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Abstract: Endocytosis is a mechanosensitive process. It involves remodeling of the plasma 

membrane from a flat shape to a budded morphology, often at the sub-micron scale. This 

remodeling process is energy-intensive and is influenced by mechanical factors such as 

membrane tension, membrane rigidity, and physical properties of cargo and extracellular 

surroundings. The cellular responses to a variety of mechanical factors by distinct endocytic 

pathways are important for cells to counteract rapid and extreme disruptions in the 

mechano-homeostasis of cells. Recent advances in microscopy and mechanical 

manipulation at the cellular scale have led to new discoveries of mechanoregulation of 

endocytosis by the aforementioned factors. While factors such as membrane tension and 

membrane rigidity are generally shown to inhibit endocytosis, other mechanical stimuli have 

complex relationships with endocytic pathways. We are at a juncture where it is now 

possible to utilize experimental techniques to interrogate theoretical predictions on 

mechanoregulation of endocytosis in cells and even living organisms.   

1. Introduction 

Endocytosis involves transport of nutrients, macromolecules and pathogens across 

the plasma membrane by forming membrane invaginations and subsequently internalizing 

the cargo in a membrane-enclosed vesicle. Endocytosis plays a role in various cellular 

processes including signal transduction, immune response, cell division, and cell migration 
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[1–3]. Endocytosis is often exploited by toxins, and pathogens like bacteria and viruses to gain 

entry into a cell [4], but cells also rely on endocytosis to neutralize pathogens [5]. Eukaryotic 

cells have evolved multiple pathways of endocytosis to internalize cargos of different types 

and sizes (Figure 1). A critical step of several endocytic pathways is the formation of a 

budded membrane invagination by sculpting the plasma membrane. Different endocytosis 

pathways utilize different protein complexes to generate, stabilize and internalize membrane 

buds [6]. Activity of curvature generating processes including imposition of intrinsic protein 

curvature onto the membrane (BAR proteins), insertion of amphipathic helix (E/ANTH 

domain proteins), steric repulsion by protein crowding, and polymerization of actin networks, 

is required for bud formation [7]. The membrane invaginations are stabilized by scaffolding 

proteins like clathrin, caveolin, and by activity of actin cytoskeleton 
[1,6,8,9]

. Proteins like 

dynamin aid the fission of membrane buds from the lipid bilayer [6,9]. Mechanical factors like 

bending rigidity of the lipid bilayer, membrane tension, stiffness of the extracellular matrix 

(ECM), shape, size and stiffness of the cargo can affect the effectiveness of the membrane 

remodeling process [5,6,9,10]. Membrane rigidity and membrane tension act as limit agents 

against the spontaneous membrane curvature generation by creating an energy barrier for 

membrane deformation. Furthermore, the aforementioned mechanical factors also regulate 

the fission of membrane invaginations to create endocytic vesicles [1]. Quantifying the effects 

of mechanical factors on membrane curvature generation, curvature stabilization and 

membrane scission is critical for understanding how these factors influence the overall 

trafficking and regulatory role of endocytosis. Since nanoparticle-based drug delivery 

systems target different endocytic pathways in cells, understanding the interplay between 

mechanical factors and endocytosis can aid in better designs of these drug carrier systems 

[10]. 

Most endocytic events (<100 nm) occur below the diffraction limit of light. Hence, 

studying the morphological development of endocytic structures using conventional optical 

microscopy does not offer sufficient spatial resolution for in-depth dissection of their 

assembly. Further, robust techniques to control mechanical properties of cells were largely 

inaccessible until the last decade. Hence, our understanding of mechanoregulation of 

endocytosis primarily came from molecular simulations and in vitro reconstitution of 

endocytic proteins on vesicles.   Recent developments, improvements, and implementation 

of advanced microscopy techniques like stochastic optical reconstruction microscopy 

(STORM), structured-illumination microscopy (SIM), polarized total internal reflection 

fluorescence (TIRF) microscopy, correlative light and electron microscopy (CLEM) have 

enabled researchers to look beyond diffraction limit into the protein architecture of endocytic 

structures while they are budding [11]. Robust techniques to mechanically manipulate cells 
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which are compatible with high-resolution microscopy, like cell stretchers, microcontact 

printing, stiffness tunable hydrogels, and micropillar arrays also gained progress in the last 

decade [12–15]. Automated algorithms for detecting and tracking endocytic events coupled 

with these sophisticated imaging techniques have enabled visualization of endocytosis in 

living organisms 
[16–18]

. 

Simultaneous utilization of sub-diffraction-limited microscopy and robust techniques 

to mechanically manipulate cells, have provided us with important insights into how 

endocytic protein complexes respond to mechanical stimuli. In recent years, these 

sophisticated techniques have spurred interests in experimentally validating theoretical and 

computational predictions on the mechanobiology of endocytosis. At the same time, these 

advances have reignited once settled controversies about endocytosis. Newer studies 

utilizing aforementioned techniques  have called into question whether membrane bud 

formation in clathrin-mediated endocytosis occur primarily via a constant curvature 

mechanism, or the newly emerging flat-to-dome mechanism [12,19]. Recent findings have also 

strengthened non-specific membrane bending hypotheses like steric crowding as an 

alternative to protein-specific mechanisms such as amphipathic helix insertion [20,21]. 

In this review, we will survey recent studies that provided insights into 

mechanoregulation of endocytosis. We will consider the mechanoregulation of endocytosis 

pathways including clathrin-mediated endocytosis (CME), caveolae-mediated endocytosis, 

caveolae and clathrin-independent endocytosis (CIE), macropinocytosis, and phagocytosis 

(Figure 1). We further analyze mechanoregulation of individual steps of CME, one of the 

prominent endocytic pathways. We specifically focus on several key mechanical factors, 

including (i) membrane tension, (ii) membrane rigidity, (iii) physical properties of extracellular 

surroundings, and (iv) physical properties of cargo (Figure 2). Competing hypotheses on 

mechanoregulation of membrane sculpting will be scrutinized to provide a progress report on 

the present state of understanding on how mechanical cues control endocytosis.     

2. Mechanical factors regulating endocytosis 

It is well appreciated that several mechanical factors regulate endocytosis. In this section, 

we will provide an overview of different mechanical factors, considering the properties of 

membrane, extracellular interaction, and cargo.  

2.1. Membrane tension 

The plasma membrane of cells is under tension as a result of the in-plane tension in the lipid 

bilayer due to intracellular hydrostatic pressure and out-of-plane tension due to membrane-
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cytoskeleton adhesion [22]. Membrane-cytoskeleton adhesion enables the cytoskeleton to 

exert forces onto the plasma membrane. Hence, in-plane and cytoskeletal components of 

membrane tension are interdependent [23] and together they play a major role in regulating 

endocytosis [18,22,24,25]. Cellular processes associated with the creation of tension gradients 

can lead to spatio-temporal heterogeneity of endocytosis
[8,16]

.  Membrane tension affects the 

rate of nucleation and lifetime of endocytic events in different pathways by inhibiting 

curvature formation and membrane scission [8,12,23,26]. An acute drop in membrane tension is 

also associated with initiation of ultrafast endocytosis and formation of clustered endocytic 

structures [27,28]. Increased membrane tension inhibits the transition of membrane 

invaginations from an open (U shape) to a close (Ω) topology (Figure 2a) [8,29,30]. An increase 

in plasma membrane tension has been associated with stalling of endocytic structures in the 

membrane [8,12,31] and an alteration of the morphology and size of endocytic pits [25,28,32–34]. 

Coarse-grained simulations  show that at high membrane tensions (0.2 pN/nm), the 

assembly of coat proteins may not be sufficient to induce an open to a close bud morphology 

transition critical for endocytosis [29]. Whereas, at low membrane tensions (0.002 pN/nm), the 

membrane evolves smoothly from a flat to budded morphology with increasing coat area of 

endocytic proteins[29]. Activities of actin cytoskeleton and membrane curvature generation 

proteins are necessary to rescue endocytosis at high tension [8,29,35]. Thus, membrane 

tension and coat area of endocytic proteins control the shape of membrane invaginations 

[29,35]. For instance, membrane tubulation can be induced by increasing protein coverage at 

constant membrane tension or by decreasing membrane tension at constant coverage [35].  

In the last decade, we have gained a better understanding of the role membrane 

tension plays in several classical pathways of endocytosis (e.g., CME, phagocytosis) [22,36]. 

At the same time, newer studies are putting much more emphasis on CIE pathways and 

their coupling with exocytosis as a major response mechanism against membrane tension 

variations [6,37]. We expect such studies to uncover deeper insights into how cells cope with 

acute variation in membrane tension (e.g., muscle cells), perhaps by coupling fast 

endocytosis with exocytosis to prevent membrane damage. 

2.2. Membrane rigidity 

Bending rigidity of the plasma membrane determines the resistance of the lipid bilayer to 

bending [38,39], and it can govern endocytosis (Figure 2b). Bending rigidity of the bilayer 

strongly depends on the composition of the membrane [39]. Reduction of bending rigidity of 

the membrane by incorporation of polyunsaturated phospholipids was shown to increase 

endocytic activity [40]. Insertion of amphipathic helix (an alpha helix) of a protein into 

membranes initiates membrane budding by altering membrane rigidity [41,42]. Alpha helix 
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insertion rigidifies the membrane and induces spontaneous curvature in a lipid bilayer. 

However, as the insertion depth increases, the membrane rigidity reduces after reaching a 

maximum [42]. Concurrently,  spontaneous curvature changes from positive to negative [42]. 

Once the endocytic coats are formed, the increased rigidity imparted by the coat proteins 

stabilizes invaginations 
[38,43]

. Membrane bending simulations showed that bending rigidity 

mediates the smooth transition between open (U shaped) to closed (Ω shaped) endocytic 

pits by avoiding snap-through instability [29]. The snap-through instability occurs when a small 

change in endocytic coat area causes the hemi-spherical bud to abruptly close to a Ω-

shaped morphology [29,30].  Membrane rigidity also controls the ease of scission of endocytic 

vesicles from the plasma membrane [44,45]. An increase in membrane rigidity delays or 

inhibits vesicle scission by increasing the elastic energy barrier for dynamin-mediated 

membrane fission [45]. 

2.3. Physical confinement of cells and mechanical properties of extracellular matrix 

Endocytosis pathways play important roles in mediating the interaction between cells and 

the ECM. Physical confinement of cells and properties of ECM like stiffness have been 

shown to regulate endocytosis [5,46] (Figure 2c). Cells spread on large adhesive islands 

showed a reduction in clathrin-mediated endocytic and phagocytic activity [25,47]. Changes in 

ECM stiffness, due to infection or other disease conditions, can initiate phagocytosis 

response in macrophages [48,49]. An increase in matrix stiffness enhances vascular 

endothelial growth factor receptor VEGFR-2 internalization, signaling, and proliferation of 

tumor-like phenotype in endothelial cells [50,51]. Endocytosis of integrin β1 in bone marrow 

mesenchymal stem cells on collagen I-coated substrates promotes cell differentiation to a 

neuronal lineage [52]. Thus, cells may utilize endocytic pathways as a mechanosensitive 

conduit for sensing and responding to changes in ECM. Strong adhesion to ECM may also 

affect the endocytic uptake [53–55]. Cells adhered on fibronectin show reduced rate of CME 

compared to cells attached on BSA-coated coverslips. The substrate adhesion-induced 

inhibition of CME may be due to the direct linkage of CCPs with ECM-bound integrin β1 [53]. 

Earlier EM-based studies have shown that strong adhesion of the plasma membrane to the 

substrate promotes the formation of flat clathrin lattices 
[54,55]

.  Physical confinement of cells 

and increase in ECM stiffness could downregulate membrane remodeling on the adherent 

face of cells, which is necessary for endocytosis. Increased substrate stiffness can inhibit or 

stall endocytosis on the adherent face of a cell [32]. Cells also respond to different substrate 

stiffness by preferentially up- or down-regulating specific endocytic pathways. Cellular 

uptake of nanoparticles by bovine aortic endothelial cells on a stiff substrate resulted in a 

higher total cellular uptake on a per cell basis, but a lower uptake per unit membrane area 

[56]. Cells cultured on softer hydrogel substrate exhibited reduced CME of transferrin without 
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affecting the rate of CIE of cholera toxin subunit B [46]. Until recently, researchers have 

largely ignored the effect of physical microenvironment on endocytic pathways like 

phagocytosis [5]. This gap of knowledge was due to the fact that traditional cell-based studies 

are performed on 2-dimensional petri dishes. Wider usage of 3D and 2D cell culture systems 

with tunable stiffness that are amenable for high-resolution microscopy will hopefully bridge 

this knowledge gap. It is not yet clear whether an increase in ECM stiffness or physical 

confinement of cells have an inhibitory effect on all endocytic pathways. Furthermore, we 

have barely scratched the surface on the crosstalk between ECM properties and endocytic 

cargo properties, and how they regulate the endocytic machinery. Future works need to 

address the combinatorial effects of multiple mechanical stimuli on endocytosis.       

2.4. Physical properties of cargo: shape, aspect ratio, stiffness 

Endocytosis is the primary mode of entry for particulate matter like nanoparticles, viruses 

and bacteria into the cells. The physical properties of these cargos can often determine the 

type of endocytic pathway used and the rate of uptake [57]. The endocytic pathway for 

nanoparticles depends on the size, aspect ratio and stiffness [10]. Hydrogel-based 

nanoparticles with a large bulk modulus (3000 kPa) were internalized at a higher rate by 

epithelial tumor cells and brain endothelial cells, compared to internalization of softer 

particles [58]. The phagocytic rate by J774 macrophages is also higher for stiff particles 

compared softer ones [58]. Spherical nanoparticles with a 25 nm radius and made with 

different materials (gold, silica, single-walled nanotubes) have an optimum endocytic uptake 

[10,59,60]. Nanoparticles and other cargos with higher aspect ratio show reduction in uptake 

compared low to aspect ratio ones. It is thought that an increase in aspect ratio impedes 

effective membrane wrapping needed for endocytic entry. However, when high aspect ratio 

nanoparticles become oriented with the major axis being perpendicular to the membrane, 

the nanoparticles may enter the cell by tip entry (Figure 2d) [10,56,61]. Interestingly, pathogens 

like E. coli and fungi form high aspect ratio filaments during infection, and this could cleverly 

inhibit phagocytosis and help pathogens evade an immune response [62,63].  Molecular 

dynamic simulations have shown that softer nanoparticles may increase the energy barrier 

for effective membrane wrapping due to an increase in curvature of the leading edge of 

particle during internalization (Figure 2e) [10,64]. Interestingly, this deformation of 

nanoparticles during internalization negatively regulates uptake [64]. For instance, 

macrophages prefer uptaking stiff microgels via macropinocytosis and softer gels via 

phagocytosis [65]. This may be due the extensive membrane remodeling capability of the 

phagocytosis pathway. Optimizing the physical properties of nanoparticles and other drug 

delivery vehicles to improve cellular entry via endocytosis – a concept known as 
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mechanotargeting –  in combination with chemo-targeting may advance the specificity of 

cellular targeting [66–68].  

  In the following sections, we will review key understanding of how various physical 

and mechanical properties of the plasma membrane and cargo regulate specific endocytic 

pathways.  

3. Clathrin-mediated endocytosis 

CME involves internalization of cargo by packaging it in 60 - 120 nm sized clathrin-coated 

vesicles [1]. CME is a well-studied endocytic pathway, fundamental to nutrient uptake, 

neurotransmission, signal transduction and intercellular communication [1,4,69]. CME, with 

clathrin-coated pits (CCPs) as the fundamental functional units, is a multi-step process 

involving extensive sculpting and reorganization of the plasma membrane. Initiation of CME 

is triggered by the recruitment of adaptor protein complex AP2 and membrane bending BAR 

domain and E/ANTH domain proteins [70,71]. The clathrin coat is assembled at the sites of 

adaptor protein nucleation. Concurrent with cargo recruitment, a CCP matures into a dome-

shaped invagination, which is subsequently reorganized to a Ω-shaped pit and separated 

from the plasma membrane to form a clathrin-coated vesicle. The membrane reorganization 

in CME is regulated by mechanical factors like membrane tension, membrane rigidity and 

stiffness of the ECM and cargo [7,31]. In the section below, we will examine how different 

stages of CME, through a CCP’s lifecycle from initiation to scission, is modulated by 

mechanical stimuli. 

3.1 Initiation 

The initiation of CME is marked by the arrival of early endocytic adaptor proteins like AP2 [4]. 

Although initiation events are generally considered stochastic [72], ‘hot spots’ for CCP 

initiation exists at specific regions of cells [73], which can be based on the presence of 

specific lipid or cargo proteins 
[1]

. FCHo1/2 proteins containing a F-BAR domain create and 

sustain membrane curvature for AP2 nucleation [70,71]. Sustained presence of FCHo proteins 

in the membrane have been shown to lead to formation of CCP hotspots [70]. Initiator proteins 

including FCHo1/2, Eps15, epsin, and intersectin form nucleating complex promoting CCP 

initiation and cargo binding [70,71,74]. Existence of multiple initiator proteins may suggest 

parallel and redundant nucleating activities by these proteins (e.g., FCHo1 and Eps15) [75]. 

However, whether this redundancy acts as a fail-safe switch to sustain CME under different 

mechanical stimuli needs to be further studied. Mechanical factors like area of confinement, 

local membrane tension, and polarity of a cell may play a role in the selective initiation of 

CME at specific membrane sites [8,25,76,77].  Endocytic proteins like AP2, epsin 1, amphiphysin 

1 show preferential recruitment to regions of pre-existing sub-micron curvature. Consistent 
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with this, pre-curved membranes show increased rate of endocytic nucleation events [78]. In 

this context, an increase in membrane tension correlates with a reduction in CME initiation 

density [31]. CME nucleation proceeds only after the recruitment of membrane curving protein 

above a critical density, above which the membrane transitions from a flat-to-dome 

morphology, and this critical density is a function of membrane tension 
[30,35]

. Coarse-grained 

molecular dynamic simulations show that membrane tension controls the assembly of 

curvature generating, BAR domain-containing proteins. Elevated tension can alter the 

geometry of membrane-associated BAR protein assembly by inhibiting protein 

oligomerization, and the interaction between N-BAR domain and the membrane [79]. Local 

reduction in membrane tension by myosin-based contraction can accelerate the recruitment 

of BAR proteins at the leading edge of a polarized cell 
[80]

.  

Membrane bending proteins can alter the mechanical property of the membrane to 

achieve membrane curvature [81]. Purified ENTH domain binding to giant unilamellar vesicles 

(GUVs) causes a considerable reduction in area compressibility modulus and the bending 

rigidity of the membrane [41]. The insertion of helix-0 of ENTH domain into membrane 

tubulates membrane at low tensions and soften the bilayer at higher tensions [41]. Helix 

insertion reduces the energetic cost of membrane bending and makes tubule formation 

energetically less costly [41,82]. Consistent with this, osmotic pressure-induced tension 

enhances the hydrophobic insertion of N-BAR domain of amphiphysin into membrane [83]. 

This may be due to the increase in density of lipid packing defects, which aids in helix insertion 

of BAR proteins [84,85]. Further, spontaneous membrane bud formation aided by protein 

crowding by intrinsically disordered proteins like epsin and AP180 is also controlled by global 

membrane tension which balances lipid-protein binding energy and membrane free energy 
[86].  

3.2 Coat assembly 

Clathrin triskelia are recruited directly to adaptor protein nucleation sites to form cage-like 

clathrin coat [4]. Clathrin polymerization is necessary for the stabilization of the membrane 

invaginations. There exist two competing hypotheses for clathrin scaffolding mechanism. 

The first model, the constant curvature model, considers the direct polymerization of clathrin 

coat to curved membrane as the pit increases in size (Figure 3a top, 3b). A second model, 

the constant area model, considers clathrin assembly to occur on flat membrane and after 

the critical density of clathrin coat is reached, the flat assembly reorganizes into a spherical 

coat while maintaining a constant clathrin coat area (Figure 3a bottom, 3b).  

The assembly and formation of the coat is regulated by membrane tension and 

rigidity [7,22]. Membrane tension has an inhibitory effect on clathrin coat polymerization, coat 

size and shape [25,34].  The shape stability curve of membrane invaginations shows the 

existence of multiple invagination topologies mediated by membrane tension and protein 
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density [34] (Figure 3c). An increase in membrane tension results in premature disassembly 

of clathrin coat [25,35]. Increasing membrane rigidity also inhibits clathrin coat formation [34,35]. 

This is consistent with the early finding that the rate of endocytosis is slower on the apical 

side of an epithelial layer where the membrane rigidity is elevated [87]. Membrane curvature 

generation proteins like epsin enable coat formation under higher tensions and rigidity 
[29,34]

, 

but the precise mechanism of how epsin achieves this remains unknown. While small, 

curved, and pit-like structures with non-hexagonal faces are found on the apical membrane, 

flat, flake-like clathrin structures, which are slowly internalized with the help of actin, are 

predominantly found on the basal surface of fibroblasts adhered to a solid substrate, in 

addition to pits [88]. Coarse-grained modeling shows that higher tension stabilizes large, flat 

clathrin plaques, whereas lower tension leads to smaller budded structures 
[89]

. An increase 

in substrate rigidity causes the formation of stalled and flat clathrin-coated structures that are 

mediated by αvβ5 integrin [32]. Although in vitro biochemical data on clathrin coat 

polymerization have favored the constant curvature model [1], the observation of flat clathrin 

lattices have challenged the canonical constant curvature model. Recent studies based on 

correlative fluorescence and electron microscopy have shown evidence for the existence of 

the constant area model (Model 2) for clathrin coat formation [12,19,90]. Quantification of 

membrane curvature by polarized TIRF during clathrin assembly shows the presence of both 

modes of coat curvature generation (constant curvature model and constant area model) in 

the same cell [19] (Figure 3b). Constant area model of coat formation by flat-to-dome 

transition is heavily regulated by clathrin-adaptor ratio and membrane tension. Osmotic 

shock-induced tension increase, inhibits the transition of flat-to-dome coated structures [12] 

(Figure 3d, e). It is plausible that factors determining the mode of clathrin coat assembly, 

like distribution of membrane bending proteins [91], lateral membrane tension [12,34], local actin 

polymerization [8,92], and cargo binding [93,94] vary locally in the plasma membrane, leading to 

the presence of both modes of assembly in cells. 

3.3 Maturation and scission 

The clathrin coat assembly leads to the formation of hemi-spherical CCPs. Transition of 

hemi-spherical domes (U shape) to closed (Ω shaped) pits is necessary for the 

internalization of cargo molecules.  Membrane scission proceeds by assembling dynamin 

into tight oligomers of initial radius of 10 nm around the neck of a CCP to constrict the neck 

[1]. Coarse-grained simulations show that at physiologically relevant membrane tension (0.02 

pN/nm), the transition from an open to a closed bud occurs spontaneously through a snap-

through instability [29,30]. At high tension, increasing the coat rigidity and the force from actin 

polymerization around CCPs together ensure CCPs go through a smooth transition from an 

open to closed bud morphology without snap-through instability [29] (Figure 4a, b, c, d). This 

is consistent with a previous study where disrupting actin cytoskeleton by Jasplakinolide 
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caused stalling of CCPs in cells under hypo-osmotic shock [8]. The transition of 

hemispherical bud to Ω-shaped bud exists over a range of membrane tension, and it is 

driven by BAR domain proteins and actin cytoskeleton (Figure 4e) [30]. Super-resolution 

imaging has enabled the visualization of actin-aided transition of CCPs from open to close 

buds in yeast cells (Figure 4f, g, h) 
[95]

. BAR domain proteins also facilitate membrane 

scission of CCPs. BAR protein scaffold imposes a frictional force on the neck of the 

membrane invagination, while an external force provided by actin assembly can pull to 

elongate the invagination. Although CME does not rely on dynamin to mediate membrane 

scission in yeast, a similar principle applies where the BAR domain of Rvs161/167p 

stabilizes the neck and induces friction to mediate scission of the membrane (Figure 4i) [96].  

4. Caveolae-mediated endocytosis 

Caveolae-mediated endocytosis uses membrane proteins caveolins (e.g., Cav-1) and cavins 

to create 50-60 nm sized, sphingolipid and cholesterol-rich, flask-shaped plasma membrane 

pits called caveolae [97]. Caveolae are closely associated with actin stress fibers and are 

internalized in response to various mechanical and chemical stimuli [28,98]. Filamin A anchors 

caveolae to the plasma membrane by linking them to the actin fibers. Loss of cell adhesion 

induces rapid internalization and trafficking of caveolae to perinuclear compartments [99], 

specifically to recycling endosomes. This internalization is mediated by the loss of linkage 

between caveolae and actin fibers due to the rapid protein kinase Cα-mediated 

phosphorylation of filamin A [100].  

Cells respond to increasing membrane tension by flattening or disassembling of 

caveolae [101–103].  Muscle cells utilize caveolae flattening to protect themselves from 

membrane rupture due to high tensions [103]. The enhanced membrane fragility in myotubes 

of muscular dystrophic patients has been attributed to the absence of caveolae reserve in 

their muscle cells [103]. Similar to individual caveolae, clusters of caveolae known as caveolar 

rosettes are stabilized by low tension and destabilized by high tension (Figure 2a) [104]. It has 

been shown that plasma membrane wounds induce lysosomal exocytosis and subsequent 

caveolar rosette formation to seal the membrane [105]. On the other hand, actin fiber 

anchorage of caveolae inhibits the formation of caveolar rosettes [106].  In response to 

mechanical stress, cells increase the phosphorylation of Egr1 (early growth response-1) 

transcription factor and thereby inhibiting its suppression of Cav-1 and cavin-1 genes, which 

in turn upregulate caveolae biogenesis [107]. Given all these, it is widely accepted that 

caveolae in the plasma membrane act as a buffer system against rapid membrane tension 

changes either by flattening of caveolae (during tension increase) or forming caveolae 

rosettes (during tension decrease) [28].  

Cav-1 is implicated in the force-induced cytoskeletal reorganization mediated by 

RhoA [108] and the maturation of contractile smooth muscle cells induced by transforming 
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growth factor TGF‐β1 [109]. Cav-1 is also associated with focal adhesion turnover via 

regulation of RhoA [110]. Further, Cav-1-dependent, β1 integrin and fibronectin endocytosis 

mediates fibronectin matrix turnover, pointing towards the role of Cav-1 in ECM remodeling 

[111]. Low shear stress induces Cav-1 clustering in lipid rafts and co-localization of Cav-1 and 

membrane type 1-matrix metalloproteinase in invadopodia 
[112]

. Cav-1 activation induces 

PI3K/Akt/mTOR signaling which in turn promotes motility, invadopodia formation and 

metastasis of breast cancer cells [112]. Cav-1 also favors cell elongation in 3D cultures and 

metastasis by enabling Rho and actomyosin-mediated matrix reorganization 
[113]

. Given the 

tight connection of Cav-1 with several key cell signaling pathways, coupled with the 

mechanoregulation of caveolae assembly/disassembly by mechanical stresses, caveolae 

are viewed as key structures for cells to rapidly respond to extreme mechanical stresses and 

to changes in ECM due to inflammation and other disease conditions.  

5. Clathrin- and caveolin-independent endocytosis 

Cells use multiple endocytic pathways that do not involve either clathrin coat formation or  

caveolae formation. These endocytosis modes have a very high capacity to internalize 

membrane, thereby making them the rapid responders to abrupt mechanical changes in 

cells [22,37,114,115]. Clathrin-independent endocytosis (CIE), as these mechanisms are generally 

known, is further classified based on whether they use dynamin for membrane scission or 

not. RhoA-mediated endocytosis, fast endophilin-mediated endocytosis (FEME), Shiga toxin-

induced tubules, and ARF6-mediated endocytosis are CIEs involving dynamin for mediating 

membrane scission. Cdc42 dependent endocytosis (clathrin-independent carriers (CLICs) / 

glycosylphosphatidylinositol- anchored protein (GPI-AP) enriched compartments (GEECs) 

pathway or CG pathway) and flotillin-mediated endocytosis are CIEs which do not use 

dynamin-mediated scission [116]. One of the major CIE pathway, the CG pathway, has been 

suggested to be involved in the fast response to membrane tension decrease due to its rapid 

rate of membrane internalization 
[115,117]

. The surface area-to-volume measurement suggests 

that the CG pathway can turn over the entire plasma membrane of fibroblasts in 12 minutes 

[117,118]. This fast membrane recycling by CG pathway coupled with rapid exocytosis is 

utilized by fibroblasts to regulate membrane area during spreading 
[119]

. Inhibition of the CG 

pathway was also shown to reduce membrane tension [115]. Vinculin is shown to mediate the 

membrane tension response of CG pathway by controlling guanine-nucleotide exchange 

factor GBF1 in the plasma membrane [115]. Inverted BAR protein IRSp53 enables the 

formation of tubules in the CG pathway by reducing the force needed to sustain tubules [120]. 

The activity of IRSp53 to enable tubule formation and to aid membrane scission in the CG 

pathway is dependent on its density and membrane tension [121]. 
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Ca2+-dependent endocytosis is involved in rapid sealing of microbial-toxin induced 

membrane rupture by internalizing lesions from the plasma membrane [122]. Neuronal 

synapses use actin and dynamin-mediated ultrafast CIE for recycling synaptic vesicles [27]. 

Recycling synaptic vesicles is necessary to remove excess membrane from the plasma 

membrane to maintain optimal tension needed for synaptic vesicle fusion 
[27,123]

.  In yeast 

cells, inhibition of TORC2 controls CIE pathways by modulating membrane tension [124]. 

Elevated membrane tension upon TORC2 inhibition inhibits the binding of adaptor proteins 

Sla2 and Ent1 to actin cytoskeleton as well as hinders the recruitment of Rvs167, a N-BAR 

protein involved in vesicle fission, to endocytic sites, leading to the downregulation of 

endocytosis in yeast. Altogether, these findings point to the vital role of CIE pathways in 

rapid reorganization of the plasma membrane in response to physical stresses and 

membrane ruptures [125].   

6. Macropinocytosis 

Macropinocytosis involves nonspecific uptake of extracellular materials via membrane 

protrusions driven by actin polymerization. The protrusive structures fuse with the basal 

membrane forming a vesicle of 0.2 to 0.5 µm in size [126]. Membrane ruffling is heavily 

associated with the initiation of macropinocytosis. Peterson et al. showed that lipid raft 

disruptions caused by mechanical or kinetic factors can lead to the activation of 

phospholipase D2 (PLD2), which is involved in endocytosis and actin polymerization [127–129]. 

Subsequently, Loh et al. showed that an acute drop in membrane tension by osmotic shock 

activated PLD2, which in turn led to phosphatidic acid (PA) production, F-actin and PIP2-

enriched membrane ruffling in myoblasts. They identified that F-actin and PIP2-mediated 

ruffling initiate macropinocytosis [130]. Further, mechanical stretching of muscle cells led to 

PA-enriched macropinosomes, which act as a platform for mTOR recruitment and activation 

[131]. Macropinocytosis has been identified as the preferential route of uptake for soft particles 

like hydrogel-based nanoparticles [132,133]. Aspect ratio of the cargo has also been shown to 

play an important role in macropinocytosis. Mesoporous silica nanoparticle with an aspect 

ratio of 2.1-2.5 were preferentially internalized via small GTPase-dependent 

macropinocytosis compared to nanoparticles with a higher or smaller aspect ratio 
[134]

.  

7. Phagocytosis 

Phagocytosis involves ingestion of large particles like bacteria into phagosomes for 

lysosome-based degradation. Phagocytosis involves extensive mechanosensing, membrane 

and cytoskeletal remodeling, to ‘search and destroy’ pathogens [5]. This remodeling is a two-

phase process depending on the membrane tension and other mechanical characteristics of 

the cell. In the first phase, polymerization of actin pushes the membrane to extend 
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pseudopods. The second phase is initiated once the membrane reservoirs are depleted 

causing the membrane tension to increase. This membrane tension increase alters activity 

of small Rho GTPase Rac1, and 3′-phosphoinositide and cytoskeletal organization. Further, 

it activates exocytosis of GPI-anchored protein-containing vesicles to replenish membrane 

area that is necessary to carry out phagocytosis of large particles 
[36]

. 

 Controlling cell shape modulates pro-inflammatory (M1) vs. pro-healing (M2) 

activation of macrophages. Induction of macrophage elongation by confinement in high 

aspect ratio microcontact-printed islands resulted in polarization towards an M2 phenotype. 

This confinement upregulated the effect of M2-inducing cytokines while downregulating the 

effect of M1-inducing cytokines [135]. Preventing cell spreading by spatially confining 

macrophages on micropatterned islands, circular 3D microwells or cell crowding reduces 

their bacteria uptake and cytokine secretion [47]. This may be due to reduced transcriptional 

activity of M1 macrophage that is regulated by actin and myocardin-related transcription 

factor A (MRTF-A) as a result of area confinement [47]. Further, macrophages were unable to 

phagocytose filament-formed E. coli that have high aspect ratio, as such structures 

presented limited access of bacteria poles for macrophages to initiate phagocytosis [63]. 

Beningo et al. showed that Fc-mediated phagocytosis is regulated by the mechanical 

properties of its target. By microinjecting constitutively active Rac1, phagocytosis of softer 

particles by macrophages could be activated [136]. Bakalar et al. showed that antigen height 

mediates the phagocytosis of engineered and tumor-specific antigens [137]. Phagocytosis was 

severely inhibited by antigens that created a separation of more than 10 nm between 

antibodies and target surface [137]. The ability for macrophages to detect variations in ECM 

stiffness associated with tissue inflammation is necessary for their phagocytic response. 

Scheraga et al. showed that a mechanosensitive ion channel transient receptor potential 

vanilloid 4 (TRPV4), triggered by changes in ECM stiffness due to inflamed or fibrotic lung, 

mediates lipopolysaccharide-stimulated murine macrophage phagocytosis [49]. Bacterial 

pathogen-associated molecular pattern molecules (PAMPs), cytokines (IFNγ), substrate 

rigidity, and stretch via actin polymerization and small Rho GTPase activity can control 

macrophage phagocytosis independently. This suggest a coordinated mechanism to 

increase macrophage phagocytosis in disease states like pneumonia which is associated 

with an increase in tissue rigidity and production of PAMPs or inflammatory cytokines [48]. 

This mechanism likely play an important role in regulating macrophage activity during 

pulmonary infection and fibrosis [49]. 

 Table 1 highlights some of the components in the ‘mechanome’ of endocytosis from 

different endocytic pathways, and what their stimuli and mechano-responses are.   
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8. Conclusion and Perspective 

Endocytosis has been studied in detail over the past half century [4]. However, a holistic view 

into the mechanoregulation of endocytic process is only beginning to gain traction in the last 

decade. Advances in light and electron microscopy with high spatiotemporal resolution and 

micromechanical manipulation of cells have together pushed the technical capabilities to 

dissect the mechanoregulation of endocytosis. The survey of some recent studies reveals 

endocytosis as a process heavily regulated by the mechanical properties of plasma 

membrane, ECM and cargo. Emerging studies are beginning to quantify mechanochemical 

responses of endocytic proteins during endocytosis. New endocytic pathways, such as 

FEME and ultrafast endocytosis, may also be mechanisms that cells utilize to counter 

extreme changes in mechanical properties of cells and their surroundings. Given the diverse 

mechanisms of endocytosis, an important question for future research is to ask whether 

different endocytic pathways are differentially regulated by mechanical stimuli. From what is 

currently known, it appears that an increase in membrane tension inhibits all endocytosis. It 

would be illuminating to monitor two endocytic pathways simultaneously when mechanically 

perturbed. Further, new knowledge on non-coated mechanosensitive endocytic processes is 

poised to challenge the existing notions of protein specific membrane bending mechanisms. 

Alternate mechanisms for membrane bending like steric repulsion by protein crowding, cargo 

clustering will gain more prominence as a key mechanism for membrane sculpting. The 

physiological impact of mechanically regulated endocytosis will also be of significant interest. 

In particular, many of the endocytic pathways have direct connections to cell signaling 

pathways. Thus, it is conceivable that part of the mechanotransduction pathway is related to 

the effect of mechanical stimuli on endocytosis. The plethora of mechanosensitive endocytic 

processes available at the disposal of cells may point towards an evolutionarily conserved 

role of endocytosis as a key mechanoregulator. 

Organisms undergo and respond to a wide range of mechanical stimuli. Many of the 

disease states are accompanied by changes in mechanical properties of cells and tissues. 

The ubiquitous nature of endocytosis and the diverse range of mechanical stimuli in higher 

organisms pose a great challenge in delineating their co-dependences across different 

organisms and different biological processes. Current understanding of the mechanics of 

endocytosis is obtained exclusively from single cell studies performed on 2D cultures. 

However, mechanical stimuli and endocytosis play more complex role in multicellular 

processes like embryo development, angiogenesis, and neural plasticity. Exciting new 

advancements in microscopy like lattice light sheet microscopy will be instrumental in 

imaging endocytosis in living organisms beyond the imaging depth of conventional 

microscopy. Advancements in imaging of endocytic processes in higher-order organisms 
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also call for a greater need in developing automated methods that can simultaneously 

detect, track and analyze thousands of in vivo endocytic events in the midst of interference 

from motion of organisms, background noise from tissues, and other artifacts. Uncovering 

the interdependence of mechanical stimuli and endocytic pathways in these contexts will 

require a combination of sophisticated imaging approaches, powerful analytic techniques 

and novel tissue manipulation methods. 
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TOC 

 

Endocytosis involves extensive remodeling of the plasma membrane. Physical forces such 

as membrane tension, membrane rigidity, substrate stiffness, and physical properties of 

cargo play a role in this remodeling process. Recent advances in microscopy and 

mechanical manipulation at the cellular level have led to new insights into the 

mechanoregulation of endocytosis. These experimental techniques are being used to 

interrogate existing models to study the mechanoregulation of endocytosis. 
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Endocytosis 

process 

 

Associated 

protein or 

protein 

complex 

Mechanical 

stimuli 

Response to mechanical stimuli Reference 

Clathrin-

mediated 

endocytosis 

Clathrin Membrane 

tension 

Reduction in recruitment 
[25]

 

Actin Membrane 

tension 

Actin polymerization enable transition of 

open CCP to closed CCP prior to 

scission at high tension 

[8]
 

ENTH 

domain 

proteins 

Membrane 

tension 

H0 helix insertion into membrane causes 

tubule formation at low lateral tension, 

whereas it reduces membrane rigidity at 

higher membrane tension 

[41]
 

N-BAR 

proteins 

Membrane 

tension 

Oligomerization of bar proteins and their 

interaction with membrane is inhibited by 

tension 

[79]
 

Caveolae-

mediated 

endocytosis 

Cav-1 Low shear 

stress 

Cav-1 clustering in lipid rafts and 

activation of PI3K/Akt/mTOR signaling 

[112]
 

Cav-1 and 

Cavin-1 

Membrane 

stretch 

Reduction in Cav-1 Cavin 1 interaction 

by membrane stretch causes caveolae 

disassembly. Cavin-1 become cytosolic 

[103]
 

Filamin A Loss of cell 

adhesion 

Phosphorylation of Filamin A, causes 

loss of linkage between caveolae and 

actin fibers.  

[100]
 

Clathrin/caveolae 

independent 

endocytosis 

GPI-

anchored 

proteins 

Membrane 

tension  

Drop in tension upregulate CLIC/GEEC 

pathway and uptake of GPI-anchored 

protein 

[115,118]
 

Vinculin Membrane 

tension 

Inhibit CLIC/GEEC pathway endocytosis 

to reduce tension 

[115]
 

TORC2 Membrane 

tension 

Drop in tension causes clustering of 

TORC2 to PtdIns(4,5)P2-enriched PM 

domains and induce CIE 

[124]
 

Macropinocytosis Rac1 and 

CDC42 

Aspect ratio of 

cargo 

Differentially uptake NPs of aspect ratio 

2.1-2.5, by forming filopodia with 

activation of the actin cytoskeleton. 

[134]
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Table 1: Mechanome of endocytosis. Important mechanosensitive proteins involved in 

different endocytosis pathways. A brief description of mechanical stimuli and response of 

each protein to a particular stimulus is provided. 

  

Phosphatidi

c acid 

Membrane 

stretching 

Enrichment of PA in macropinosomes, 

which act as a platform for mTOR 

recruitment and activation 

[131]
 

PLD2 Membrane 

tension 

Activation of PLD2 lead to phosphatidic 

acid (PA) production, F-actin and PIP2 

enriched membrane ruffling in myoblasts   

[130]
 

Phagocytosis Rac1 Substrate 

stiffness and 

membrane 

tension 

Control actin reorganization for cup 

formation and activate phagocytosis of 

softer particles.  

[48,136]
 

 Cdc42 Substrate 

stiffness 

Promote actin organization and increase 

cell elasticity 

[48]
 

Myocardin-

related 

transcription 

factor-A 

(MRTF-A) 

Area 

confinement 

Down regulated lead to reduction in M1 

macrophage transcription 

[47]
 

Transient 

receptor 

potential 

vanilloid 4 

(TRPV4) ion 

channel 

Substrate 

stiffness 

Extracellular matrix stiffness in the range 

of inflamed/fibrotic lung promotes TRPV4 

activity leading to anti-inflammatory 

phenotypic change and increase in 

phagocytic activity 

[49]
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Figure captions 

 

Figure 1. Progression of endocytic pathways. a. Clathrin-mediated endocytosis is 

initiated by the recruitment of adaptor protein AP2 and membrane bending proteins like 

E/ANTH domain proteins and F-BAR proteins to the membrane. Clathrin triskelia bind to 

AP2 and polymerize to form clathrin coats with hexagonal and/or pentagonal faces. Whether 

the coat is formed before or after the start of membrane bending is still contested. Once the 

coated pit matures to a hemispherical shape, it is transitioned to an Ω shape (with the help of 
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actin at high tension), enabling dynamin-mediated scission [1]. b. Caveolae-mediated 

endocytosis is initiated at cholesterol-rich membrane sites by the recruitment of caveolin-1. 

Caveolae associated proteins like cavin 1 enables the polymerization of caveolin-1, leading 

to the formation of caveolae. Caveolae are linked with actin stress fibers through filamin A. 

Membrane tension and stress fiber activity plays a role in the transformation of caveolae into 

a flask shape, enabling dynamin-mediated scission. High membrane tension and excess 

stress fiber linkage can flatten caveolae, whereas a sudden drop in membrane tension and 

stress fiber disruption lead to formation of caveolae clusters known as rosettes 
[28]

. c. 

Clathrin-independent endocytosis pathways exist in two types. Pathways which utilize 

dynamin for membrane scission and pathways which does not utilize dynamin for membrane 

scission 
[6]

. d. Macropinocytosis is initiated by actin polymerization near the membrane in 

response to receptor activation, leading to membrane ruffling. Membrane protrusions are 

formed from the ruffles which may fold back to the plasma membrane to form vesicles. The 

fusion of folded membrane protrusions to basal membrane creates macropinosomes, 

encapsulating extracellular fluid and other cargo [138]. e. Phagocytosis is initiated by binding 

specialized receptors on the cell membranes to target particles. Phagocytic cells like 

macrophages actively probe for pathogens by forming pseudopodial extensions. Once the 

particle for internalization is located, the plasma membrane is remodeled by actin 

polymerization to wrap around the particle to form a phagocytic cup. The phagocytic cup is 

closed by the depolymerization of actin at the base of the cup, forming a membrane-bound 

phagosome [139].  
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Figure 2. Effect of mechanical stimuli on endocytosis. a. Membrane bending requires 

work done against membrane tension. Transition of membrane from flat-to-dome and dome-

to-Ω shape is mediated by recruitment of proteins which provide energy to overcome the 

membrane tension energy barrier 
[7,81]

. An acute increase in membrane tension leads to the 

flattening of membrane buds and an acute reduction in membrane tension can lead to the 

formation of endocytic clusters (in caveolae-mediated endocytosis) [28,113]. b. Bending rigidity 

of plasma membrane defines its resistance to undergo bending. Bending rigidity of the 

plasma membrane depends on the composition of membrane and protein recruitment to the 

plasma membrane alters membrane rigidity [29,30]. c. Extracellular substrate stiffness 

regulates the ability of membrane to undergo deformation. Membrane adhered to a stiffer 

substrate is less deformable compared to the ones adhered on a softer substrate. [32] d. 

Cargos with a low aspect ratio (spherical shape) can be internalized easily by endocytic 

pathways due to the ease of membrane wrapping around them. Cargos with a high aspect 

ratio can inhibit endocytosis by impeding membrane wrapping. High aspect ratio cargos can 
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be internalized by membrane wrapping from its pole (mode 1) or membrane wrapping along 

its shallow edge (mode 2). Cells prefer pole-based internalization for high aspect ratio 

cargos [10,61,140]. e. Stiffer cargo is internalized via wrapping the cellular membrane without 

deforming the particle. Softer cargo undergoes large deformation during internalization 

causing changes in aspect ratio thereby increasing the energy barrier for full wrapping 

[10,64,141]. 
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Figure 3. Clathrin bud formation under different tensions. a Membrane bending model 

for clathrin-mediated endocytosis (CME). Constant curvature model (top panel), where 

membrane bending proceeds with a constant radius of curvature with continuous addition 

and polymerization of clathrin triskelion. Constant area model (bottom panel), where clathrin 

triskelion polymerizes into a flat coat then remodels into a coated pit. Reproduced under the 

terms of the CC BY 4.0 license.[19] Copyright 2018, The Authors, published by Springer 

Nature. b. Distinct mode of membrane bending observed in cells via polarized-TIRF. 

Constant curvature model for membrane bending observed by pol-TIRF (left panel). Clathrin 

and P/S signals proceed together indicating synchrony of clathrin assembly and curvature. 

Dynamin recruitment in the end shows the scission of the coated pit. Constant area model 

for membrane bending observed by pol-TIRF (right panel). Clathrin signal plateaus prior to 

the start of P/S signal indicating clathrin assembly began as a flat sheet and subsequent 
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remodeled into a vesicle. Dynamin recruitment in the end shows the scission of the coated 

pit. Reproduced under the terms of the CC BY 4.0.[19] Copyright 2018, The Authors, 

published by Springer Nature. c. Phase diagram of predicted budding state as a function of 

the scaled membrane tension and scaled clathrin polymerization energy. Four possible 

states of a single bud are considered in the model: bare membrane with no clathrin binding, 

shallow membrane with partial budding, hemispherical membrane with partial budding and 

spherical membrane with full budding. Reproduced under the terms of the CC BY 4.0. [34] 

Copyright 2015, Nature Publishing Group. d. Transmission electron microscopy images of 

clathrin buds and flat coats (pointed by blue arrows) under normal condition and osmotic 

shock (scale bar: 100 nm). Reproduced under the terms of the CC BY 4.0 license. [12] 

Copyright 2018, The Authors, published by Springer Nature. e. The proportion of flat and 

domed structures in normal and osmotic shock conditions. An increase in membrane tension 

by hypo-osmotic shock increases the proportion of flat assemblies. The predicted proportion 

of flat and domed structure is shown based on the constant area model. Reproduced under 

the terms of the CC BY 4.0 license.[12] Copyright 2018, The Authors, published by Springer 

Nature.  
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Figure 4. Experimental confirmation of U to Ω transition of clathrin-coated pits (CCP) 

with the aid of actin. a. Schematic depicting actin polymerization at the base of a CCP with 

the network attached to the coat, causing a net inward force on the bud. b. At constant coat 

area and spontaneous curvature, force (red dash) of actin polymerization adjacent to the 

coat drives transition of U-shaped pit (dashed line) to Ω-shaped pit (solid line). The final 

applied inward force on the bud was f = 15 pN. c. Schematic depicting actin assembly at the 

neck of coated pit directly providing a constricting force. d. A constricting force (red dash) of 

actin polymerization adjacent to the neck of the coat drives transition of U-shaped pit 

(dashed line) to Ω-shaped pit (solid line). The final applied constriction force on the bud was 

f < 1 pN. Reproduced with permission.[29] Copyright 2017, Proceedings of National Academy 

of Sciences. e Synchronous roles of actin and BAR proteins in forming membrane 

invagination. In the presence of BAR scaffold, a reduced dependence on actin force is 

required due to a stronger squeezing effect of the BAR scaffold. In the absence of BAR 

proteins, a tension-dependent critical actin force is needed to induce U to Ω-shape transition. 
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Reproduced with permission.[30] Copyright 2015, Proceedings of National Academy of 

Sciences. f. Schematic of dual-color side view super-resolution images (top panel). The 

localization of actin and actin nucleating proteins (Wiskott–Aldrich Syndrome protein 

(WASp): Las17) in CCPs of yeasts (bottom panel). Reproduced under the terms of the CC 

BY 4.0 license.
[95] Copyright 2018, Elsevier. g. Dual-color side-view super-resolution images 

of Las17-SNAP and Abp1-mMaple at individual endocytic sites. h. Running-window 

averages of Las17 and Abp1 at endocytic sites with overlay of average outer boundaries of 

the actin network (dotted lines), and average plasma membrane profiles (solid line) (scale 

bar: 100 nm). These images (g- h) show the transition of CCPs from U-shape to Ω-shape 

mediated by actin polymerization initiating at the neck of the CCP. Reproduced under the 

terms of the CC BY 4.0 license.
[95]

 Copyright 2018, The Authors, published by Cell Press. i. 

Actin binding protein 1 (Abp1) imaged by super-resolution imaging is overlaid on diffraction-

limited Rvs167-GFP (BAR protein) in yeast showing the aforementioned synchronous effect 

for vesicle scission in yeast cells. Reproduced under the terms of the CC BY 4.0. [95] 

Copyright 2018, The Authors, published by Cell Press. 

 

 


