (STEN) and the cytoskeletal
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excitable network (CEN) (Huang et al., 2013; van Haastert et al.,
2017). The slower STEN modulates long-range signaling and
determines overall movement patterns, whereas the faster CEN
controls rapid cytoskeletal rearrangements necessary for protrusion
and retraction. Feedback between these networks ensures coordinated
motion, with STEN waves dictating the locations of actin-driven
protrusions and CEN waves reinforcing these structures to maintain
persistent movement (Miao et al., 2019; Banerjee et al., 2025
preprint).

Signaling and cytoskeletal networks

The excitable nature of signaling and cytoskeletal networks stems
from faster positive and slower negative feedback loops. However,
the corresponding molecular architectures that form these systemic
topologies still need to be delineated. The components that organize
these dynamic patterning events might vary depending on the
cell and organism. Here, we focus on commonalities that drive
wave propagation and polarity on the PM—cortex found in both
Dictyostelium amoebae and human neutrophils. Slightly different
biochemical events appear to bring about excitability in mast cells
and Xenopus oocytes (Michaud et al., 2021; Fung et al., 2024). As
mentioned above, receptor inputs or other external cues are not
necessary, and stochastic fluctuations can fully trigger local signaling
cascades and cytoskeletal rearrangement.

The core signaling module (see poster) contains positive and
negative feedback loops that are represented in the mathematical
models. Positive feedback is mediated by small GTPases, such as
RasGTP (which defines the front state), which form a mutually
inhibitory feedback loop with multiple anionic lipids (which defines
the back state), primarily PI(4,5)P2, phosphatidylinositol 3,4-
bisphosphate [PI(3,4)P2], PS and phosphatidic acid (PA) (see
poster) (Banerjee et al., 2022). The levels of the phosphoinositides
are regulated by their respective kinases and phosphatases, but how
PS levels are dynamically altered in the inner leaflet remains an
open question.

Ras activation also initiates signaling cascades that collectively
form the slow negative feedback loop — RasGTP activates
mechanistic target of rapamycin complex 2 (mTORC?2) kinase and
PI3K (Cai et al., 2010; Senoo et al., 2019; Pacold et al., 2000).
Activated PI3K then produces PI(3,4,5)P3, whereas PTEN catalyzes
the reverse dephosphorylation reaction (Iijima and Devreotes, 2002;
Chalhoub and Baker, 2009). P1(3,4,5)P3 facilitates the recruitment of
Akt from the cytosol to the membrane, where Akt is fully activated
through phosphorylation by mTORC2 and by PI(3,4,5)P3-dependent
PDK1 (also known as PDPK1) (Kamimura et al., 2008; Kamimura
and Devreotes, 2010; Pal et al., 2023a; Hoxhaj and Manning, 2020).
Although activated Akt phosphorylates and activates hundreds of
different substrates (Manning and Toker, 2017), which of these closes
the negative feedback loop to Ras is unknown (Miao et al., 2019).

These interactions comprise a core module conferring biochemical
excitability, but to drive spontaneous cell behavior this module must
be coupled to additional cytoskeletal components (CEN) (see poster).
Activated Akt in turn activates Racl and can also activate Cdc42
(possibly via the kinase PAK1) (Kwon et al., 2000; Li et al., 2003),
which would then further relay signals to cytoskeletal components.
These pathways converge on the activation of the Wiskott—Aldrich
syndrome protein (WASP, encoded by WAS) and suppressor of
cAMP receptor/WASP family verprolin homolog (SCAR/WAVE)
complexes (Veltman et al., 2012; Pollitt and Insall, 2009), which
activate Arp2/3 (Pollard and Borisy, 2003) to organize branched actin
polymerization and promote cell protrusion at the front. Recent
evidence suggests that certain formins can also be associated with

front-wave activities (Ecke et al., 2020; Chua et al., 2024; Tong et al.,
2024). Notably, Racl and Cdc42 can also drive cytoskeletal events
without directly depending on the Ras—Rap axis (Yan et al., 2012;
Wu et al., 2009; Pal et al., 2023b; Yoo et al., 2010; Bell et al., 2021).

Although these events localize to the front, other STEN and CEN
components, such as PTEN, organize at the rear. Non-muscle myosin
IT and formin-based linear F-actin generate contractile forces at the
back (Vicente-Manzanares et al., 2009). In Dictyostelium, myosin II
assembly is modulated by myosin heavy-chain kinases (Bosgraaf and
van Haastert, 2006; van Haastert et al., 2021) and by RasGTP
localized at the front. In mammalian cells, RhoA-ROCK signaling
controls myosin II activity via regulatory light chain phosphorylation,
either directly or by inhibiting myosin phosphatase. RhoA also
activates mDia formins, facilitating linear actin polymerization (Rose
et al., 2005; Campellone and Welch, 2010). Ultimately, myosin II
thick filaments enable contraction at the cell rear.

While many signaling pathways maintain asymmetric patterns
despite inhibited cytoskeletal dynamics, cytoskeletal networks also
modulate upstream signaling through feedback loops under
physiological conditions. For example, branched F-actin positively
regulates Ras—PI3K signaling, whereas linear F-actin and actomyosin
inhibit it (Kuhn et al., 2024 preprint; Pal et al., 2019; Kolsch et al.,
2008; Lee et al., 2010; Wang et al., 2002).

Biophysical bases of organizing membrane asymmetry
Although specific genetic and biochemical interactions among
~40 different signaling and cytoskeletal components have been
documented in migration and polarity, a complete description of all
interactions among the hundreds of components involved seems
unlikely to emerge soon (Swaney et al., 2010; Belliveau et al., 2023).
Some researchers have begun to consider that membrane states likely
depend on fundamental biophysical principles (Devreotes, 2019).
Significant insights might be gained by understanding the principles
that determine the states before trying to delineate every specific
interaction. So far, a limited number of biophysical properties have
been identified that both closely correlate with the symmetry breaking
processes and can produce outsized phenotypic effects if their values
are synthetically altered (Banerjee et al., 2022; Kholodenko et al.,
2010). Here, we present some examples of biophysical regulation of
PM symmetry breaking and polarization (see poster).

Inner leaflet negative surface potential

The surface potential on the inner leaflet of the PM plays a crucial role
in regulating dynamic signal transduction and cytoskeletal events.
High levels of the major anionic phospholipids, as mentioned above,
generate a highly negatively charged surface at the inner leaflet,
which attracts counterions, including proteins with positively charged
domains, creating an electrical double layer (Yeung et al., 2006;
Ma et al., 2017a; Goldenberg and Steinberg, 2010). This surface
potential (McLaughlin, 1989; Eisenberg et al., 2021) is altered during
immunological synapse formation (Ma et al, 2017b) and
phagocytosis (Yeung et al., 2006, 2008; Fairn et al., 2009).

Recent reports show that the surface charge is highly dynamic: it
transiently decreases at cell protrusions or within front-state regions of
ventral waves, even in the absence of the actin cytoskeleton. As the
level of anionic lipids decreases inside a specific membrane region, the
surface potential decreases and front membrane activities increase, so
that the membrane region switches from the back to the front state.
Furthermore, synthetically lowering the inner leaflet surface potential is
sufficient to activate signaling and cytoskeletal networks; conversely,
increasing surface potential subverts receptor input-mediated activation
(Banerjee et al., 2022). These observations suggest that propagation of
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surface potential waves (termed ‘action surface potential’) defines the
state of the membrane domains and that lowering this surface potential
beyond a particular threshold value at a specific membrane domain
triggers signaling and cytoskeletal networks there. Although overall
surface potential and front signaling mutually inhibit each other,
how numerous signaling components collectively define the resting or
basal surface potential, or how changes in surface potential might
dynamically alter signaling activities across the cell to facilitate
different physiological changes remains to be determined.

Attachment of membranes to the actin cortex

The strength of PM—cortex attachment, typically mediated via ezrin,
radixin and moesin (ERM) proteins, is spatially heterogeneous, and
weakening it can affect cell protrusions, as seen in bleb formation
(Itoh and Tsujita, 2023; Diz-Mufioz et al., 2013; Sheetz, 2001; Welf
etal., 2020). Although F-actin concentration is higher at the front of
migrating cells, recent evidence suggests that F-actin that is closer
to the membrane enriches at the back. This distribution, possibly
generated by higher cofilin-mediated severing of actin filaments at the
front, might play a key role in regulating long-range polarity (Bisaria
et al., 2020; Kuhn et al., 2024 preprint). Protrusion formation might
occur more easily at front regions, whereas the strong PM—cortex
attachment at the rear precludes protrusions. Additionally,
localization of curved endoplasmic reticulum (ER) in the front and
sheet-like flattened ER at the back has been demonstrated to result in
formation of stable ER-PM contact sites selectively in the back
(Gong et al., 2024). Although membrane contacts with the cortex and
ER likely contribute to stable polarity, it is uncertain whether these
mechanisms play significant roles when symmetry is broken in the
absence of cytoskeletal activities and receptor inputs.

Alteration in membrane curvature and membrane tension

Membrane and/or cortical tension might act as a global inhibitor
of signaling activation to limit protrusion formation, especially
when diffusion-based inhibition mechanisms are restricted (Houk
et al., 2012; Ghisleni and Gauthier, 2024; Sheetz and Dai, 1996).
This inhibition is possibly mediated by decreasing recruitment
of membrane curvature-sensing molecules, such as F-BAR-
domain-containing proteins, and consequently reducing actin
polymerization (Wu et al., 2018). How fast membrane tension
propagates and the roles that the PM or cortex separately play have
remained controversial questions (Shi et al., 2018). When the
membrane is pulled separately from the cortex, membrane tension
propagates diffusively, possibly by altering lipid packing (Colom
et al., 2018), but when the cortex is engaged, as during actin-based
protrusion formation or actomyosin-based contraction, membrane
tension propagates quickly and increases globally (De Belly et al.,
2023). It is not clear how this tension spreads rapidly, but possible
mechanisms include long-range membrane and cortical actin flows.
Tension, in turn, plays a role in modifying signaling nodes, such as
the phospholipase D2 (PLD2)-mTORC2 axis (Saha et al., 2023;
Diz-Muioz et al., 2016), the FBP17-Cdc42-N-WASP (N-WASP is
encoded by WASL) axis (Wu et al., 2018), and potentially multiple
phosphoinositides (Kuhn et al., 2024 preprint).

Differential diffusion-driven dynamic partitioning

How a myriad of signaling proteins dynamically compartmentalizes
inside a particular membrane domain while the membrane undergoes
symmetry breaking has long remained a puzzle. Spatiotemporally
controlled shuttling is known to play an important role in the
polarization of peripheral membrane protein distributions (Matsuoka
etal., 2006; Miao et al., 2019; Weiner et al., 2007; Wu and Liu, 2020;

Bement et al., 2015; Bretschneider et al., 2009; Wu et al., 2018),
but how compartmentalization is facilitated for lipid-anchored
and integral membrane proteins was until recently unclear. With
much slower shuttling rates, these classes of proteins undergo
spatiotemporal rearrangement while remaining attached to the
membrane, driven by ‘dynamic partitioning’, in which different
membrane proteins continually sense the composition of the inner
leaflet domains and alter their diffusion rate accordingly (Banerjee
etal., 2023). A difference in diffusion rates in back-state versus front-
state regions is sufficient to drive compartmentalization and wave
propagation of tightly bound membrane proteins (as shown for lipid-
anchored back proteins and asymmetric integral membrane proteins;
see poster), irrespective of vesicular trafficking, shuttling rates
and supramolecular cytoskeletal structures. Unlike in traditional
lipid rafts, molecular crowding or liquid-liquid phase separation,
this partitioning mechanism can facilitate spatially large-scale and
temporally dynamic compartmentalization. Biochemical factors that
regulate the interaction of lipid-anchored or integral membrane
proteins with the lipid bilayer to locally alter their diffusion remain to
be identified, but a recent study (Honda et al., 2024 preprint) has
suggested that the levels of inner leaflet surface charge, PA and sterol
in the membrane can play significant roles.

Concluding remarks

Rhythmic patterns in biological systems have long captivated
biologists and mathematicians alike. In 1952, Turing proposed how
reaction and diffusion interactions can produce diverse patterns in
development (Turing, 1952). Meinhardt and Gierer (Gierer and
Meinhardt, 1972, 1974) explicitly defined local self-amplification
and long-range inhibition, inspiring numerous studies to identify
similar patterns across diverse biomedical processes. Computational
scientists have developed reaction-diffusion models to explain and
predict pattern formation and cellular polarity, with or without
external cues (Beta et al., 2023; Iglesias and Devreotes, 2012). The
role of these waves and oscillations beyond polarity and migration
remains controversial (Yang and Wu, 2018; Cheong and
Levchenko, 2010). However, these patterns are now established to
integrate biochemical information, encode templates for organizing
specific cellular events and refine spatiotemporal biomolecular
dynamics (see Box 1 for examples).

In recent decades, researchers have sought to understand
development, physiology and pathologies from a gene-centric
view, yet directly linking a gene expression profile to specific
cellular or organismal behaviors has proven elusive (Arias, 2023).
Organisms often employ strategies beyond genomic reorganization,
enabling two genetically similar cells to exhibit drastically
different behaviors. For highly temporally dynamic processes like
cell migration and polarization, these strategies often rely on
spatiotemporal patterning of signaling molecules. These waves or
pulses maintain a spatially asymmetric cell state while serving as
pre-existing templates of biophysical and biochemical organization,
enabling swift responses to external cues. Interestingly, billions of
years of evolution have favored the selection of very similar reaction—
diffusion waves from bacteria and lower eukaryotes to humans, even
though the specific genes involved have often not necessarily been
conserved. This suggests that the cellular design principles are
potentially more generalizable than particular genetic components or
molecules. Hence, to develop a comprehensive mechanistic
understanding of cellular processes, we must investigate the higher-
order organizing principles governing genetic and biochemical
interactions. Our evolving understanding of network architectures
and feedback loops that enable small stochastic events to amplify into
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large-scale oscillations and propagating waves offer an exciting
window into these underlying principles.
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