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ABSTRACT
Recent studies show the importance of mesoscale changes to plasma membrane (PM) topography during cell shape change.
Local folding and flattening of the cell surface is mechanosensitive, changing in response to both microenvironment structural
elements and intracellular cytoskeletal activities. These topography changes elicit local mechanical signaling events that act in
conjunction with molecular signal transduction pathways to remodel the cell cortex. Experimental manipulations of local PM
curvature show its sufficiency for recruiting Arp2/3 actin network induction pathways. Additionally, studies of diverse cell shape
changes—ranging from neutrophil migration to early Drosophila embryo cleavage to neural stem cell asymmetric division—show
that local generation of PM folding is linked with local Arp2/3 actin network induction, which then remodels the PM topography
during dynamic control of cell structure. These examples are reviewed in detail, together with known and potential causes of PM
topography changes, downstream effects, and higher-order feedback.

1 Introduction

Since the origin of life, lipid bilayers have functioned recipro-
cally with genetic instructions, gene products and metabolites.
Although cell membranes rely on lipid-synthesizing enzymes
encoded by genes, they assemble from pre-existing membrane
templates. Membranes also organize gene products by com-
partmentalizing the cell and by integrating spatial scales. The
plasma membrane (PM) has a surface area much larger than
any individual protein, and molecularly distinct PM domains
act in concert to govern overall cell structure and function
[1]. At scales of tissues and organs, PMs connect via cell–
cell adhesion complexes [2, 3], and interact with extracellular
matrices [4]. A longstanding question is how intracellular and
extracellular information intergates at the PM to guide cell shape
changes during animal development, physiology and disease
states.

The receipt and transduction of signals are central to dynamic
PM changes that underlie cell shape change. PM signaling
often involves transmembrane receptors that detect extracellular
ligands, or forces, and transduce this information to intracellular
signaling pathways. This signaling has various effects on the cell,
including the generation of filamentous actin (F-actin) cytoskele-
tal networks that change cell shape through PM associations
[5–8]. For example, binding of an extracellular chemoattractant to
its receptor can elicit the growth of anArp2/3-based actin network
which applies actin polymerization forces against a broad PM
domain to extend a lamellipodial cell protrusion. Signaling from
the receptor to the Arp2/3 complex ismediated by small G protein
activation which activates nucleation-promoting factors, WASP,
or the WAVE regulatory complex (WRC), which in turn bind
and activate Arp2/3 complexes. In its active conformation, an
Arp2/3 complex binds a pre-existing actin filament and presents a
template for new filament polymerization at a 70◦ angle, resulting
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in the growth of a dendritic actin network against the PM [5–8].
Althoughmuch has been learned about these signaling pathways
and cytoskeletal effects, how they function in cell shape change
is still a major topic of investigation.

In addition to molecular changes on either side of the PM,
cells also sense and respond to mesoscale deformations of the
PM. Indeed, most animal cells display PM folds, protrusions,
and invaginations with both inward and outward curvatures
[9]. The prevalence of such PM topographies is often under-
appreciated due to insufficient microscopy resolution, and to
oversimplified textbook diagrams showing the PM as flat. A
commonly recognized role of PM folding is the maximization
of cell surface area for absorptive activity in the gut [10].
More generally, PM folding protects cells from rupture [11],
and provides membrane reservoirs that extend quickly as cells
change shape [12, 13]. Here, I review the interplay between PM
topography and Arp2/3 actin networks contributing to cell shape
change.

2 Determinants of PM Topography

At a basic level, PM topography is influenced by the properties
of lipid bilayers. Due to energetically unfavorable interactions
between water molecules and lipid hydrocarbon chains, pure
lipid bilayers tend to form vesicles, and such vesicles are
typically large and smooth relative to the thickness of the
bilayer. Close packing of hydrocarbon chains limits deforma-
tions in the plane of the bilayer. With lateral compressive
stress, membrane area change is minimal, and instead, the
membrane bends out-of-plane. Combining this bending with
restoring forces results in membrane undulations, which can be
flattened by lateral tensile stress [14–16]. Thus, the topography
of a membrane depends on the forces applied to it, on its
out-of-plane deformability and on its large-scale geometry. The
PM can curve inward or outward, and undulating membranes
display opposite curvatures at the tops and bottoms of repeated
folds (Figure 1A). Opposite curvatures can also co-exist at the
same point as saddle-like shapes where surrounding PM con-
nects with a local membrane invagination (e.g., a caveolae or
clathrin coated pit) or evagination (e.g., a filopodia or microvilli)
(Figure 1A).

Local accumulations of integral and peripheral PM components
additionally affect PM topography. The presence of raft-like lipid
domains can specify where PM bending occurs due to the distinct
deformability of neighboring domains, and to line tension along
domain–domain boundaries [17]. PM bending can also occur
from an asymmetry of the bilayer from one side to the other
due to local clustering of conical or wedge-shaped lipids or
integral proteins [18–20].Moreover, local assemblies of peripheral
cytoplasmic proteins generate a variety of PM topographies linked
to specific functions [18–21]. For example, in the formation of
endocytic pits and actin-based protrusions, the curved structures
of BAR domains allow various peripheral membrane proteins
to recognize and generate PM curvature [22] (Figure 1B). Local
growth of F-actin arrays against the PM generates a variety of
cell protrusions, includingmicrovilli, filopodia, lamellipodia, and
podosomes [23]. Additionally, interactions of phase-separated
molecular condensates with the PM can result in local membrane

curvature [20, 24, 25] (Figure 1B). In contrast, increased tension
in the plane of the PM flattens PM topographies, as exemplified
by the flattening of caveolae formembrane tension buffering [26].

PM topography is also affected by cytoskeletal activities within
the cell and microenvironments surrounding the cell. For
example, contraction of a cortical actomyosin network can
compress its associated PM domain which becomes folded in
response (Figure 1C), as observed during cytokinesis of cultured
mammalian cells [27] and during polarization of Drosophila
neuroblasts [28]. At a distance from such contractile domains,
the PM can gain tensile stress and flatten [29] (Figure 1D).
As evident during cellularization of the Drosophila embryo,
targeted exocytosis can promote domains of PM folding that
involve structural support from local actin networks but that
might also be promoted by lateral compressive stress of excess
membrane being added to a domain of limited size [30]. In
addition to actin networks, microtubules emanate to the PM, and
microtubule motors can pull the PM inward and generate PM
infoldings (Figure 1C), as observed in the Caenorhabditis elegans
embryo [31–33], the ascidian embryo [34], the immune synapse
[35] and the Drosophila embryo [36]. In vivo, cells physically
engage various extracellular matrix topographies that can push
the PM inward and generate PM folds [37, 38] (Figure 1B).
Distinctive PM topographies also arise from cell–cell interactions
(Figure 1C). Finger-like actin- or microtubule-based protrusions
of one cell can push into another cell, generating curved, double
PMconfigurations for cell–cell adhesion [39] or cell–cell signaling
[40]. Moreover, asymmetric cell–cell adhesion forces pull double
membranes into one cell during endothelial cell collective migra-
tion [41], and epithelial cell division [42]. In contrast, increased
hydrostatic pressure within the cell promotes flattening of local
PM topography [18, 29] (Figure 1D).

These examples highlightmanyways PM topography can change,
involving forces in the plane of the membrane or perpendicular
to it. Next, I review experiments showing that curved PM
topography can induce local assembly of Arp2/3 actin networks.

3 Effects of PM Topography on Actin Network
Induction

Effects of PM topography are clearest in experiments that directly
manipulate local PM shape. Specifically, the deposition of var-
ious cell types on substrates fabricated with nanoscale surface
topographies has shown that PM topography follows substrate
topography and that F-actin accumulates at sites of induced PM
bending [43]. Actin network associationswith curvedmembranes
are also evident from phagocytosis of particles with engineered
curvatures [44] and by reconstitution of F-actin polymerization
with curved liposomes [45].Moreover, light-responsive substrates
now allow temporal control of local PM topography to test
response dynamics [46].

Determinants of F-actin recruitment to PM curvature have been
characterized systematically in U2OS cells plated on fabricated
substrates [47]. Rod-shaped nanopillars become fully enwrapped
by the PM, but F-actin accumulates preferentially at each curved
end of the rod. The influence of PM curvature is further evident
from greater F-actin recruitment to round nanopillars with
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FIGURE 1 Determinants of PM topography. In eachdiagram, the PM is shownas black or gray lines,with the cytoplasmbelow, and the extracellular
space above. In the cell–cell interaction diagram, (C), the two cells are labeled. (A) Membrane regions can be flat or curved. Middle, an undulating
membrane has folds with inward curvature next to folds with outward curvature (red lines). Right, a local membrane invagination has a saddle-like
configuration with both inward bending and outward bending at the same site (red lines). (B) Shapes of protein assemblies can bend associated PM.
Left, intracellular assemblies of BAR domain-containing proteins associate with inward and outward bends. Middle, a cytoplasmic condensate linked
to inward PM bending. Right, an extracellular matrix (ECM) fiber is associated with outward PM bending. (C) Physical forces (red arrows) generated by
local cytoskeletal activities can bend associated PM. Left, contraction of a cortical actomyosin network (green lines) bends PM between attachment sites
(blue ovals). Middle, motor movement along a microtubule (blue) bends PM inward via attachment sites (purple ovals). Right, asymmetry of outward
pushing forces, or inward pulling forces, across a cell-cell contact bends associated PMs. (D) Flattening of a PM region by in-plane tension from distant
cytoskeletal activities (left), and by hydrostatic pressure from the cytosol (right).

smaller diameters, and thus greater curvatures. From diameters
of 400 to 100 nm, local F-actin recruitment increases progres-
sively relative to the amount of PM at the pillar. Strikingly,
actin networks display cycles of assembly and disassembly at
the sites. F-actin accumulation coincides with that of Arp2/3
complexes and depends on Arp2/3 activity, whereas formin
activities seem irrelevant. BARdomain proteins of theToca family
(FBP17, Toca1, and Cip4) with known links to Arp2/3 activation,
all accumulate at the sites as well, and over-expression of a
dominant negative FBP17 construct disrupts the Arp2/3 and F-
actin accumulations. In this context, the accumulations appear
to be independent of endocytosis or focal adhesion assembly
[47]. The central role of BAR domain proteins in the response
to nanopillar-induced PM topography [47] is consistent with the

results of actin polymerization assays conducted with deformable
liposomes to assess the effects of membrane topography [45].
Remarkably, Arp2/3 actin networks also assemble where the PM
of Dictyostelium cells enters holes cut out of their substrate [48].
Thus, Arp2/3 actin networks can be locally induced by both the
inward bending of PM over substrate pillars and the outward
bending of the PM into substrate holes.

These elegant studies established that PM curvatures can locally
induce actin networks. I now turn to relationships between
PM topographies and actin network inductions during whole-
cell shape changes. The focus is on PM deformations that
are relatively small and transient. Recent reviews cover the
effects of membrane curvature on organizing endocytosis and

3 of 11



FIGURE 2 Links between PM topography and Arp2/3 network induction during neutrophil cell migration. In each diagram, the PM is shown
as black or gray lines. (A) The overall shape of a migrating neutrophil is shown in the top and side views. A pathway linking Rho-GTP to actomyosin
contraction is concentrated at the cell rear. A pathway linking Rac-GTP to Arp2/3 network expansion is concentrated at the cell front, in the direction of
cellmigration. (B) Local deformation of the leading edge results in curved PM.Arp2/3 networks (two shades of green) assemble at the local PM curvature,
polymerize against it, and help straighten the leading edge across the cell front. (C) Cells can be locally deformed by crawling through extracellularmatrix
(ECM) fibers. Arp2/3 networks assemble at the resulting PM curvature, polymerize against it, and push the ECM fiber away. (D) Where the PM folds
back on itself at the trailing edge, the BAR domain of SRGAP2 associates with the curved membrane and helps define the trailing edge. (E) Where the
PM folds back on itself at the leading edge, bundled polymers of the WAVE regulatory complex (WRC) associate with the curved membrane and help
define the leading edge.

intracellular membranes [20, 49–51], cellular responses to long-
range curvatures [52, 53], and F-actin assembly into filopodia and
microvilli, finger-like PM extensions with high curvature [10, 54].

4 Links Between PM Topography and Actin
Network Induction as Cells Interact With Their
Surroundings

Immune cell migration throughout the body is essential for
finding and eliminating pathogens. Decades of study have
shown how biochemical signaling pathways convert extracellular
chemoattractant cues into an intracellular polarity that deploys
force-generating cytoskeletal networks to the cell front and rear.
Rac small G protein activity at the front promotes forward
growth of an Arp2/3-based lamellipodium, and Rho small G
protein signaling at the rear elicits actomyosin-based cortical
contraction [55, 56] (Figure 2A). The overall organization of the
migratory cell is also affected by physical coordination between
these cytoskeleton activities [57]. For example, as Arp2/3 network
polymerization pushes the cell front forward, membrane tension

elevates along the sides of the cell and hinders the formation
of secondary fronts. Actomyosin contraction at the rear also
generates cytosolic pressure through the cell, and the balance
between rear contraction and front Arp2/3 activity dictates
whether migration is driven by the extension of a lamellipodium
or a bleb-based protrusion. In coordination with these integrated
biochemical and biophysical effects, PM topography contributes
to the deployment of cytoskeletal networks to the front, rear, and
sides of migrating immune cells. It seems that this combinatorial
control enables the cell to navigate its local, physical surroundings
while pursuing long-range targets.

Hownumerous inductions of Arp2/3-based actin networks across
the cell front produce a broad lamellipodia with a unified leading
edge has been a longstanding question. Patchiness of local
network inductions correlate with undulations of the leading
edge [58]. Broadening of Arp2/3 network polymerization angles
in response to load provides one adaptive mechanism [58, 59],
but simulation studies also implicate interplay between sensors
of PM curvature and inducers of actin networks in detecting and
eliminating local PM undulations [60]. In addition to curvature
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sensing BAR domain proteins, the WRC, which mediates Rac
small G protein signaling to activate the Arp2/3 complex [5], has
also been implicated. A link between theWRC and PM curvature
was revealedwhenneutrophilswere depleted of F-actin, a context
in which the WRC localized to 230-nm-wide ring-like structures
at the necks of membrane invaginations [61]. Using patterned
substrates to mimic these invaginations, as well as compression
to flatten them, the PM infoldings were shown to be key for WRC
recruitment [62]. Notably, the sites have a saddle-like geometry
in which local membrane curvature is inward in one orientation
and outward in the perpendicular orientation (Figure 1A). This
configuration arises where a subregion of the leading edge falls
behind surrounding regions, and it has been proposed that WRC
recruitment to such sites induces local Arp2/3 networks, which
in turn push lagging regions ahead to unify the cell front [61]
(Figure 2B).More recently, polymers of theWRChave been linked
to another PM topography of the leading edge [62] (Figure 2E).
Along the full leading edge, the PM folds back on itself, similar
to the crease of folded paper. WRC polymers accumulate along
this strip of curved PM and appear to provide structural support
along the full leading edge, in addition to activating Arp2/3.
Reciprocally, the folded-back curvature along the leading edge
promotes the localization of WRC polymers, as shown with
experiments that flattened the curvature. Thus, PM curvatures
may contribute to unifying the lamellipodia leading edge through
both adaptive regulation and positive feedback reinforcement.

Inversely, changes to leading-edge PM topography have been
implicated in obstacle avoidance.Wu et al. proposed that collision
with an immobile extracellular object would reduce folded-back
membrane curvature along the leading edge, as well as WRC
localization andArp2/3-based actin polymerization, thereby stop-
ping lamellipodium induction in response to stiff obstacles [62].
Recruitment of the BAR domain protein Snx33 to indentations
of the neutrophil leading edge has also been linked to inhibition
of WRC-induced actin polymerization during obstacle avoidance
[63].

It is important to recognize that PM topography is not the
only determinant of WRC localization to the leading edge.
WRC localization to curved membranes is restricted to the cell
front by Rac small G protein activity. Within the cell front,
Rac small G protein activity has a broader distribution than
the WRC, indicating that WRC localization is controlled by a
combination of Rac signaling and PM curvature [61, 62]. IRSp53, a
BAR domain-containing scaffold protein that couples membrane
curvature and actin polymerization in other contexts [64], also
functions in linking Rac signaling to the WRC in lamellipodia
[65–67], but WRC recruitment to curved membranes can occur
independently of IRSp53 [61].

At the cell rear, PM curvature also occurs where the PM bends
over on itself to form the trailing edge. This curvature is coupled
to the recruitment of the signaling molecule SRGAP2 during
neutrophil migration [68] (Figure 2D). A BAR domain within
SRGAP2 is key to its localization. With independence from
either chemotactic signaling or integrin-based adhesion, the
BAR domain localizes to PM curvature generated along the cell
rear, or by pulling the PM into a pipette. SRGAP2 functions in
recruiting contractile myosin networks to the trailing edge via
lipid signaling [68]. It remains to be determined how SRGAP2

localization to curved membranes is restricted to the cell rear.
This restriction could involve a co-requirement of Rho signaling
at the rear or an inhibition of SRGAP2 localization to the cell
front. Intriguingly, the GTPase activating protein (GAP) activity
of SRGAP2 specifically inhibits Rac signaling [69], suggesting it
might also influence signaling cross-talk between the cell front
and rear.

In addition to the cell front and rear, PM topography affects
the central cell body. As neutrophils migrate through rough sur-
roundings, microenvironment topography generates PM topogra-
phy which in turn recruits WASP, another activator of the Arp2/3
complex [5]. Specifically, neutrophil migration over inert beads
causes rapid, local PM indentations and WASP accumulations,
as does migration over collagen fibers [70]. Arp2/3 and F-actin
also accumulate at these sites with dependence on WASP. These
topography-induced accumulations seem functionally relevant
since the loss ofWASP affectsmigration on nanoridgesmore than
on flat substrates [70]. Dendritic cells display similar behaviors
[71]. Whether plated on ridges or poked with a bluntedmicronee-
dle, WASP accumulates at PM indentations. Further experiments
implicated topography-induced Arp2/3 network induction in
counteracting compressions from the microenvironment and
making room for cell migration [71]. In various non-immune
cell types, specialized integrin complexes have been detected at
PM indentations generated by patterned substrates, and similar
complexes accumulated onECM fibers in 3D cultures, where they
appear to facilitate migration through these complex microenvi-
ronments [72]. In addition to locally displacing the topography
of microenvironments (Figure 1C), cells are also stretched and
compressed as they navigate them, leading to changes in PM
topography and adaptive actin network inductions [73–76]. Such
dynamic PM topography along the cell body might also alter
long-range PM tension that couples cytoskeletal activities at
the cell front and rear to coordinate overall neutrophil polarity
[77]. As recently reviewed elsewhere, long-range transmission
of PM tension is highly context-dependent [57, 78, 79]. Whether
it is reversibly dampened by microenvironment-induced PM
curvatures, and the adaptive assembly and disassembly of local
Arp2/3 networks, is an intriguing question for future studies.

Similar to the WRC, WASP recruitment to curved membranes
involves additional input from biochemical signaling. Specifi-
cally, WASP accumulations at curved membranes along the cell
body are also dependent on Cdc42 small G protein activity
biased to the cell front [70]. As cells migrate over populations
of beads, WASP is recruited quickly to beads near the cell front
but is then lost as the beads become associated with the cell
rear. Thus, a combination of membrane infolding and Cdc42
activity seems needed for inducing the WASP-dependent actin
networks as the cell body engages its microenvironment. How
these PM indentations become populated with Cdc42-dependent
WASP rather than Rac-dependent WRC is not fully understood,
but it has been proposed that the circular structures of WASP
condensates and linear structures of bundled WRC polymers are
additional determinants of their distinct localizations [62, 70].

PM topography also has many effects on cell–cell interactions.
At immune synapses, T cells generate complex cell–cell interface
topographies that are WASP- and Arp2/3-based and enhance
cell–cell communication [80, 81]. Moreover, T-cell cytoskeletal
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networks respond to topographies of fabricated substrates [82].
Complex PM topographies linked to local Arp2/3 networks
also allow phagocytes to internalize large particles through the
coordinated actions of multiple interaction sites [83]. During
endothelial cell collective migration, asymmetric cytoskeletal
forces across cell–cell junctions pull the junctions into one cell
and away from the other, resulting in serrated contacts between
leader and follower cells [41]. At these contacts, both PMs, linked
by cadherin-catenin complexes, are drawn into the follower
cell as “cadherin fingers” with high local membrane curvature
[84]. BAR domain-containing proteins are recruited to these
membranes and regulate junctional endocytosis at the sites [41,
85]. The follower cell PM domain containing the cadherin fingers
helps direct follower cell migration, which involves the induc-
tion of cryptic lamellipodia from the same PM domain where
the cadherin fingers form [84]. Interestingly, the relationship
between membrane curvature and Arp2/3 networks seems to
be reversed at muscle attachment sites in Drosophila, where
Arp2/3-dependent actin polymerization generates a serrated cell–
cell contact which confines integrin complexes and promotes
heterotypic adhesion [86]. Arp2/3 activity is also required for
mammalian podocytes to form arborized cell protrusions that
mediate integrin-basement membrane adhesion of the kidney
filtration barrier [87]. Overall, the coupling of PM topography
changes with actin network inductions seems widespread as cells
interact with their surroundings.

5 Links Between PM Topography and Actin
Network Induction as Cells Change Shape From
Within

Cells also change shape in response to internal cues, as exempli-
fied by components of the mitotic apparatus providing positional
information for shape change during cell division [88]. This
coordination also involves PM topography changes, both in a
multinucleated (syncytial) system and during the division of
mononucleated cells.

The early Drosophila embryo develops as a syncytium, in which
synchronously dividing nuclei individually induce reshaping of
the cell surface to form dome-like compartments that house
individual mitotic apparatuses [89] (Figure 3A). Their individual
formation is structurally analogous to cell budding that initiates
polar body extrusion from themouse oocyte [90], but many small
compartments form over the one-cell Drosophila embryo surface,
and they recede and reform during each mitotic cycle rather than
progressing to full cell division. The centrosome provides the
spatial cue for inducing growth of the dome-like compartment,
which occurs through Arp2/3-based actin polymerization and
membrane exocytosis. Induction of the actin networks begins
over each centrosome at anaphase, and by interphase of the
next cycle, two dome-like compartments each house a daughter
nucleus of the preceding mitosis [89]. PM staining of fixed
embryos showed that the actin network induction is accompanied
by unique PM organization above each centrosome at anaphase
[91]. More recent live imaging revealed that each centrosome is
associated with a folded PM domain from which PM tubules
extend inward toward the centrosome. The focusing of this PM
topography above the centrosome coincideswith greater numbers
of centrosomal MTs at anaphase and telophase, the PM tubules

associate closely with centrosomal MTs, and the PM tubules
require both centrosome integrity and the centrosome-directed
MTmotor dynein. Thus, at the onset of compartment growth, the
centrosome alters local PM topography from within the cell [36]
(Figure 3A).

The local, centrosome-generated PM topography of the one-
cell Drosophila embryo is linked with both Arp2/3 network
induction and exocytic factors required for growth of the dome-
like compartment [36, 89]. A Doc-family Rac-GEF (Sponge),
Rac-GTP, WRC, Arp2/3, and F-actin are all enriched at the
PM folds and tubules relative to surrounding PM, and Rab8
exocytic vesicles co-accumulate with PM tubules in proximity
to the centrosome. Recruitment of the Arp2/3 actin network
induction pathway requires centrosome integrity and dynein
activity, but more widespread PM folding at other cell cycle
stages, or with experimentally reduced PM tension, is insuffi-
cient for recruiting the pathway to ectopic sites, suggesting that
normal Arp2/3 recruitment occurs through a combination of
centrosome-emitted inductive signals and centrosome-organized
PM topography [36]. Arp2/3 network growth is required for the
PM domain to unfold and expand laterally into an actin cap
[36], and for subsequent formation of the dome-like compartment
[92] (Figure 3A), which involves both bending and cytoplasmic
swelling of the compartment [93]. Loss of Arp2/3 activity results
in abnormally persistent associations of PM infoldings with the
centrosome, indicating a force balance between centrosome-
directed pulling activity and outwardly-directed pushing activity,
a balance that normally tips in favor of Arp2/3-based expansion
of the cortical domain [36]. As the actin cap grows away from the
centrosome, it also displays topography changes associated with
a composite cytoskeletal network. Bulging subdomains of the cap
grow laterally and flatten through Arp2/3 activity while engaging
intervening, formin-dependent F-actin bundles that assemble
around the bottom edges of the bulges [94]. Overall, the formation
of the dome-like compartments is similar to lamellipodia of
immune cells in several ways: (i) coupling of PM topography
changewithArp2/3 actin network induction, (ii) the combination
of PM topography and separate signals for the induction, and
(iii) the conversion of local membrane curvatures into a broad,
unified structure by Arp2/3 actin network growth. BAR domain-
containing proteins are needed for the growth of the dome-like
compartments in Drosophila [95–97], but specific involvement in
coupling PM topography to Arp2/3 network induction has not
been reported.

PM topography changes also contribute to mononucleated cell
division. For example, the assembly of the actomyosin-based
cytokinetic ring generates the cytokinetic furrow, and inward
bending of the furrow can promote actomyosin flow into a
thinner,more focused ring [98]. Ring constriction generates inter-
cellular pressure, which can be relieved by outward PM blebbing
at the poles of the cell [99]. During asymmetric cell division, the
two poles of the cell gain distinct properties and undergo more
complex cell shape changes that result in two daughter cells with
different sizes [100] (Figure 3B). In Drosophila larval neuroblasts,
the flow of an actomyosin network to one pole generates a reser-
voir of PM folds that contribute to the subsequent enlargement
of the daughter cell relative to its sister during cytokinesis [28].
PM folding within this cortical domain is also coupled with
Arp2/3 network induction. The WRC enriches at the cortex in
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FIGURE 3 Links between PM topography and Arp2/3 network induction during cell shape changes of the syncytial Drosophila embryo and of
Drosophila neural progenitor cells. In each diagram, the PM is shown as black lines. Mitotic spindles are shown in gray within the cells. Explanatory
text is within the figure.

proximity to the folds, a localization requiring Pins, a molecular
link between the spindle and cortex. DownstreamArp2/3 activity
remodels PM fold structure, promotes cortex-centrosome separa-
tion, and stabilizes cell shape as asymmetric division occurs [101].
Moreover, actin polymerization accompanies the asymmetric
growth of the larger daughter cell cortex during the division of
both Drosophila larval neuroblasts and Drosophila sensory organ
precursor cells. During asymmetric sensory organ precursor cell
division, this cortical actin polymerization is Arp2/3-based and
physically supports the asymmetrically enlarged cortex of the one
daughter [102]. Taken together, it appears that local actomyosin
activity generates a domain of PM folds, which act both as
membrane reservoirs and as sites of Arp2/3 network growth for
the preferential expansion of one daughter cell cortex during
asymmetric cell division (Figure 3B).

Whether PM folding promoted by centrosomalMTs affects cortex
growth during mononucleated cell division remains unknown.
Intriguingly, oriented cell division in the ascidian embryo epi-
dermis involves a physical linkage between centrosomal MTs
and a PM invagination [34], and during asymmetric division
of the C. elegans one-cell embryo, centrosomal MTs also pull
PM tubules inward [31–33]. However, location-dependent inter-
play between centrosomal and actomyosin effects would likely
occur. Local PM folding within an actomyosin domain could
conceivably be enhanced by additional inward pulling forces
of centrosomal microtubules, but more global generation PM
tension by actomyosin activity can hinder the ability of centro-

somal microtubules to pull PM tubules inward [31, 36]. For MTs
and actomyosin networks to affect PM topography, cytoskeleton-
membrane linker proteins, such as NuMA complexes [103] or
ERM proteins [104], would also be needed.

6 Possible Ways PM Topographies Could be
Linked to Actin Network Inductions

A common way PM topography is linked to actin network
induction is through proteins containing BAR domains [20–22].
Local curvature of the PM can be recognized by the curvature
of the BAR domain and connected protein domains can mediate
effects on actin networks. This basic adaptor activity of a single
multidomain protein is enhanced by protein–protein associations
among such proteins, and by promotion of these associations by
local membrane curvature. Specifically, membrane topography
can promote side-by-side stacking of elongated BAR domain
proteins. This effect is related to nematic ordering, during
which elements gain alignment due to their elongated structure
and confining surroundings [105]. Confinement by membrane
topography seems to promote alignment of BAR domain proteins
into larger assemblies, and the coordinated curvature of these
assemblies can feedback to promote membrane curvature [106–
108]. To allow membrane dynamics, such mutual reinforcement
must be reversible. One regulatory mechanism can arise from
the induction of local actin polymerization forces capable of
flattening the initial PM fold. This flattening could terminate
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curvature-induced signaling. Alternately, waves of membrane
curvature and actin polymerization can travel across the PM
through cycles of displaced PM gaining curvature, positive
feedback of BAR domains enhancing the new curvature, and
subsequent actin network growth displacing the curvature [109].
It is tempting to speculate that in addition to discrete push-off
events, such topography-responsive waves could help the body
of a migratory cell pass through complex microenvironments.
The ability of coupled positive and negative feedback loops
to generate dynamic patterns across space and time is well-
established [110], and coupling of biochemical feedback loops has
also been implicated in actin network organization bymembrane
topography [111]. During natural cell shape changes, however, it
remains unclear how effects of PM topography are modified by
positive and negative feedback loops.

Mesoscale coupling of protein assemblies with curved mem-
branes can also involve proteins that lack BAR domains. Liquid-
like molecular condensates can gain curved surfaces and display
dynamic interactions with membranes [20, 24]. The curved
surface of a phase-separated liquid arises from the surface tension
of minimizing surface exposure to surrounding matter [112].
More conformations are possible when components of a liquid
condensate also have an affinity for a lipid bilayer, ranging from
membrane-associated films tomembrane-associated spheres, and
condensates have been observed to first “wet” the PM by forming
a thin film, and subsequently round up in association with the
membrane, resulting in membrane bending [20, 24]. General
rules governing relationships between liquid condensates and
membranes remain unclear, but concepts from studies of BAR
domain proteins may be relevant. For example, positive feedback
between a condensate and membrane domain could generate
curvature of both. At the other extreme, a condensate with
relatively stable curvaturemay simply recognize pre-existing sites
of PM curvature. How the association of a molecular condensate
with a curved membrane could be coupled with actin network
induction remains unclear. Intriguingly, Arp2/3 actin networks
associate preferentially with curvedmembranes in assays with no
other components suggesting they have curved structural features
[113], and as discussed, sphericalWASP condensates and bundled
WRC polymers have curvatures with the potential to associate
with specific PM topographies [62, 70].

Another way membrane folding could enhance actin network
induction is by increasing the number of membrane-associated
effectors near a separate signaling molecule source, such as
the centrosome. Compared with three-dimensional space, the
restriction of signaling molecules to the two-dimensional plane
of a membrane can enhance their associations by reducing their
degrees of freedom [114, 115]. However, the effects of upstream
signaling molecules originating from a site away from the PM
would be limited by the amount of PM in proximity to the
signaling site. This limitation could be reduced by PM folding.
Similar to howmicrovilli can increase the amount of PMavailable
for absorptive activity in a PMdomain, PM folding could enhance
the amount of membrane-associated effectors near the signaling
source. The core concept of fractal geometry is relevant [116]. A
two-dimensional membrane can gain some three-dimensionality
by folding. Indeed, single-molecule imaging has shown that PM
proteins reside longer in a subdomain of the cell surface when
the PM is highly folded [117, 118]. Thus, folded PM topography has

the potential to increase the number of effectors near a signaling
source, while also promoting membrane-associated interactions
of actin network activators for the growth of a new cortical
domain.

7 Conclusions and Outlook

It has long been recognized that lipid membranes are critical for
compartmentalizing gene products within the cell. More recent
attention has focused on membrane topography. PM folding can
provide both membrane reservoirs for rapid cell shape change
and signaling platforms for organizing cortical actin domains.
PM topography is affected physically bymesoscale changes inside
or outside the cell and helps coordinate inductions of actin
networks for cell shape change. The interplay of molecular
and mechanical biology evident from studies of PM topography
also has broader implications. It is becoming clear that cells
are packed with membrane systems, cytoskeletal networks, and
molecular condensates, all with distinct molecular compositions
and material properties [119–122]. Packing of these materials
would generate various interfaces among them, and these inter-
faces might change their topographies in distinctive ways as
cells change shape. An intriguing possibility is that molecular
signaling pathways coordinate with a broad variety of mesoscale
topography changes during cell and tissue morphogenesis.
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