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Abstract

Deformability of the plasma membrane, the outermost surface of metazoan cells, allows cells

to be dynamic, mobile and flexible. Factors that affect this deformability, such as tension

on the membrane, can regulate a myriad of cellular functions, including membrane resealing,
cell motility, polarisation, shape maintenance, membrane area control and endocytic vesicle
trafficking. This review focuses on mechanoregulation of clathrin-mediated endocytosis (CME).
We first delineate the origins of cell membrane tension and the factors that yield to its spatial
and temporal fluctuations within cells. We then review the recent literature demonstrating that
tension on the membrane is a fast-acting and reversible regulator of CME. Finally, we discuss
tension-based regulation of endocytic clathrin coat formation during physiological processes.
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Introduction

Ordered transport of lipids and proteins between membrane-bound organelles is essential for
maintaining the organisation and function of cells. Endocytosis accounts for an important
part of this traffic by facilitating internalisation of plasma membrane patches and proteins

in the form of vesicles [Conner and Schmid, 2003]. Clathrin-coated membrane carriers are
responsible for a major fraction of endocytic traffic between the plasma membrane and
endosomes [Kirchhausen, 1993]. The loss of function of the central components of clathrin-
mediated endocytosis (CME) results in embryonic lethality [Chen et al., 2009, Ferguson

et al., 2009, Mitsunari et al., 2005] and its perturbation is linked to numerous human
disorders, such as cancer, myopathies, psychiatric and neurodegenerative disorders including
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Alzheimer’s disease [Bitoun et al., 2005, Dalgliesh et al., 2010, Harold et al., 2009, Kan et
al., 2010, McMahon and Boucrot, 2011, Mishra et al., 2002, Treusch et al., 2011, Wettey,
2002], CME involves assembly of clathrin into a multifaceted coat (80-200 nm in diameter)
on the inner leaflet of the plasma membrane, which leads to formation of small invaginations
called clathrin-coated pits [Edeling et al., 2006; Robinson, 2004] (Figures 1A and 1B). This
growth is mediated by an orchestrated recruitment of coat proteins to the plasma membrane.
Spatiotemporal coordination of these proteins provides the energy necessary for extensive
membrane remodelling and, subsequently, membrane invagination deepens with the growing
pit until it is pinched off, generating a clathrin-coated vesicle. After separating from the
membrane, the newly formed vesicle rapidly diffuses within the cytoplasm while shedding
its coat of clathrin and adaptor proteins through the uncoating reaction (Figure 1B).

Clathrin-coated structures have been the most extensively studied intracellular membrane
transporters since their discovery in 1975 [Pearse, 1975, Robinson, 2015, Schmid, 1997].

A multitude of biophysical and biochemical methodologies have been employed to
elucidate the structural and dynamic properties of endocytic ciathrin coats [Robinson,
2015]. Structural characterisation goes back to electron microscopy (EM) studies conducted
more than four decades ago [Heuser, 1980, Kanaseki and Kadota, 1969, Pearse, 1975].
Biochemical assays led to the discovery that the basic unit of the ciathrin coat is a
heterohexameric complex, termed as a ciathrin triskelion, that is composed of three copies of
ciathrin heavy chain and three light chains (Figure 1A) [Kirchhausen and Harrison, 1981].
While ciathrin heavy chains are essential structural components of the coats, the light chains
have more regulatory functions [Biancospino et al., 2019, Tsygankova and Keen, 2019,
Wilbur et al., 2010, Wu et al., 2016, Ybe, 1998]. During formation of endocytic vesicles,
ciathrin triskelions polymerise into hexagonal and pentagonal faces. Purely hexagonal

faces give rise to flat lattices, whereas the incorporation of pentagons promotes curvature
formation [Heuser et al., 1987] (Figure 1A), where 12 pentagons are required for closure of
the pit into a coated vesicle [Musacchio et al., 1999, Shraiman, 1997]. Although ciathrin
triskelions form the tessellated polygonal scaffold that is the mechanical backbone of
ciathrin coats, they cannot directly bind to membrane components. Interaction of ciathrin
with the plasma membrane is mediated by a mosaic of adaptor proteins (primarily AP2;
Figure 1B) [Sochacki et al., 2017, Taylor et al., 2011, Unanue et al., 1981], some of which
are directly involved in curvature generation.

Several modes of ciathrin coat assembly and membrane curvature generation were proposed
based on electron micrographs of endocytic ciathrin coats at different stages of assembly
[Harrison and Kirchhausen, 1983, Heuser et al., 1987, Mashl and Bruinsma, 1998] (Figures
1A-1C). Characterisation of the structural features of clathrin-coats via EM and X-ray
crystallography [Heuser, 1980, Musacchio et al., 1999, Smith, 1998] is followed by
applications of advanced fluorescence imaging aimed for monitoring CME dynamics within
living cells [Ehrlich et al., 2004, Kural and Kirchhausen, 2012, Kural et al., 2012, Kural

et al., 2015, Mettlen and Danuser, 2014]. Seminal studies conducted at the beginning of

the last decade demonstrated that cell mechanics, changes in plasma membrane tension in
particular, can give rise to dynamically distinct populations of clathrin-coated structures
within cells (Figures 1D-1F) [Aghamohammadzadeh and Ayscough, 2009, Boulant et al.,
2011]. Following research revealed that spatiotemporal variations in plasma membrane
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tension is the principal factor behind the heterogeneity in CME within cells and tissues
(Figures 1G and 1H) [Ferguson et al., 2016, Ferguson et al., 2017, Kaur et al., 2014, Tan

et al., 2015, Willy et al., 2017]. In the first section of this review, we discuss the latest
findings on propagation and spatial distribution of tension on the cell membrane along with
the state-of-the-art approaches developed to quantify tension gradients within live cells. We
then focus on tension-mediated regulation of endocytic clathrin coat formation in living
cells. In doing so, we introduce cutting-edge imaging tools that enable quantitative analyses
of endocytosis dynamics within cells and multicellular organisms. Finally, we expound on
the recent literature unraveling how spatial and temporal fluctuations in membrane tension
result in heterogeneous CME activity during central physiological processes.

Physics of the plasma membrane

Plasma membrane is the interface between a cell and its environment. It holds the cellular
contents (i.e., cytoplasm) together, regulates exchange of molecules with the extracellular
milieu, and defines the cell shape. When a membrane-bound system is in a state of
equilibrium, the difference between the internal and external pressures is expected to be
balanced by a uniform tension throughout the membrane. However, a living cell is out of
equilibrium. The changes in intra-and extra-cellular pressures, production and consumption
of energy through biochemical reactions, generation of forces by cytoskeletal motors and
filaments, and heterogeneity in membrane composition result in spatiotemporal variations in
local membrane curvature, rigidity and tension.

A growing body of research has demonstrated regulatory roles of membrane tension on
central processes, including membrane trafficking, the cell cycle, differentiation, signalling,
migration and mechanosensation [Apodaca, 2002, Batchelder et al., 2011, Fogelson and
Mogilner, 2014, Gauthier et al., 2009, Gauthier et al., 2011, Houk et al., 2012, Keren, 2011,
Keren et al., 2008, Lieber et al., 2015, Raucher and Sheetz, 2000, Sheetz, 2001, Sheetz

and Dai, 1996, Sheetz et al., 2006], Therefore, it is important to understand how tension is
originated on the membrane, and how it is distributed and propagated throughout the cell
when a perturbation occurs.

The origins of the plasma membrane tension—L.ipid molecules form a thin film
around the cytoplasm as a manifestation of surface tension on the cell membrane. In
eukaryotic cells, the apparent membrane tension has two major contributors: in-plane
tension required to overcome the hydrostatic pressure within the cell and the adhesive
interaction between the cell membrane and the underlying cytoskeleton [Dai and Sheetz,
1995, Waugh and Bauserman, 1995]. The apparent membrane tension measured by
experimental techniques is a combination of both in-plane tension and the membrane—
cytoskeleton adhesion.

Membrane—cytoskeleton adhesion is associated with the linkage of the phospholipid-binding
proteins with the actin cortex, and therefore is dependent on local polymerisation and/or
contraction of actin filaments [Gauthier et al., 2012] (Figure 2A). Thus, membrane-
cytoskeleton adhesion is dynamic and non-homogeneous throughout the cell membrane.
When it weakens locally or gaps appear on the cytoskeletal cortex, hydrostatic pressure
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gives rise to blebs on the cell membrane [Dai and Sheetz, 1999] (Figure 2B). The absence
of actin filaments within blebs shows that blebbing regions of the plasma membrane are
detached from the actin cortex [Cunningham, 1995]. Consequently, the main contribution to
tension measured in blebs is the in-plane tension, which is a uniform molecular attraction
within the membrane [Dai and Sheetz, 1999]. However, measurements in the parts of
membrane attached to the cytoskeleton show a non-uniform spatial tension distribution [Dai
and Sheetz, 1999, Shi et al., 2018]. Additional evidence shows that the tension perturbation
diffuses very quickly within blebs, unlike the regions of the plasma membrane attached to
the cytoskeleton [Shi et al., 2018]. This leads us to a discussion regarding propagation of
tension along the plasma membrane.

Cell membrane composition and propagation of tension—Tension propagation
in a thin film is highly dependent on the mechanical characteristics of the thin film. If a
tension gradient is imposed on a thin film of a viscous fluid, the fluid freely flows within
the thin film and the tension propagates globally with a time scale proportional to the
viscosity [Macosko, 1994]. On the other hand, tension propagation in a thin film of a semi-
solid material, for example, gels, results in short-ranged diffusion and local deformation.
Experiments done on the cell membrane indicate that the mechanical characteristics of
the plasma membrane dictate a non-uniform tension distribution and short-range tension
propagation [Shi et al., 2018]. This implies a non-linear and non-Newtonian rheological
response of the plasma membrane to a tension gradient, which stems from the membrane
composition and its interaction with the cytoskeleton [Larson, 1999].

The plasma membrane is composed of phosphatidylcholines, phosphatidylserines,
phosphatidylethanolamines, sphingolipids, phosphoinositides and cholesterol [Keren, 2011].
The early models of the plasma membrane comprise a lipid bilayer with an asymmetric
distribution of the phospholipids in the inner and outer membrane leaflets [Bretscher, 1973]
In this model, major proteins and glycoproteins were placed in their specific orientation
across the membrane, and other proteins were associated with the inner surface of the
bilayer [Bretscher, 1973]. This picture was accompanied by other models which assumed
that the positions of membrane lipids and proteins are stationary [Benson, 1966, Danielli
and Davson, 1935, Gorter and Grendel, 1924, Stoeckenius and Engelman, 1969]. With the
discovery of lipid movements within the membrane, that is, “fluidity’ [Chapman, 1975],
Singer and Nicolson (1972) proposed the well-known Fluid Mosaic Membrane Model
(F-MMM). The F-MMM described the membrane as a matrix of bi-layer phospholipids
with inserted mobile, globular integral membrane proteins and glycoproteins. In this model,
the matrix components were free to flow within the membrane plane. A few years later,
experimental results reported a strong enhancement in membrane diffusion within blebs
compared to the regions of the membrane intact with the cytoskeleton. This diffusion
enhancement was attributed to removal of the proteins that link the plasma membrane to
the cytoskeleton [Tank et al., 1982], This indicated that not all membrane components are
free to flow and that the F-MMM model needed to be modified with consideration of the
complexity of membrane composition and structure. Although the lipid bilayer structure is
the major component of the plasma membrane [Edidin, 2003], constraints to the flow of
lipids due to interactions with the cytoskeleton and extracellular matrix have been gradually
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incorporated to the original model [Jacobson et al., 2019, Kusumi et al., 2012, Nicolson,
2014, Sezgin et al., 2017].

While the diffusion of transmembrane proteins within the membrane as a 2D fluid was once
theoretically known to be impossible, Saffman and Del-bruck described this problem by
taking into account the finite viscosity of intracellular and extracellular fluids as well as
the viscosity of lipid bilayer [Saffman and Delbruck, 1975]. This effort made it possible
to calculate the diffusion coefficients of transmembrane proteins within the membrane.
F-MMM model predicts a fluid-like behaviour, where membrane flows with a velocity
v = AT/n upon generation of a tension gradient, A7, on the plasma membrane. Here,
is the viscosity of the lipid bilayer. Recent modifications to the F-MMM model predict
that many transmembrane proteins are attached to the cytoskeleton, and therefore are
the immobile components of the plasma membrane (Figures 2A-2C). These immobile
components are considered to be constraints for the flow of lipids. In other words, the
membrane lipid bilayer is a film of fluid flowing through a porous array of constraints
[Cohen and Shi, 2020] (Figure 2C). In this framework, a tension gradient on the plasma

membrane, A, gives rise to a membrane flow with velocity v = % [Happel, 1959]. Here, k&

is the Darcy permeability which, in two dimensions, can be approximated for the flow of
2

fluid through an array of stationary parallel cylinders by k ~ — %{;’("5)) (for < 0.2)

[Happel, 1959], where a s the radius of the constraint cylinders and #is the in-plane area
fraction that the constraints occupy within the two-dimensional membrane area (Figure 2C).
This approximation indicates the drastic dependence of the Darcy permeability, hence the
diffusion velocity and timescale, on the area fraction of the immobile components.

The plasma membrane is also evidenced to stretch when tugged and present resistance
to flow. In this case, the tension gradient changes the area (A) according to AT = KAAITA

where Kjis the stretch modulus of the membrane. This constitutive law for the stretch

in the plasma membrane is a non-linear relation, as the stretch modulus itself depends on
the magnitude of the tension gradient and the initial state of the membrane. The stretch
modulus can span a wide range of magnitudes (from K 4 ~ 0 in membrane folds to K4 ~ 100

mN m~L in pure lipid bilayer) [Evans and Rawicz, 1990, Rawicz et al., 2000]. When
the plasma membrane is stretched, the lipid bilayer gradually flows over the immobile
constraints to release the stretch. The diffusion coefficient in this case will be modified by

Kak _ . s L

the stretch modulus, D = % This modified diffusion coefficient in cludes both the Darcy
permeability and stretch modulus. In this framework, the tension does not propagate in

the membrane reservoirs and folds (K 4 ~ 0), but it propagates very fast in blebs where the

immobile constraint area fraction is negligible and the membrane is stretched. Therefore,
the non-uniform composition and the complex structure of the membrane results in a spatial
variation in the diffusion coefficient along the membrane and consequently, a non-uniform
and localised tension distribution.

Measuring plasma membrane tension—Theoretical studies on the physical response
of membranes [Agrawal and Steigmann, 2009, Edidin, 2003] and the development of force
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spectroscopy tools that allow membrane tension measurements in live cells [Diz-Mufioz et
al., 2013] constructed the current understanding of cell membrane dynamics and their role
in cellular functions. Conventional tension measurement approaches, that is, micropipette
aspiration and tether pulling, are based on external micromanipulation of the membrane and
measurement of the mechanical properties of the membrane as a thin film [Pontes et al.,
2017]. Due to their invasive nature, these techniques are limited to isolated cells. Here, we
review these traditional methods along with more recent approaches that are designed to
extend the applicability of tension measurement to physiologically relevant contexts.

The micropipette aspiration technique utilises a glass pipette tip with a known diameter to
apply suction on the cell membrane with a known pressure (Figure 2D) [Hochmuth, 2000].
Due to the suction pressure, a part of the cell is deformed into a hemisphere within the

L . . Pe — P;

micropipette. The tension can be calculated using Laplace’s law, T = % based on
{7

the pressure difference between the inside and outside of the hemispherical film (/A and

P.), and geometrical characterisation of the curvature (% and ri). While the micropipette
C

diameter is known and the inside curvature may be estimated as hemispherical, the curvature
of the cell (outside the micropipette) often cannot be estimated straightforwardly. This

issue is less pronounced in suspended cells but is a limitation for cells with complex
morphologies. Micropipette aspiration measures the tension in the curved part of the cell
membrane, including the phospholipid bilayer and the attached cytoskeleton. Therefore, the
output is a combination of membrane tension and membrane—cytoskeleton adhesion. Recent
applications of this technique utilise microfluidics-based cell aspiration chambers designed
to increase accuracy and throughput [Lee and Liu, 2015].

Membrane tether force measurements conducted via optical tweezers or atomic force
microscopy (AFM) include attaching an adhesive surface (dielectric bead or AFM tip,
respectively) to the cell membrane and pulling it away to form a thin tube of membrane,
that is, membrane tether (Figures 2E and 2F). In this method, the tension is calculated

using the relation T = £2/8x2x [Dai and Sheetz, 1999], where Fis the restoring tether force
applied by the tether and ks the bending stiffness of the membrane. The bending stiffhess
could be found by « = fr/2z by measuring the tether force and the radius, 7;[Hochmuth

et al., 1996, Lieber et al.,2013]. This measured force originates from tension at a specific
region of the membrane from which the tether is pulled [Dai and Sheetz, 1999, Raucher
and Sheetz, 2000, Sun et al., 2005, Batchelder et al., 2011, Lafaurie-Janvore et al., 2013,
Lieber et al., 2013, Gabella et al., 2014, Peukes and Betz, 2014, Shi et al., 2018]. Therefore,
determining the tension distribution and its propagation within the membrane necessitates
multiple measurements at different regions of the membrane [Lieber et al., 2015] (Figure
2H).

Fluorescent LIPid Tension Reporter (FliptR) has been recently used as an imaging-based
membrane tension reporter [Colom et al., 2018]. FliptR is fluorescent only after it is
incorporated into the plasma membrane and reports the density of lipid packing through
changes in fluorescence lifetime (within the range of 4-6 ns). Fluorescence lifetime imaging
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microscopy measurements have shown that FliptR life-times reduce linearly with increasing
tension on the membrane. The limitation of this method stems from its nature of sensing
lipid packing, which depends on both tension and lipid composition. Although tension

can be calibrated uniquely for assorted lipid compositions, the variations in membrane
composition cannot be detected during the measurements.

Membrane tension homeostasis—As outlined by the theoretical work of Helfrich
(1973) and Canham (1970), curvature formation on a membrane requires overcoming
bending energy and tension energy The bending energy is dependent on membrane curvature
and a bending modulus (in the range of 5-50 kg 7 for cellular membranes [Seifert, 1997]),
which is a material property of the membrane and dependent on molecular composition.
Unlike the bending energy, the tension energy depends on membrane tension which is a
complex variable altering along the membrane.

Membrane tension in mammalian cells is measured to be in the range of 0.001 - 3

mN/m [Morris and Homann, 2001, Sens and Plastino, 2015]. To operate within this range
and maintain tension homeostasis, mammalian cells adopt a large membrane area, which
leads to membrane fluctuations and formation of membrane reservoirs such as membrane
folds, membrane wrinkles, caveolae, vacuole-like dilations and blebs under low levels of
tension [Gauthier et al., 2012J. Membrane fluctuations in live cells are driven by both
thermal agitation, and active, nonequilibrium forces [Turlier and Betz, 2019] Although the
physiological roles of these active fluctuations are still under investigation, we know that
they exist due to evidence that the bending stiffness of membrane is on the order of thermal
energy, kg 7, and that membrane tension is involved in active nonequilibrium processes.
This correlation between membrane fluctuations and membrane mechanics has been used to
develop a new method to determine membrane tension and bending stiffness by measuring
the amplitude of the fluctuations (fluctuation spectroscopy) using weak optical tweezers
[Gogler et al., 2007, Betz et al., 2009, Betz and Sykes, 2012].

Membrane reservoirs, with different shapes and sizes, play a buffering role in the variation
of membrane tension. Cell membrane rapidly responds to increasing levels of tension
through unfolding of membrane reservoirs [Gauthier et al., 2011, Sinha et al., 2011].

Once the reservoirs are flattened, further increases in tension are buffered by membrane
trafficking pathways [Apodaca, 2002, Gauthier et al., 2012]. Endocytosis and exocytosis
are opposing membrane trafficking mechanisms utilised by the cell to maintain plasma
membrane turnover. High levels of membrane tension activate exocytosis, during which
intracellular membrane vesicles fuse with the plasma membrane. Subsequently, membrane
tension decreases due to reducing cell volume and increasing surface area [Gauthier et al.,
2009, Staykova et al., 2011]. In contrast, low levels of membrane tension stimulate endocytic
pathways, in which patches of the membrane are invaginated and internalised from the
plasma membrane in the form of vesicles [Pinot et al., 2014, Shi and Baumgart, 2015, Loh
et al., 2019]. This process increases membrane tension by increasing the cell volume and
reducing the surface area [Dai et al., 1997, Raucher and Sheetz, 1999].

Local membrane tension is dynamically dictated by membrane composition and structure,
forces imposed by the cytoskeleton and pressure gradients across the cell. While high
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levels of tension inhibit membrane deformation, low levels of local tension allow generation
of membrane curvature [Shi and Baumgart, 2015]. Cells employ different mechanisms to
deform the plasma membrane against tension to perform various biological functions such as
endocytosis.

Generation of membrane curvature—Mechanisms of membrane curvature generation
work at different scales and can be utilised simultaneously as cells undergo complex
morphological changes [Keren, 2011]. At nanometer scales, curvature might be imposed

by local membrane composition. Lipid molecules may have cylindrical or conical shapes
depending on the size of their head group and the composition of their acyl chains.

The accumulation of the lipids with conical, inverted conical and cylindrical shapes form
positive, negative or zero curvatures, respectively [McMahon and Boucrot, 2015].

During formation of endocytic vesicles, a shallow membrane invagination transforms into

a dome-like (hemispherical or U shaped) pit, which further leads to a closed (Q-shaped)

bud and eventually a spheroid vesicle (Figure 1B) [McMahon and Boucrot, 2011, Haucke
and Kozlov, 2018]. In each step, membrane- bound proteins contribute to curvature
generation in different ways. One such mechanism is insertion of amphipathic helices
between phospholipids [McMahon and Gallop, 2005]. During formation of endocytic
clathrin-coated vesicles, epsin and CALM adaptor proteins are recruited to PtdIns(4,5)P2-
enriched membrane domains and mediate transformation of shallow invaginations into
isotropically curved domes (Figure 1B) [Haucke and Kozlov, 2018]. It was proposed that
membrane insertion of epsin N-terminal homology (ENTH) domain of the epsin family
proteins alone is sufficient to drive the invagination of endocytic clathrin-coated structures
[Ford et al., 2002]. This perception was challenged in subsequent reports as endogenous
epsin concentration in a cell is inadequate to drive membrane curvature [Kirchhausen, 2012].
Indeed, proteomic studies have revealed that the relative stoichiometry of epsin is very low
within endocytic coat complexes [Borner et al., 2012]. It was recently shown that epsin
stabilises the curvature of clathrin-coated structures, which becomes essential for initiation
and maturation of the coat under high membrane tension environments (Joseph et al., 2020].
A similar curvature generation mechanism was proposed for the amphipathic helix in the
AP180 N-terminal homology (ANTH) domain of the CALM/PICALM adaptor [Miller et al.,
2015]. Unlike epsin, the stoichiometric ratio of CALM in a clathrin coat is one of the highest
within the adaptor mosaic [Borner et al., 2012, Miller et al., 2015]. Indeed, as a sensor and
driver of membrane curvature, CALM levels regulate the size and maturation of endocytic
clathrin coats [Meyerholz et al., 2005, Miller et al., 2015]. Recent studies have revealed

that the spatial distribution of PtdIns(4,5)P2 is regulated by membrane tension, where low
tension triggers PtdIns(4,5)P2 clustering [Riggi et al., 2018, Riggi et al., 20191, perhaps
marking a nucleation site for endocytic protein recruitment. Such a mechanism would ensure
selection of the least energy costly regions of the membrane with a favourable mechanical
state for endocytic vesicle formation.

Curvature can also be generated via scaffolding of the membrane by curved protein
complexes [Sweitzer and Hinshaw, 1998, Peter, 2004], For instance, BAR-domain (Binl/
amphiphysin/Rvs) proteins are characterised by elongated positively charged surfaces that
interact with negatively charged membrane lipids [Simunovic et al., 2015] and oligomerise
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into helical bundles to generate membrane curvature [McMahon and Boucrot, 2015]. The
geometry of these bundles and their interaction with the membrane are impacted by surface
tension [Simunovic et al., 2015]. Each BAR protein has a different size, intrinsic curvature
and membrane binding affinity, and thus are involved in distinct stages of curvature
generation [Stanishneva-Konovalova et al., 2016]. FCHo 1 and 2 are F-BAR proteins

that arrive at the formation sites of endocytic clathrin coats earlier than the majority of

the other coat components [Taylor et al., 2011]. Therefore, it was suggested that these
proteins induce the membrane curvature required for nucleation of endocytic coat assembly
[Henne et al., 2010]. Furthermore, N-BAR proteins including endophilin and amphiphysin,
as well as distantly related dynamin [Taylor et al., 2011], appear at later stages of endocytic
vesicle formation, and are responsible for Q-shaped bud formation and membrane fission,
respectively (Figure 1B) [McMahon and Boucrot, 2011, Haucke and Kozlov, 2018, Joseph
and Liu, 2020].

Coat proteins with intrinsic curvature also contribute to the underlying membrane

without direct association with it [Stagg et al., 2006, Stachowiak et al., 2013]. The
molecular architecture of clathrin triskelia allows adapting to different levels of curvature
[Kirchhausen, 2000] and spontaneous self-assembly into clathrin cages [Ungewickell and
Branton, 1981]. Clathrin triskelia recruited to liposomes by epsin adaptor proteins lacking
the ENTH domain result in formation of membrane invaginations or buds [Dannhauser
and Ungewickell, 2012]. Other endocytic coat proteins such as caveolin, cavin and flotinin
oligomerise into scaffolds as well as insert into the membrane to mediate formation and
stabilisation of curvature at caveolae [Monier et al., 1995, Frick et al., 2007, Hansen et

al., 2009, Parton and Del Pozo, 2013, Parton et al., 2020]. Caveolar oligomerisation and
thus curvature formation is inhibited upon acute mechanical stress which elevates membrane
tension [Sinha et al., 2011]. Due to fact that caveolae have a tension-coupled curvature
generation mechanism (they flatten at high tension and invaginate at low tension), they are
utilised as a tension-buffering system by cells [Echarri and Del Pozo, 2015, Parton et al.,
2020].

Curvature during endocytic processes can also be generated by protein crowding
[Stachowiak et al., 2012] and steric pressure applied by intrinsically disordered domains
of membrane-bound proteins [Busch et al., 2015]. Accumulation of cargo molecules on
the outer surface of the plasma membrane promotes curvature generation and is expected
to confront the endocytic machinery [Stachowiak et al., 2013, Kozlov et al., 2014]. It is
proposed that a balance of steric pressure on the two surfaces of the membrane defines the
final degree of curvature [Busch et al., 2015].

Curvatures with larger radii are generated via reorganisation of cortical actin cytoskeleton
for a plethora of cellular functions, including cell migration (e.g., filopodia, lamellipodia and
podosome formation), membrane trafficking (various endocytic pathways and exocytosis)
and cytokinesis. In this mechanism, cortical actin filaments attached to membrane-

bound proteins are responsible for pushing and/or pulling the membrane bilayer. This
reorganisation is regulated by a series of signals including Wiskott- Aldrich syndrome
protein (WASP) [Derry et al., 1994], WASP-family verprolin- homologous protein (WAVE)
[Miki et al., 1998] and WAVE family proteins that activate actin-related protein-2/3 (Arp2/3)
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complex to lead actin polymerisation and subsequent membrane curvature formation
[Takenawa and Miki, 2001, Takenawa and Suetsugu, 2007]. In the case of CME, actin
polymerisation is involved as an additional force to overcome membrane tension for
transitioning the coat from U-shaped pits to Q-shaped buds [Boulant et al., 2011]. Coarse-
grained simulations predict such a transition to take place spontaneously under physiological
membrane tension levels [Walani et al., 2015, Hassinger et al., 2017]. Whereas increased
tension necessitates a combination of actin polymerisation and increased coat rigidity for
vesicle budding {Hassinger et al., 2017]. In yeast cells, actin is required to counter turgor
pressure during formation of endocytic vesicles [Aghamohammadzadeh and Ayscough,
2009, Galletta et al., 2010], However, actin is dispensable for CME in mammalian cells
and required only upon increased membrane tension during mitosis [Kaur et al., 2014],

at the apical surface of polarised cells [Boulant et al., 2011, Hyman et al., 2006], and

due to mechanical manipulations of the cell membrane [Ferguson et al., 2017]. Cargo
with large sizes and stiffnesses also necessitate actin polymerisation for clathrin-mediated
internalisation [Jain et al., 2019, Thottacherry et al., 2018, Doherty and McMahon, 2009,
Cureton et al., 2010].

To conclude, cells harness a multitude of mechanisms to alter and adjust membrane
curvature. The magnitude of local membrane tension regulates the energetics of curvature
generation. Therefore, heterogeneity in stoichiometry and dynamics of curvature generating
proteins are dictated by variations in local membrane tension [McMahon and Gallop, 2005,
Farsad and Camilli, 2003, Antonny, 2011, Jarsch et al., 2016]. This tight link between
membrane tension and membrane curvature generation is a key factor in endocytosis.

Mechanoregulation of CME

The dynamic interplay between membrane tension and curvature generation plays key
roles in a variety of physiological functions including endocytosis. Endocytosis is a
central cellular process that mediates active transport of various cargo molecules, such as
transmembrane proteins and their extracellular ligands, nutrients and pathogens from the
plasma membrane to the cytoplasm. Eukaryotic cells employ multiple endocytic pathways
to regulate a wide range of cellular processes and cell homeostasis. The impairment of
endocytic entries is implicated in diseases like cancer, neurodegeneration, muscle defects,
immunological disorders and lysosomal storage diseases [Yarwood et al., 2020].

Endocytic processes are tightly coupled to cellular mechanics [Joseph and Liu, 2020,
Thottacherry et al., 2018] and involve dynamic and extensive protein-mediated remodelling
of the local cellular membrane to generate nanoscale invaginations that eventually

mature into vesicles or tubules. As discussed in the previous section, remodelling of

the plasma membrane is dictated by the molecular and mechanical features of the
membrane. For successful generation of vesicles, endocytic machinery should be able

to generate forces to overcome membrane tension [Boulant et al., 2011]. Therefore,

the tension level on membrane and efficiency of endocytosis are inversely correlated
[Ferguson et al., 2016, Willy et al., 2017]. Recent advancements in cellular scale imaging
and force measurement/manipulation techniques have revolutionised the understanding of
mechanoregulation of different endocytic pathways including phagocytosis, pinocytosis,
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CME or caveolin- mediated endocytosis, and CLIC/GEEC (clathrin-independent carriers/
glycosylphosphotidylinositol-anchored protein-enriched compartments) endocytic pathways.

Over the past decades, advancements in live-cell imaging, biochemical techniques, and
microscale mechanical manipulations of the cellular membrane unveiled a comprehensive
understanding of endocytic clathrin coat formation and revealed that CME dynamics are
tightly linked to membrane mechanics (Figures 1D-1F). In this section, we will discuss
how CME dynamics within cells and tissues are regulated by the mechanical states of the
plasma membrane, particularly by membrane tension. For a comprehensive understanding
of the mechanoregulation of CME dynamics, we will first introduce the experimental
techniques and analytical metrics utilised to quantify it. We will then expound on systematic
spatiotemporal regulation of CME dynamics during central cellular processes.

Assessing CME dynamics in living cells and tissues—EM images of purified
coated vesicles [Pearse, 1975, Kanaseki and Kadota, 1969] and adherent surfaces of
unroofed cells [Heuser, 1980] have revealed the nanoscale organisation and morphology of
endocytic clathrin-coated structures. However, due to the lack of a temporal component,
EM snapshots cannot reveal the dynamics of processes that give rise to formation of
endocytic complexes [Willy et al., 2019]. Quantification of CME dynamics depends on
real-time visualisation of fluorescently tagged clathrin coat components (Figure 1). High
magnification epi-fluorescence [Gaidarov et al., 1999], spinning disk confocal fluorescence
[Ehrlich et al., 2004] and total internal reflection fluorescence (TIRF) microscopy
[Merrifield et al., 2002, Cocucci et al., 2012] techniques have allowed researchers to monitor
different stages of clathrin coat formation within live cells. However, the optical resolution
of these conventional imaging techniques is limited by diffraction of the fluorescence
emission and, within the visible regime, cannot go beyond 200 nm. Therefore, clathrin
coats, which are significantly smaller than this resolution limit, appear as diffraction-limited
spots regardless of the density and spatial distribution of their fluorescent tags (Figures 1G
and 1H) [Kural and Kirchhausen, 2012].

Time-lapse fluorescence imaging of live cells enables monitoring formation and
internalisation of individual endocytic clathrin coats [Kural and Kirchhausen, 2012].
Formation of an endocytic coat is marked by the appearance of a diffraction-limited
fluorescence spot that increases in intensity continuously due to accumulation of
fluorescently tagged clathrin coat components. This spot disappears gradually as the coat
disassembles due to the uncoating reaction or moves out of the focal plane (Figures 3A and
3B) [Ehrlich et al., 2004, Ferguson et al., 2016, Massol et al., 2006]. Single particle tracking
algorithms are employed for accurate detection and tracing of all clathrin coat images
within fluorescence microscopy acquisitions [Mettlen and Danuser, 2014, Kural et al., 2012,
Jagaman et al., 2008, Aguet et al., 2013, Aguet et al., 2016]. The lifetime of these traces (the
time between coat assembly and disassembly) is a broadly used metric for characterisation
of CME dynamics (Figure 3B). The effects of mechanical factors on clathrin coat assembly
are often defined in terms of changes in distributions of clathrin coat lifetimes [Willy et

al., 2017, Willy et al., 2019] (Figure 3C). Quantifying the lifetime distributions depend

on accurate tracking of individual clathrin coats from initiation to dissolution, which is
error-prone within high density particle fields and regimes with low signal-to-noise [Mettlen
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and Danuser, 2014]. There-fore, these conventional analytical approaches cannot be applied
to cells within complex three-dimensional contexts, such as tissues [Ferguson et al., 2016].

Any factor that affects the formation and dissolution of clathrin coats during endocytic
vesicle formation is a potential regulator of clathrin coat lifetime and hence, CME dynamics
(Figure 3E). Therefore, the incorporation and dispersion rates of clathrin coat components
can be used as an alternative quantitative reporter of CME dynamics [Ferguson et al.,

2016]. To this end, formation (positive growth) and dissolution (negative growth) rates of
individual clathrin coats can be deduced from short temporal windows within fluorescence
microscopy assays and distributions compiled from these growth rates can be used to assess
CME dynamics from acquisitions shorter than the mean clathrin coat lifetime. In other
words, spatiotemporal changes in CME dynamics can be monitored in real time with less
susceptibility to errors associated with particle detection and tracking as they can be derived
from fragments of incomplete clathrin coat component traces [Ferguson et al., 2016].

The physical factors that elongate endocytic vesicle formation also reduce the formation and
dissolution rates of clathrin-coated structures (Figure 3E). The high magnitude growth rates,
that is, rapid changes in the clathrin signal corresponding to fast formation and dissolution
of the coat, disappear upon introduction of energy barriers to vesicle formation [Ferguson
etal., 2017] (Figure 3F). Consequently, the standard deviations (SDs) of the growth rate
distributions drop (Figure 3G). Since such distributions can be assembled for each frame

of a time-lapse acquisition, this approach enables real time monitoring of temporal changes
in endocytic dynamics in response to rapid fluctuations in the mechanical state of cells and
tissues. The rates of formation or dissolution can be constructed before the completion of
traces, thus report changes in CME dynamics taking place within time scales shorter than
mean clathrin coat lifetime [Ferguson et al., 2016, Ferguson et al., 2017] (Figures 3H and
31). Such rapid changes in CME dynamics cannot be dissected by conventional clathrin coat
lifetime analyses. In addition, determining clathrin coat lifetimes is error prone especially
within live tissues where, due to the high density and matility of clathrin coats, single
particle tracking is infeasible for the entire clathrin coat lifetime.

The efficacy of the two approaches was compared by monitoring the clathrin coat dynamics
at the amnioserosa tissue of developing Drosophila embryos [Ferguson et al., 2016, Willy et
al., 2017]. The life-time distribution analysis showed that both basal and apical surfaces

of amnioserosa are dominated by short clathrin signal traces, which are classified as
abortive (non-endocytic) clathrin pits. In contrast with results derived by the lifetime
distributions, the growth rate analysis of clathrin structures demonstrated that the apical
surface is essentially dominated by less dynamic (longer-lived) pits. The observed short-
lived structures are mainly the incomplete traces of clathrin coats that are artifacts of single
particle tracking [Mettlen and Danuser, 2014]. These results exemplify that growth rate
analysis is a more accurate alternative for quantifying CME dynamics within contexts where
single particle tracking is error prone, such as tissues of multicellular organisms [Ferguson
et al., 2016], Growth rate analysis allowed detection of spatiotemporal changes in CME
dynamics at the dorsal surface of developing Drosophila embryos [Ferguson et al., 2016,
Willy et al., 2017]. Tension increase at the amnioserosa tissue throughout the dorsal closure
results in slower clathrin coat formation and dissolution in later stages (Figure 4A) [Ma et

Biol Cell. Author manuscript; available in PMC 2022 March 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Djakbarova et al.

Page 13

al., 2009, Saias et al., 2015]. SD of clathrin coat growth rates obtained within small areas
allows to generate maps that demonstrate spatial heterogeneity in CME dynamics (Figures
4B, 4C and 7C). Overall, CME dynamics are slower at the amnioserosa tissue with respect
to the lateral epidermis around it (Figure 4D).

The shortcomings of conventional fluorescence imaging can be circumvented by super-
resolution fluorescence live cell imaging techniques, which enable fast image acquisition
(up to ~100 ms/frame) with spatial resolving significantly better than the diffraction-limited
microscopy systems (20-100 nm) [Guo et al., 2018]. Among these techniques, structured
illumination microscopy (SIM) (Figure 5A) [Willy et al., 2019, Fiolka et al., 2012, Li et
al., 2015], stimulated emission depletion microscopy [Bianchini et al., 2015, Almeida-Souza
et al., 2018], single molecule localisation-based techniques (Figure 5B) [Jones et al., 2011,
Leyton-Puig et al., 2017] and lattice light-sheet microscopy [Kural et al., 2015, Chen et

al., 2014, Schoneberg et al., 2018, Liu et al., 2018] are commonly employed for imaging
clathrin-coated structures with high spatiotem-poral resolution and low phototoxicity. A
recently developed alternative is the use of deep neural networks for increasing the

spatial resolution of live cell images obtained using various diffraction-limited microscopy
applications. Wang et al. (2019) have recently shown that generative adversarial networks
can be trained to transform clathrin coat images obtained using conventional fluorescence
imaging to the equivalents of super-resolution microscopy acquisitions (Figure 5C).

Noncanonical clathrin-coated structures—Fluorescence microscopy applications
have revealed that not all clathrin coats mature into endocytic vesicles [Willy et al., 2017,
Kirchhausen et al., 2014, Hong et al., 2015, Loerke et al., 2009]- Three dynamically
disparate populations of clathrin-coated structures with distinct lifetime modes are observed:
abortives, pits and plaques [Saffarian et al., 2009, Loerke et al., 2012, Grove et al.,

2014, Lampe et al., 2016]. Among these populations, clathrin-coated pits (also referred as
canonical-coated pits [Kirchhausen, 2009]) are believed to bear the majority of the endocytic
load.

The majority of clathrin coats fail to mature into pits and disassemble without generating
endocytic vesicles [Ehrlich et al., 2004, Kirchhausen, 2009]. These *abortive’ coats are
small and short-lived structures that make up a large fraction of clathrin coats detected

in fluorescence acquisitions [Taylor et al., 2011, Tan et al., 2015, Liu et al., 2009]. Their
proposed function is a proof-reading mechanism to ensure that endocytic vesicles are not
internalised with-out cargo [Chen et al., 2019, Vanden Broeck and De Wolf, 2006]. In
addition to absence of cargo, factors that prevent clathrin coat stabilisation on plasma
membrane trigger early dissolution of the coat. Particularly, depletion of clathrin coat
components [Vanden Broeck and De Wolf, 2006, Kadlecova et al., 2017] and significant
elevation in membrane tension prevents initiation of canonical clathrin pits (Figures 1F
and 3D) [Willy et al., 2017]. Recent works revealed that short-lived clathrin-coated
structures can act as platforms for EGF-induced signalling [Rosselli-Murai et al., 2018],
In addition, a molecularly distinct sub-population of clathrin pits, smaller in size and
faster in internalisation than clathrin pits utilising AP2 adaptors, is implicated in EGFR
internalisation and degradation [Pascolutti et al., 2019].
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The other subpopulation of clathrin-coated structures are plaques, which are structurally
and dynamically different from clathrin pits [Baschieri et al., 2020]. Plaques are extended
flat clathrin lattices with longer lifetimes compared with coated pits [Kirch-hausen et al.,
2014] (Figure 1A). Plaques are found mostly at the ventral/adherent surfaces of cultured
cells in the proximity of substrate adhesion sites [Ferguson et al., 2016, Maupin and
Pollard, 1983, Batchelder and Yarar, 2010]. Their prevalence in cultured cells depends on
a multitude of factors including alternative splicing of clathrin heavy chain [Moulay et al.,
2020], expression levels of AP2 adaptors [Dambournet et al., 2018], hypotonic swelling
[Heuser, 1989], substrate rigidity [Baschieri et al., 2018] and strength of cell adhesion
sites [Batchelder and Yarar, 2010, Heuser, 1989, Akisaka and Yoshida, 2021]. Recent
studies showed that plaques can be found in living tissues and non-adherent cells as well
[Grove et al., 2014, Vassilopoulos et al., 2014, Franck et al., 2019, Bellve et al., 2006].
The clathrin plagues are characterised as endocytic structures that fail to overcome local
mechanical obstructions in order to form an invagination or elongate the invagination for
vesicle formation [Ferguson et al., 2016, Saffarian et al., 2009]. Under high tension, clathrin-
coated structures can experience a delay in curvature generation and subsequent vesicle
formation, which leads to an overall increase in clathrin lifetime. Thereby, an increase in
tension favours formation of plaques [Ferguson et al., 2016, Willy et al., 2017, Saleem et
al., 2015, Heuser, 1989, Bucher et al., 2018] and, consequently, the spatial diversity in the
density of plaques is dictated by variations in substrate adhesion and local membrane tension
[Baschieri et al., 2018, Zuidema et al., 2018] (Figure 1E).

There is a significant discord in the literature related to the origin and function of clathrin
plaques. Although plaques are observed as homogenous patches of flat clathrin lattices in
EM images [Heuser, 1989], under super-resolved fluorescence imaging, plagues may appear
as aggregates of clathrin pits, occasionally detaching from edges of the plaque (Figures 5A
and 5B) [Li et al., 2015]. Several findings suggest that plaques have non-endocytic functions
related to cell adhesion and signal transduction [Grove et al., 2014, Batchelder and Yarar,
2010, Vassilopoulos et al., 2014, Franck et al., 2019, Bellve et al., 2006, Lock et al., 2018,
Liu et al., 20191- It is also proposed that plaques as a whole do not mature into vesicles but
are employed as structural imprints, that is, hotspots on the membrane for multiple rounds of
new endocytic coat formation [Lampe et al., 2016] (Figures 5A and 5B).

Some studies concluded that pits and flat clathrin lattices are independent endocytic
structures [Saffarian et al., 2009], whereas others claim that flat lattices are prerequisites of
pits and subsequent endocytic vesicle formation [Avinoam et al., 2015, Bucher et al., 2018].
This brings us to an ongoing controversy regarding curvature generation during formation
of clathrin-coated pits. On one extreme of the spectrum, it is proposed that curvature of the
clathrin coat is constant during its entire life-time. According to this model, clathrin directly
polymerises into a curved lattice on the membrane (Figure 1B) [Kirchhausen, 2009, Willy et
al., 2019, Saffarian et al., 2009, Chen et al., 2019, Cocucci et al., 2012, Narasimhan et al.,
2019]. The alternative model suggests that clathrin initially assembles into a flat lattice and
then rearranges into a spheroid via transformation of some hexagonal faces into pentagons,
while keeping its surface area constant (Figure 1C). This model is based on EM studies,
where both flat lattices and curved structures were observed and arranged into a temporal
order [Heuser, 1980, Avinoam et al., 2015, Sochacki and Taraska, 2019, Bucher et al., 2018].
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Owing to enhanced resolution in both spatial and temporal domains, super-resolved
fluorescence imaging performed within live cells and tissues have provided important
insights regarding curvature generation by clathrin-coated pits forming de novo [Willy et
al., 2019]. However, in these studies, the spatial resolution is still not adequate to perform
the same analysis on clathrin pits that seem to be detaching from plaques (Figure 5A).
Outstanding questions include whether these pits originate from flat patches at the edges
of plaques [Lampe et al., 2016], as predicted by coarse-grained simulations [Den Otter and
Briels, 2011], or if they are de novo structures that happen to form in the vicinity of an
aggregate of pits [Li et al., 2015].

Spatiotemporal regulation of endocytic clathrin coat dynamics by membrane
tension—CME dynamics are tightly linked to tension on the plasma membrane. Tension
resists membrane deformation and invagination during endocytic clathrin coat assembly.
Plasma membrane tension of adherent cells is not uniform and is a combination of in-

plane tension, and membrane-cytoskeleton and membrane-substrate adhesions, which are
spatially heterogeneous throughout the cell [Lieber et al., 2015, Diz-Mufioz et al., 2013,
Batchelder and Yarar, 2010, Dai and Sheetz, 1995, Le Roux et al., 2019]. Accordingly, local
variations in tension induce spatial and temporal heterogeneity in the lifetime, curvature,
stability and distribution of clathrin coats (Figure 1B and 1C) [Kural et al., 2015, Ferguson
etal., 2017, Willy et al., 2017, Aguet et al., 2016, Tsujita et al., 2015]. Removal of
mechanical hindrances restores the structural and dynamic features of clathrin-coated
structures [Ferguson et al., 2017, Willy et al., 2017, Saleem et al., 2015]. Overall, the
current understanding of the mechanoregulation of CME dynamics is built on a multitude
of approaches that utilise /n vitro reconstitution systems [Saleem et al., 2015, Brod et al.,
2020, Meinecke et al., 2013, Purushothaman and Ungermann, 2018, Steinem and Meinecke,
2020], computational simulations [Has-singer et al., 2017, Walani et al., 2015, Agrawal
etal., 2010, Irajizad et al., 2017, Giani et al., 2017, Giani et al., 2016, Mahmood et al.,
2019] and live-cell imaging assays that incorporate tension manipulation on the membrane
[Ferguson et al., 2016, Willy et al., 2017].

In-plane tension on the plasma membrane can be modified globally, often reversibly, via
mechanical and biochemical manipulations. These techniques include alterations of lipid
and cholesterol compositions of the plasma membrane [Willy et al., 2017, Riggi et al.,
2019], changes in osmolarity within a cell [Diz-Mufioz et al., 2016], cell stretching [Boulant
et al., 2011, Thottacherry et al., 2018], microaspiration and compression [Ferguson et al.,
2017], all of which are compatible with fluorescence live-cell imaging modalities. Real-
time manipulations of mechanical stimuli within live cells showed that plasma membrane
tension is a fast-acting and effective regulator of CME [Ferguson et al., 2017, Willy et

al., 2017]. Overall endocytic vesicle formation is slowed down by increased tension as it
resists the generation of curved clathrin coats [Ferguson et al., 2016, Saleem et al., 2015,
Gauthier et al., 2011, Apodaca, 2002, Gauthier et al., 2012]. Conversely, decreasing the
tension increases endocytic rates [Saleem et al., 2015, Raucher and Sheetz, 1999], enabling
CME machinery to generate curvature upon a reduced energy barrier. Incremental changes
in plasma membrane tension yield an immediate effect on CME dynamics. Elevation of
membrane tension via micropipette aspiration and increase in hydrostatic pressure via cell
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squeezing or hypotonic swelling increase the mean lifetime of clathrin coat structures, and
correspondingly reduce the SD of growth rate distributions as well as surface density of
clathrin coat initiation and conclusion events (Figure 3). Relieving the tension restores
CME dynamics by reducing clathrin coat lifetimes and increasing the SD of growth rates
[Ferguson et al., 2017].

Changes in tension induced by mechanical and chemical manipulations are kept within
boundaries of mechanical forces utilised in cellular and morphogenetical processes
[Ferguson et al., 2017]. Recent advancements in deep tissue imaging modalities augmented
the understanding of the systems level interplay between membrane tension and CME
dynamics within physiological contexts [Ferguson et al., 2016, Willy et al., 2017, Willy et
al., 2019, Aguet et al., 2016, Schéneberg et al., 2018, Liu et al., 2018]. As we discuss in
the next section, physiological processes like cell adhesion, spreading, migration, division
and development of multicellular organisms generate spatial and temporal variations in
membrane tension [Lieber et al., 2015, Fogelson and Mogilner, 2014] which results in
heterogeneity of endocytic clathrin coat lifetimes, curvature and distribution [Kural et al.,
2015, Ferguson et al., 2016, Ferguson et al., 2017, Willy et al., 2017, Aguet et al., 2016,
Lock et al., 2018].

The interplay between tension and CME during physiological processes

Cellular processes associated with changes in cell morphology, such as spreading, division
and migration, require significant transformations at the peripheral regions of the cell, which
include reconfiguration of the (i) cytoskeletal cell cortex, (ii) density and dynamics of
cytoskeleton-membrane adhesion sites and (iii) size, density and molecular composition of
membrane—substrate adhesion sites. All these factors, along with changes in the volume-to-
surface-area of the cell, result in spatiotemporal heterogeneity in the apparent membrane
tension and, thereby, membrane trafficking pathways, including CME (Figures 1C and 1C).

Cell spreading—Spreading is one of the first interactions that a cell makes with its
substrate, where cell-substrate contact area increases by swift changes in focal adhesion
recruitment, adhesion receptor binding and actin polymerisation [Reinhart-King et al.,
2005]. A cell typically adheres to a surface via receptor- ligand binding, followed by
extension of filopodia away from the cell body [Sens and Plastino, 2015]. The cell then
leaves its rounded morphology and transitions to a flattened state [Ng et al., 2019], as
additional bonds are formed through actin cytoskeletal rearrangements that structure into
focal adhesions and interact with the substrate (Figures 8A-8D) [Reinhart-King et al., 2005].
Achieving efficient cell spreading requires spatiotemporal variations in membrane tension,
which propagates along the plasma membrane, in order to compensate for the energy
required to instigate these processes [Tsygankova and Keen, 2019] and to maintain an
overall tension steady state across the cell (Figure 2G) [Willy et al., 2017, Gauthier et al.,
2009, Gauthier et al., 2011].

Several factors contribute to tension heterogeneity during cell spreading. Actin cytoskeleton
polymerisation pushes the plasma membrane away from the cell body anisotropically
[Reinhart-King et al., 2005], which generates forces against rising membrane tension caused
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by the diminishing amount of area from unfolding plasma membrane folds (Figures 6A and
8B) [Gauthier et al., 2012, Masters et al., 2013]. Increased tension is immediately followed
by activation of exocytosis and myosin activity, just as the cell begins to contract [Gauthier
et al., 2011] and generates additional tension on newly assembling focal adhesions [Parsons
et al., 2010] (Figure 8C). These focal adhesions subsequently attach and exert forces on the
substrate as the plasma membrane simultaneously increases in area and decreases in tension
[Gauthier et al., 2012], At this point, the asymmetric profile of the spreading cell becomes
apparent [Rangamani et al., 2011], as membrane tension stabilises due to a reduction

in actin-induced protrusions and retractions. Further, exocytosis activity is counteracted

by endocytic processes to maintain a constant plasma membrane area [Gauthier et al.,
2012] (Figure 8D). CME in particular, experiences temporal heterogeneity alongside spatial
fluctuations in cell membrane tension, as the average lifetime of clathrin coats is increased
upon expansion of cell spreading area and is decreased upon interruption of expansion
[Willy et al., 2017] (Figures 6B—6D). Though spatial heterogeneity in CME dynamics has
also been documented (Figure 1C) [Willy et al., 2017], further studies on probing clathrin
coat dynamics at discrete areas of spreading cells are necessary for a more comprehensive
understanding of the roles of CME in facilitating cell shape changes during spreading.

Cell division—After completion of cell division, daughter cells adhere to substrate and
start spreading until a critical size is reached. After this point, membrane-substrate and
membrane-cytoskeleton adhesions have regulatory roles in progression throughout the cell
cycle stages. Disruption of cell adhesion by chemical or physical factors can trigger cell
cycle arrest [Margadant et al., 2013, Walker et al., 2005], which can inhibit cell growth

and restrict adhesion-mediated spreading [Huang et al., 1998, Gérard and Goldbeter, 2014].
Reciprocally, cell adhesion states change in a cell cycle-dependent manner [Jones et al.,
2018, Théry and Bornens, 2006]. At the onset of mitosis, the cell disconnects from the
substrate and rounds up again to prepare for scission into two daughter cells [Legoff and
Lecuit, 2016]. Membrane tension is the highest at this stage of the cell cycle due to the
increased cell volume-to-surface- area ratio [Raucher and Sheetz, 1999, Stewart et al., 2011].
Indeed, early work in the field revealed that clathrin-mediated uptake of specific ligand
molecules (transferrin and LDL) is inhibited during mitosis [Raucher and Sheetz, 1999,
Pypaert et al., 1991, Sager et al., 1984, Oliver et al., 1985]. Conversely, induced reduction
of membrane tension during mitosis leads to an increase in endocytosis rates [Raucher and
Sheetz, 1999].

The mechanism proposed for inhibition of CME during mitosis is the repurposing of
available G-actin into the process of membrane constriction [Kaur et al., 2014], and

thereby, actin polymerisation cannot support clathrin-mediated cargo internalisation at
elevated levels of tension [Boulant et al., 2011], A shortcoming of these assays is that

bulk cargo internalisation assays can only report cumulative and ensemble-averaged effects
on endocytic rates, and thus are not suitable for precise assessment of CME dynamics.
Studies utilising single cell analysis later reported that CME dynamics are steady throughout
the cell cycle phases [Bitsikas et al., 2014, Boucrot and Kirchhausen, 2007], except during
metaphase [Aguet et al., 2016]. Inhibition of cargo uptake is proposed to occur due to a
decrease in the availability of receptors on the cell surface instead of inhibition of endocytic
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machinery [Boucrot and Kirchhausen, 2007, Tacheva-Grigorova et al., 2013]. Additionally,
reduced internalisation and clathrin coat dynamics are shown to occur only when cells are
chemically arrested at mitosis [Tacheva-Grigorova et al., 2013], which disrupts cytoskeletal
organisation. In later experiments, mitotic cells are compared with cells in interphase,
assuming that endocytic rates are similar throughout this phase. However, apart from a cell
cycle-dependent abundance of cargo receptors, the Gl, S and G2 stages of interphase display
a non-homogeneous adhesion state [Heng and Koh, 2010] and membrane tension, which
collectively affect endocytic rates. In addition, several cargo molecules are exclusively
internalised during distinct stages of cell cycle [Snijder et al., 2009, Majoul et al., 2002,
Liu etal., 2011, Fielding and Royle, 2014], Cells favour migration, the process which
requires extensive tussle with membrane tension, during particular stages of interphase in
a context-dependent manner [Bonneton et al., 1999, Esmaeili Pourfarhangi et al., 2018,
Krause et al., 2019]. Therefore, it is still not clear whether CME dynamics are stationary
throughout the cell cycle or regulated in a cell cycle-dependent manner.

Our current understanding of CME comes largely from experiments conducted on cells

in interphase. However, even monoclonal cells at various stages of interphase exhibit
considerable variations in CME dynamics. One attractive hypothesis is that the heterogeneity
in membrane tension during the cell cycle contributes to spatiotemporal regulation of CME
dynamics. Indeed, we found that CME dynamics are inversely correlated to changes in
membrane tension across different stages of interphase (unpublished data). The SD of
clathrin growth rates is elevated as cells approach the Gl restriction point, where immense
internalisation of extracellular growth signals is required for transition into S phase. We

also found that during the cell cycle, a reduction in substrate contact area stimulates an
increase in clathrin plagque density, which is in good agreement with previous reports [Tan
et al., 2015]. The plaque density peaks during mitosis, where membrane tension is the
highest. Indeed, a recent study discovered long-lived plaque-like structures in mitosis phase,
which mediate dynamic cell adhesion during division and facilitate re-spreading of daughter
cells [Lock et al., 2018]. These findings indicate that alterations in membrane tension may
contribute to progression of the cell cycle via regulating CME dynamics.

Cell migration: solo and collective—Cell migration shares the same initial set of
events with cell spreading but, beyond adhesion and protrusion, is additionally characterised
by polarisation of the actin cytoskeleton to generate a single stable protrusion at the leading
edge [Gauthier et al., 2012] (Figure 7A), as well as traction at the leading edge and
detachment of the trailing edge from the substrate to move the cell body forward [Mitchison
and Cramer, 1996]. Moreover, spatiotemporal heterogeneity of CME is manifested in

the presence of tension gradients at the plasma membrane, which further has roles in
maintaining directional cell migration.

In motile cell types, the establishment of a front- to-rear tension gradient has been

exhibited along the plasma membrane in the direction of cell migration [Lieber et al.,

2015, Fogelson and Mogilner, 2014], Membrane tether measurement experiments have
revealed a tension asymmetry between the leading and trailing edge of migrating keratocytes
created by the establishment of actin polymerization sites that lead the cell toward the
direction of migration (Figure 2H) [Lieber et al., 2015]. Tension asymmetry regulates actin

Biol Cell. Author manuscript; available in PMC 2022 March 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Djakbarova et al.

Page 19

polymerisation, namely, to spatially decrease in density from the leading edge towards

the lateral sides and trailing edge of a migrating cell, by allowing a competition between
protrusive sites [Diz-Munoz et al., 2016], In effect, this competition creates a global negative
feedback loop, where high membrane tension at the leading edge causes a cell to combine
protrusions at this end and quickly inhibit protrusions at other locations [Houk et al.,

2012, Kozlov and Mogilner, 2007] to improve cell polarisation, and thus enhance motility
[Sens and Plastino, 2015, Diz-Mufioz et al., 2016]. Membrane curvature-sensing proteins,
in particular, FBP17 (formin binding protein 17) has been shown to contribute to this
negative feedback mechanism by localising at non-endocytic invaginations at the leading-
edge protrusion of migrating cells to stabilise actin assembly, which leads to increased
tension [Tsujita et al., 2015]. Migrating cells regulate tension-induced polarity by spatially
confining the assembly of the actin cytoskeleton to promote directional migration.

It is also proposed that migrating cells make use of membrane trafficking to maintain
polarity [Bretscher, 2008]. An inverse relationship occurs between CME dynamics and
membrane tension in migrating cells, as clathrin-coated structures form more easily at the
trailing edge than the leading edge, which is quantified by an increase in initiation and
dissolution densities along with shortening of average lifetimes of clathrin coats at the
trailing edge [Kural et al., 2015, Willy et al., 2017, Samaniego et al., 2007] (Figures 1H and
7A-T7E). Similarly, with in vivo migration models such as Drosgphila embryonic hemocytes,
endocytic clathrin coats were found to be the least populated at lamellipodial protrusions

of cells during their migration along the ventral nerve cord of the embryo [Willy et al.,
2017] (Figures 7F-7J). Therefore, decreased CME dynamics upon increased membrane
tension at the leading edge of migrating cells have been observed both in vitroand in

vivo. Additional work of both approaches is needed to corroborate the role of membrane
tension on regulating the spatial asymmetry of membrane trafficking pathways during cell
migration.

Lastly, cell adhesion works in sync with actin dynamics and membrane trafficking to
improve polarisation during cell migration. Adhesion complexes positioned in between
cell-substrate and cell—cell contacts facilitate cell motility by their dynamic disassembly and
assembly, where the latter takes place in protrusions. Adhesion components are endocytosed
after disassembly and recycled to the plasma membrane for assembly of new adhesion

sites [Ezratty et al., 2009, Ramirez-Santiago et al., 2016]. They also hold together actin
cytoskeletal contacts with the membrane to modulate tension gradients induced by the
contracting cytoskeleton [Hetmanski et al., 2019] (Figure 8F). Adhesion complexes have
been well characterised to guide cell migration through various 2D and 3D environments
[Batchelder and Yarar, 2010, Conway and Jacquemet, 2019] including formation of tubular
clathrin/AP2 lattice structures (TCALS) to assist cells to form long protrusions and endure
high tension arising from migrating in stiff 3D environments [Elkhatib et al., 2017].
Importantly, it has been shown that clathrin itself is dispensable for TCAL attachment to
substrate, demonstrating that TCAL formation is completely independent from clathrin’s
endocytic functions, yet both processes are required to promote effective cell migration
[Elkhatib et al., 2017, Wessels et al., 2000]. Depending on the adhesive strength between
the cell and the substrate, switching between 2D and 3D migration modes [Conway and
Jacquemet, 2019] is necessary for cells to migrate with high persistence and polarity towards
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stiff substrate in complex environments [Hetmanski et al., 2019], but at the cost of decreased
CME dynamics due to the formation of tight adhesions to the substrate [Batchelder and
Yarar, 2010].

Adhesions between a cell and its substrate are essential for single cell directed migration but
are involved in a more complex picture with the incorporation of more than one migrating
cell. Cells during embryonic development, wound healing and metastasis [Vishwakarma et
al., 2018] migrate heterogeneously and in effect encourage the formation of clear leader and
follower cells within the migrating group [Vishwakarma et al., 2018, Rausch et al., 2013,
Wang et al., 2016]. The formation of leader cells depends on the mechanical interaction of
adhesion proteins with the actin cytoskeleton at cell-cell contacts [Vishwakarma et al., 2018,
Peglion et al., 2014], while simultaneously receiving a mechanical push by follower cells
[Vishwakarma et al., 2018]. These characteristics, along with physical curvature induced by
the environment surrounding the migrating cells, instigate preferential choosing of a leader
cell and thus promotes collective polarisation [Rausch et al., 2013]. Few studies on probing
CME dynamics under tension gradients during collective cell migration exist due to its
difficulty to image and lack of tools for non-invasive tension measurement [Gauthier et al.,
2012]. This is additionally challenging due to the variety of factors that influence collective
migration /n vivo including, but not limited to chemical cues provided by growth factors,
chemokines and cytokines [Doyle and Yamada, 2016], signalling between and within cells,
and signalling between the cell and the environment [Wang et al., 2016, Ramel et al.,

2013]. Altogether, a more detailed and systematic approach to understanding the role of
CME under tension gradients in collective cell migration is required and perhaps possible
with the advent of recent fluorescence microscopy approaches incorporating adaptive optics
correction to minimise aberrations in deep tissue imaging [Liu et al., 2018].

Metazoan cells are exposed to a myriad of mechanical forces within the 3D
microenvironment they reside in [Dufort et al., 2011]. Mechanical cues generated

during tissue morphogenesis regulate central developmental processes, such as,
cytoskeleton remodelling, tissue differentiation and cell proliferation, through activation of
mechanotransduction pathways. For example, in early-stage Drosophila embryos, artificially
increasing the mechanical tension by gentle deformation of the ventral mesoderm can alter
the developmental fate by blocking the endocytosis of receptors that regulate actomyosin
organisation [Pouille et al., 2009]. Here, we reviewed some of the literature aimed for
delineating the dynamic interplay between membrane mechanics and endocytic dynamics.
The great majority of these attempts are based on /n vitro studies conducted on isolated
cells. However, we believe that newly developed approaches on the experimental and
analytical fronts will allow researchers to conduct similar experiments /7 situ, that is, during
physiological processes within intact tissues or multicellular organisms.

Tension in tissues relates to morphological changes during development, as well as
fibroblastic transdifferentiations that lead to cardiovascular disorders and cancer metastasis
[Dufort et al., 2011, Liu et al., 2007, Roy et al., 2000, Kaden et al., 2005, Edep et al., 2000,
Pho et al., 2008, Calvo et al., 2013, Lu et al., 2012, Bergert et al., 2020]. Misregulation
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of physical cues, that is, abnormalities in the way cells respond to extracellular mechanical
forces, can lead to a variety of pathologies such as cancer, cardiovascular diseases and
developmental disorders (Jaalouk and Lammerding, 2009, Farge, 2011]. However, studies
aimed for elucidating the mechanical states of cells are limited by the paucity of noninvasive
probes applicable to systems in which cells are inaccessible [Gauthier et al., 2012]. During
cellular processes, variation in CME dynamics reflects spatiotemporal gradients in tension
throughout the cell membrane. The principle of membrane invagination during CME

is similar to membrane tether formation, which is used to quantify the apparent local
membrane tension [Sheetz, 2001]. Therefore, spatiotemporal regulation of clathrin coat
formation can potentially be utilised as an alternative tool for quantifying spatiotemporal
variations in effective membrane tension within cellular contexts [Willy et al., 2017].
Furthermore, real-time monitoring and quantification of CME dynamics by growth rate
distributions [Ferguson et al., 2016] could be transformed into imaging-based, noninvasive
methodologies for generating maps of tension gradients within multicellular organisms
during physiological processes.
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Figure 1|. Structural and dynamic heterogeneity of endocytic clathrin-coated structures
(a) Quick-freeze deep-etch electron microscopy images show coats of distinct geometries

that clathrin triskelions (inset) can assemble into, that is, highly curved pits and flat lattices.
Scale bars, 33 nm. Reproduced, with permission, from Heuser et al. (1987). (b) Initiation
(nucleation), formation (growth), scission (budding) and dissolution (uncoating) phases of
endocytic clathrin vesicle formation are depicted according to the constant curvature model
[Kirchhausen, 2009, Willy et al., 2019]. In this model, curvature is initiated and maintained
by adaptor-mediated recruitment of clathrin triskelions to the plasma membrane. Various
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adaptor/accessory proteins take action at different stages, (c) An alternative (flat-to-curved
transition) model predicts that flat clathrin arrays are the precursors of curved clathrin pits:
the bending of the membrane takes place rather abruptly after the coat area reaches a
critical threshold [Avinoam et al., 2015, Sochacki and Taraska, 2019]. (d) The energy cost
of membrane bending is at the minimum when the tension is low. This allows formation of
curved and dynamic clathrin pits, (€) clathrin arrays with lower curvature levels are formed
on surfaces with moderate tension [Saleem et al., 2015]. These structures have slower
internalisation dynamics (i.e., longer lifetimes) compared with Clathrin pits [Ferguson et al.,
2016, Saffarian et al., 2009, Batchelder and Yarar, 2010]. (f) Increased membrane tension
can lead to complete Inhibition of clathrin coat formation [Saleem et al., 2015] either

due to hindered Initiation or premature disassembly (abortion), (g) Fluorescence images
(Inverted) show clathrin coats at the ventral surface of a cultured cell originally extending
toward the top-right corner of the field of view. Each spot corresponds to an Individual
endocytic clathrin coat. The lamella ceases to extend and begins to retract upon contact
with a micromanipulator- controlled glass tip (the site of contact is marked by the black
arrowhead). Retraction of the lamella is accompanied by a rapid increase in the initiation
rate of endocytic clathrin coats at the ventral surface. Scale bar, 20 um. Reproduced, with
permission, from Ferguson et al. (2017). (h) Fluorescence images (inverted) show clathrin
coats at the ventral surface of two asymmetrically spreading cells (upper panel). clathrin coat
lifetime maps assembled for the same cells demonstrate the spatial heterogeneity in CME
dynamics at various stages of spreading (lower panel). Significant correlation between the
lifetime dipoles (vector pointing toward the area with longer clathrin coat lifetimes) and
displacement of cells affirm the front-to-rear tension gradient in migrating cells. Scale bar,
10 um. Reproduced, with permission, from Willy et al. (2017).
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Figure 2|. Originsand quantification of membranetension in live cells
(a) Schematic representations of the plasma membrane, where the phospholipid bilayer is

shown In gray, proteins attached to the underlying actin cytoskeleton (green) are in red

and proteins with no interaction with the cytoskeleton are in blue, (b) Mem-brane blebs
form when the lipid bilayer is detached from the cytoskeleton. (c) The plasma membrane is
modelled as a viscous fluid flowing through immobile proteins with the Darcy permeability
(k) used to obtain the diffusion coefficient, (d) Micropipette aspiration allows the use of
Laplace’s law for determining the tension as a function of the membrane curvature and
pressure difference between the inside and outside of the micropipette. (€) Membrane tether
forces (/) measured by various force spec-troscopy techniques, such as optical tweezers,
can be used to quantify the tension on the membrane. (F) A membrane tether is generated
on the surface of a fibroblast by pulling an optically trapped bead attached to the plasma
membrane. Reproduced, with permission, from Gauthier et al. (2009). (g) Membrane tether
forces measured at different stages of cell spreading demon-strate a significant reduction

in membrane tension. Reproduced, with permission, from Gauthier et al. (2009). (h) A
front-to-rear gradient in membrane tension is assessed using optical tweezers in migrating
cells. Reproduced, with permission, from Lieber et al. (2015).
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Figure 3 |. Assessing endocytic clathrin coat dynamics
(a) Kymograph shows the CME activity at the ventral surface of a cell. Each dark streak

is the trace of an individual clathrin coat. Blue and red arrowheads mark the initiation and
dissolution of a clathrin coat, respectively, and the time between the two (AJ) is the lifetime.
Clathrin traces elongate gradually upon increase of membrane tension via microaspiration
of the cell from the dorsal surface (starting with the dashed line), (b) Fluorescence intensity
profiles are shown for three independent endocytic clathrin coats with lifetimes of 105,63
and 38 s, respectively. In each trace, increasing signal intensity is due to the growth/
formation of the coat and the rapid dimming marks the dissolution (i.e., uncoating), (c)
Microaspiration slows down CME dynamics due to increased tension. Clathrin coat lifetime
distributions are assembled for cells before and during aspiration, (d) Density of de novo
clathrin- coated vesicle formation also reduces significantly with the increasing levels of
membrane tension, (€) Fluorescence intensity traces of multiple clathrin-coated structures
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are averaged after synchronisation at the beginning, maximum intensity frame and end of
traces. Both the rates of growth/formation and dissolution slow down upon microaspiration,
(f) Change in endocytic dynamics induced by increased tension (due to microaspiration)
can be observed in growth rate distributions. Increasing tension inhibits fast formation

and dissolution rates, resulting In distributions having smaller standard deviations (SDs).
(g) The change in the SD of clathrin growth rates is shown for 9 microaspirated BSC1
cells. The lower SD values indicate slower CME dynamics, (h) Membrane tension can

also be changed by increasing the hydrostatic pressure in cells upon squeezing. Kymograph
shows the clathrin traces detected at the ventral surface of a cell at two distinct levels of
squeezing (marked by the dashed lines), (i) The SD of the growth rates reduce in a stepwise
manner due to increased membrane tension at discrete levels of squeezing. Reproduced, with
permission, from Ferguson et al. (2016, 2017).
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Figure 4 |. Spatiotemporal variationsin CME dynamics during Drosophila embryogenesis
(a) Changes in CME dynamics at the amnioserosa tissues during the dorsal closure of

embryos. Box plots show SD of growth rate distributions obtained from amnioserosa tissues
at early and late stages of the dorsal closure. CME dynamics slow down with increasing
tension In the tissue, (b) Left, clathrin-coated structures at the dorsal surface of a Drosgphila
embryo. Right, SD map determined using clathrin growth rates obtained at the amnioserosa
(AS) and the lateral epidermis (LE) tissues. Lower values of the SD demonstrate slower
CME dynamics at the AS tissue, (c) More examples demonstrating the spatial heterogeneity
of CME dynamics at the dorsal surface of late stage Drosophila embryos, (d) Box plots
showing SD of growth rates obtained from lateral epidermis and amnioserosa tissues.
Reproduced, with permission, from Willy et al. (2017).
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Figure5|.

(a?TIRFl-SIM time-lapse acquisitions in live COS-7 cells show clathrin-coated pits
aggregated into plaques and dis-sociation of individual pits (indicated by arrowheads) from
the plaque. Reproduced, with permission, from Li et al. (2015). (b) Three-dimensional
stochastic optical reconstruction microscopy (STORM) images show a clathrin plaque at
different axial positions. Arrowheads mark the positions of clathrin-coated pits in the
vicinity of the plaque. Scale bar, 1 um. Reproduced, with permission, from Leyton-Puig

et al. (2017). (c) Generative adversarial networks enable super-resolution in clathrin coat
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images acquired using diffraction-limited microscopy. Clathrin-coated structures at the
ventral surface a SUM159 cell genome edited to express AP2 adaptor protein fused with
GFP, where the left panel is the original acquisition at the TIRF mode, the middle panel
Is the TIRF-SIM Image of the same area, and the right panel is the prediction of the

deep neural network. The Intensity profile between the two arrowheads is plotted at the
bottom-right corner of each image to demonstrate resolution enhancement. Scale bar, 500
nm. Reproduced, with permission, from Wang et al. (2019).
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Figure 6 |. CME dynamicsin spreading cells

(a) Membrane tether force measurements conducted on a spreading cell demonstrate
Increased tension during extension of the membrane and reduction in tension during
retraction. Yellow dashed line shows the position of the cell boundary over time.
Reproduced, with permission, from Masters et al. (2013). (b) Snapshots show the bottom
surface of a spreading cell at different time points. Note that clathrin coat initiation is
hindered due to high membrane tension at the early stages of spreading (see Figure 2G).
Traces with distinct colours belong to endocytic clathrin coats with different lifetimes, (c)
For the spreading cell shown in b, the upper panel shows the change in average clathrin
coat lifetime and spreading area. The bottom panel is the temporal evolution of the SD of
growth rates during spreading. Note that Increased clathrin lifetimes and reduced SD mark
slow CME dynamics due to high tension during spreading. The dynamics recover when the
spreading is complete, (d) Average normalised lifetime is plotted for different membrane
extension rates obtained from multiple spreading cells. Reproduced, with permission, from
Willy et al. (2017).
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Figure 7 |. CME dynamicsduring cell migration
(a) Fluorescence Image (Inverted) shows clathrin-coated structures at the ventral and dorsal

surfaces of a migrating cell. The arrow marks the direction of migration, (b) Clathrin coat
traces obtained from the cell in a are colour coded relative to their z-position. (c) Growth
rate map of the dorsal surface created using the SD of local clathrin growth rates. SD values
are lower in the vicinity of the leading edge due to slower CME dynamics, (d) Lifetime
distributions of dorsal clathrin coats at the lamellar region (orange) and leading edge
(indigo), (e) Box plots show SD of growth rate distributions of clathrin coat populations

at the leading edge and lamellar regions obtained in different cells, (f) Hemocytes expressing
fluorescently tagged clathrin (green) and CD4 (red) are imaged at the ventral surface of

late Drosophila embryos. For this particular hemocyte, the analyses in G-J demonstrate that
the density of endocytic clathrin-coated structures is lower at the leading edge during in
vivo migration, (g) Positions of the clathrin coats within the proximity of the cell surface
are shown with green dots. (H and |) Gray scale represents thickness of the hemocyte.
Z-position (h) and local densities (i) of clathrin-coated structures are colour coded, (j)
Spatial density map of clathrin-coated structures generated from average distance between
them. Reproduced, with permission, from Willy etal. (2017).
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Figure 8|. Origins of tension heterogeneity across the plasma membrane of spreading and
migrating cells
(a) When newly placed on a substrate, the cell appears rounded and membrane tension

is localised at membrane folds, (b) Isotropic spreading occurs as extra membrane is
unfolded. Tension rises at locations of actin cytoskeleton polymerisation and as additional
area provided by membrane folds is depleted, () Anisotropic spreading occurs, where
focal adhesions are formed from actin rearrangement. Exocytosis levels increase to balance
the high membrane tension manifested in isotropic spreading, (d) Plasma membrane area
dramatically increases as the cell reduces the number of protrusions. Focal adhesions attach
tightly to the substrate and tension stabilises towards a resting level, as cell spreading
completes. Exocytosis activity is balanced by CME, which experiences spatlotemporal
heterogeneity upon spreading, (€) Cell polarisation occurs due to rearrangement of the actin
cytoskeleton, which results in the generation of a single stable protrusion at the leading
edge and multiple protrusions at the trailing edge. A front-to-rear tension heterogeneity in
the plasma membrane Is exhibited [Lieber et al., 2015], where CME activity is reduced at
the leading edge and enhanced at the trailing edge [Willy et al., 2017]. (f) Cell polarity is
improved by adhesive contacts between the cell and the substrate. The establishment of a
front-to-rear tension gradient generated by cell polarisation induces migration to occur.
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