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A B S T R A C T   

Clathrin-mediated endocytosis (CME) is the major route through which cells internalise various substances and 
recycle membrane components. Via the coordinated action of many proteins, the membrane bends and in
vaginates to form a vesicle that buds off—along with its contents—into the cell. The contribution of the actin 
cytoskeleton to this highly dynamic process in mammalian cells is not well understood. Unlike in yeast, where 
there is a strict requirement for actin in CME, the significance of the actin cytoskeleton to mammalian CME is 
variable. However, a growing number of studies have established the actin cytoskeleton as a core component of 
mammalian CME, and our understanding of its contribution has been increasing at a rapid pace. In this review, 
we summarise the state-of-the-art regarding our understanding of the endocytic cytoskeleton, its physiological 
significance, and the questions that remain to be answered.   

1. Introduction 

Endocytosis is the process by which cells internalise nutrients, 
pathogens, and membrane components (Schmid et al., 2014). Multiple 
types of internalisation strategies exist in multicellular organisms 
(Doherty and McMahon, 2009; Mayor and Pagano, 2007), but 
clathrin-mediated endocytosis (CME) is arguably the predominant 
endocytic route (Bitsikas et al., 2014; Kaksonen and Roux, 2018; 
McMahon and Boucrot, 2011). The distinguishing feature of CME is the 
formation of membrane invaginations covered by polygonal clathrin 
cages termed clathrin-coated pits (CCPs). The process of CME can be 
roughly divided into four stages: initiation, maturation, scission, and 
uncoating (for more details, see Kaksonen and Roux, 2018). These steps 
are orchestrated by a machinery composed of more than 60 proteins 
(Bhave et al., 2020; McMahon and Boucrot, 2011; Schmid and McMa
hon, 2007) performing a variety of tasks such as membrane bending, 
cargo recruitment, scaffolding, lipid modification, and cytoskeletal 
regulation, to name a few. 

The actin cytoskeleton is a major component of multiple cellular 
processes involving rapid morphological changes (Blanchoin et al., 
2014). The association of actin filaments with CCPs was suggested over 
40 years ago (Heuser and Evans, 1980). Indeed, the actin cytoskeleton is 
essential for CME in yeast, where a large body of research has elucidated 
the role of actin in CCP formation and vesicle scission (Goode et al., 

2015; Idrissi et al., 2012; Kaksonen et al., 2003; Kukulski et al., 2012; 
Skruzny et al., 2012; Sun et al., 2015). However, the details of actin’s 
participation in mammalian CME are still unclear. In this review, we 
summarise our current knowledge of the role of the endocytic cyto
skeleton in mammalian cells, examine some of the unanswered ques
tions in the biology of this structure, and discuss its emerging role in 
physiology and diseases. The presence of other cytoskeletal structures 
(microtubules and intermediate filaments) in mammalian CME has been 
reported (Franck et al., 2019; Montagnac et al., 2013). While their role 
in CME progression is still unclear, evidence from other fields have 
firmly established that cytoskeletal elements cross-regulate each other 
(Seetharaman and Etienne-Manneville, 2020). For this reason, despite 
focusing exclusively on the actin cytoskeleton in this review, we opted to 
use the term endocytic cytoskeleton, rather than endocytic actin cyto
skeleton, to leave an open door in the future for the inclusion of other 
cytoskeletal elements. 

2. The dynamics and appearance of the endocytic cytoskeleton 

Actin polymerisation during CME can be readily visualised by live- 
cell imaging. Initial studies using cells expressing fluorescently tagged 
actin and clathrin revealed that actin signal rises as the intensity of 
clathrin falls, corresponding to the internalisation of the endocytic 
vesicle (Merrifield et al., 2002). The rise in actin signal also coincides 
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with a peak in the intensity of dynamin in the majority of endocytic 
events (Merrifield et al., 2002). Endogenously tagged actin shows an 
identical trend, with more than 85% of the dynamin fluorescence in
tensity peaks coinciding with a transient rise in the intensity of endog
enously tagged actin (Grassart et al., 2014). This rise in fluorescence 
intensity of tagged actin indicates active polymerisation at CCPs during 
late CME. Moreover, correlative light electron microscopy (EM) exper
iments have revealed that some CCPs were associated with actin patches 
that were not detectable in fluorescence microscopy, indicating that the 
use of fluorescence microscopy may lead to underestimating the asso
ciation of actin filaments with CCPs (Collins et al., 2011). 

Platinum replica EM revealed patches of short, branched actin fila
ments peripherally associated with CCPs. These actin patches associate 
with CCPs of various shapes and sizes, including small, flat structures 
corresponding to early CME. Occasionally, actin also forms a collar-like 
structure encircling CCPs (Collins et al., 2011). In addition, the inter
action between actin patches and endocytic structures happens mainly 
at the bases of shallow CCPs and the necks of late CCPs, although 
additional interactions may have been destroyed by the sample prepa
ration procedure (Collins et al., 2011). Indeed, a recent study using in 
situ cryo-electron tomography (cryo-ET) reported that actin filaments 
are not exclusively present at the base of CCPs, but also around and 
below them (Serwas et al., 2021). Interestingly, this study found both 
branched and unbranched actin filaments at all CME stages, and that 
unbranched actin filaments also form bundles adjacent to CCPs (Serwas 
et al., 2021). The average length of actin filaments around CCPs 
(branched: 81.74 ± 74 nm; unbranched: 141 ± 112 nm) indicates that 
at least some of these filaments are newly polymerised and may 
contribute to force generation at CME site (Serwas et al., 2021). 

3. The functional relevance of the endocytic cytoskeleton in 
mammalian cells 

Early studies employing pharmacological inhibitors of actin poly
merisation reported conflicting results, leading to ambiguity about the 
role of the actin cytoskeleton in mammalian CME. Gottlieb et al. (1993) 
found that treating MDCK cells using cytochalasin D (CytoD; an 
actin-disrupting drug that caps barbed ends, inducing depolymerisation 
of dynamic filaments) led to an inhibition of CME in the apical, but not 
basolateral, surface. This effect was also observed in Caco-2 cells 
(Jackman et al., 1994). Interestingly, electron micrographs of cells 
treated with CytoD showed an increased number of pits on the apical 
surface, possibly due to inefficient scission (Gottlieb et al., 1993). 
Similarly, thymosin β4 and DNase I—both capable of sequestering actin 
monomers, thus inhibiting actin polymerisation—suppressed the uptake 
of transferrin in a cell-free system, indicating inhibition of CME, and 
latrunculin A inhibited receptor-mediated endocytosis in intact cells 
(Lamaze et al., 1997). Importantly, the effects of the perturbation of the 
actin cytoskeleton on endocytosis appeared to be the result of inefficient 
budding of coated vesicles from the membrane, as electron micrographs 
showed an increased abundance of deeply invaginated pits (Lamaze 
et al., 1997). This effect was also observed in other studies employing 
latrunculin or jasplakinolide to disrupt actin dynamics in intact cells 
(Taylor et al., 2011; Yarar et al., 2005). However, these and other studies 
also reported a dramatic reduction in the rate of formation of CCPs, 
suggesting that actin dynamics are involved at multiple CME stages 
(Grassart et al., 2014; Merrifield et al., 2005; Moskowitz et al., 2005; 
Taylor et al., 2012; Yamada et al., 2007; Yarar et al., 2005; Yoshida 
et al., 2018). Indeed, live-cell imaging combined with atomic force 
microscopy provided evidence that inhibiting actin polymerisation 
significantly hinders the closing of CCPs, while inhibiting actin depo
lymerisation affected the frequency of CCP formation (Yoshida et al., 
2018). 

Conversely, other reports have indicated that CME is insensitive to 
perturbations of the actin cytoskeleton in mammalian cells, suggesting 
that the function of actin is not critical. The extent of transferrin uptake 

by African green monkey kidney (Vero) cells in culture was not affected 
by incubation with various concentrations of CytoD for 15 minutes 
(Sandvig and Van Deurs, 1990). Indeed, Fujimoto et al. (2000) reported 
that the effects of actin-disrupting drugs were dependent on cell type 
and on whether the cells were growing in suspension or as adherent 
cultures. The authors monitored the rate and extent of transferrin uptake 
as an indicator of the rate of CME in their preparations, and the effect of 
disrupting actin dynamics ranged from a 70% reduction in transferrin 
uptake to no effect at all (Fujimoto et al., 2000). Another study 
concluded that the presence of latrunculins or CytoD following 
alcohol-mediated synchronisation does not affect neither vesicle dy
namics nor de novo formation of CCPs (Boucrot et al., 2006). The au
thors, however, did observe a marked reduction in transferrin uptake as 
well as an increase in the lateral mobility and velocity of AP2 puncta, 
and noted that the extent of these effects was a function of exposure time 
to the actin-disrupting drugs (Boucrot et al., 2006). Similarly, CytoD 
showed little to no effect on transferrin uptake in MDCK cells in another 
study (Maples et al., 1997), and the dynamics of CCPs in Swiss 3T3 cells 
were not affected by latrunculin A (Saffarian et al., 2009). 

It is not clear to us where this discrepancy stems from. Yarar et al. 
(2005) argue that attempting to evaluate the contribution of the actin 
cytoskeleton to CME through bulk biochemical assays disallows 
observing the presence of different sub-populations of CCPs that may 
have different requirements and levels of involvement with the actin 
cytoskeleton. Furthermore, the contribution of actin to CME appears to 
be multi-faceted and unique at every stage (Grassart et al., 2014; Mer
rifield et al., 2005; Moskowitz et al., 2005; Taylor et al., 2012; Yarar 
et al., 2005). Consequently, any perturbation of the actin cytoskeleton 
will differently affect its function at each specific CME stage, which 
necessitates more careful evaluation. In addition, commonly used 
actin-disrupting drugs do not completely abolish actin dynamics nor 
destroy all actin structures. For example, CytoD disrupts the actin 
cytoskeleton by capping the barbed ends of actin filaments (thus 
inhibiting polymerisation), but it also nucleates new filaments and 
leaves an abundance of short filaments that are nonetheless able to form 
networks (Goddette and Frieden, 1986; Schliwa, 1982). Accordingly, 
while CytoD may effectively destroy bulky dynamic structures like actin 
stress fibres, the short filaments and network fragments created in the 
aftermath may potentially be sufficient for CME. Indeed, platinum 
replica EM and fluorescence microscopy showed that actin filaments at 
CME sites are insensitive to actin-disrupting drugs (Collins et al., 2011). 
Moreover, as we discuss below, perturbing the function of a number of 
endocytic actin-binding proteins or their regulators has a dramatic effect 
on CME initiation and progression. In our view, careful re-interpretation 
of CME phenotypes caused by actin-disrupting drugs is advisable. 
Furthermore, the consistent endocytic slow down observed upon genetic 
manipulations of actin regulators firmly places the endocytic cytoskel
eton as a core CME component with a kinetic function. In fact, a core 
kinetic function of the endocytic cytoskeleton in CME provides a simple 
and elegant explanation to the presence of active actin polymerisation in 
the vast majority of CME events in multiple cell lines (Almeida-Souza 
et al., 2018; Grassart et al., 2014; Taylor et al., 2011). 

4. The role of the endocytic cytoskeleton in CME progression 

The mechanism through which the actin cytoskeleton contributes to 
CME is not fully clear, and appears to be multi-faceted. In yeast, actin 
polymerisation and filament bundling generate force that is necessary to 
overcome high cell turgor, mediating invagination and budding 
(Aghamohammadzadeh and Ayscough, 2009; Kukulski et al., 2012; 
Picco et al., 2018). On the other hand, mammalian cell membranes are 
typically not under the same pressure and actin polymerisation at CCPs 
peaks at the later stages of CCP formation (Ferguson et al., 2017). 
Interestingly, under elevated membrane tension, latrunculin- (Boulant 
et al., 2011; Yarar et al., 2005) and jasplakinolide- (Boulant et al., 2011; 
Ferguson et al., 2017; Yarar et al., 2005) mediated perturbation of actin 
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polymerisation leads to a dramatic increase in the lifetimes of CCPs and 
the proportion of stalled ‘U-shaped’ pits. This effect is readily reversible 
by restoring membrane tension (Boulant et al., 2011; Ferguson et al., 
2017). A similar effect is also seen upon inhibiting the nucleation of 
branched actin filaments through inhibiting ARP2/3 function under 
high membrane tension conditions (Kaplan et al., 2021). Notably, a 
recent study suggests that the actin polymerisation machinery is pref
erentially recruited to stalled CCPs, probably helping to provide the 
force required to carry these events to completion (Jin et al., 2021). 
Together, these data suggest that, in yeast and mammalian cells alike, 
actin polymerisation plays a role in late CME by generating the force 
necessary to overcome membrane tension. This notion is also supported 
by mathematical modelling (Akamatsu et al., 2020; Hassinger et al., 
2017) and in experiments with double dynamin knockout cells, where 
the scission defect leads to the formation of elongated tubular clathrin 
structures that are dependent on an intact actin cytoskeleton (Ferguson 
et al., 2009). 

In addition to its role in force generation at late-stage CME, a few 
reports suggest a role of the endocytic cytoskeleton also at earlier CME 
stages. In yeast, the initiation of CME requires remodelling the actin 
cytoskeleton, involving first severing actin filaments, followed by actin 
polymerisation (Chen and Pollard, 2013). There is not enough evidence 
to suggest this to similarly be the case in mammalian cells, but dis
rupting actin cytoskeleton dynamics inhibits the formation of new CCPs, 
as well as reduces the lateral motility of CCPs in Swiss 3T3 cells (Yarar 
et al., 2005). Moreover, ‘CCP exclusion zones’ around individual CCPs 
have been reported in a variety of cell types (Boucrot et al., 2006; 
Ehrlich et al., 2004; Fujiwara et al., 2002; Santini et al., 2002), possibly 
because of the local rearrangement of the cortical actin cytoskeleton 
(Boucrot et al., 2006; Santini et al., 2002). Electron micrographs also 
show that CCPs lie in ‘islands’ largely devoid of, and surrounded by, 
cortical actin (Fujimoto et al., 2000), although it is possible that actin 
filaments in these regions were lost during sample preparation. In any 
case, actin filaments surrounding CCPs have a distinct appearance 
compared to the surrounding cortical actin (Collins et al., 2011). 
Moreover, electron micrographs show that actin filaments are indeed 
associated with early, shallow CCPs (Collins et al., 2011). The role these 
actin filaments play—if any—during early CME remains to be eluci
dated. Nevertheless, it is plausible that the initiation of CME in 
mammalian cells requires remodelling the cortical actin cytoskeleton, 
although this needs to be experimentally verified. 

5. Endocytic actin-associated proteins 

In this section we will summarise the contribution of a number of key 
actin-associated proteins in the regulation of the mammalian endocytic 
cytoskeleton. An overview of where these proteins are located at CCPs is 
shown in Fig. 1. In Box 1, we highlight some of the studies in Drosophila 
and C. elegans that have produced key insights into the understanding of 
the endocytic cytoskeleton. 

The ARP2/3 complex—composed of 7 subunits—is the only actin 
nucleator capable of nucleating actin branches from existing actin fila
ments (Goley and Welch, 2006). Branched actin networks likely 
constitute the majority of the endocytic cytoskeleton (Collins et al., 
2011; Serwas et al., 2021), making ARP2/3 an essential component. 
Indeed, inhibiting ARP2/3 function by knocking down ARP3 leads to a 
dramatic increase in the lifetimes of CME events accompanied by a 
~ 43% reduction in transferrin uptake (Almeida-Souza et al., 2018). A 
similar increase of CME lifetimes also happens upon pharmacological 
inhibition of ARP2/3, and the effect is augmented when the cells are 
incubated in slightly hypotonic conditions (Kaplan et al., 2021). 
Live-cell imaging showed that recruitment of the ARP2/3 complex fol
lows recruitment of the ARP2/3 activator neuronal Wiskott-Aldrich 
syndrome protein (N-WASP) and coincides with an increase in F-actin 
concentration (Taylor et al., 2011). 

The ARP2/3-mediated nucleation of branched actin requires acti
vation by a nucleation promoting factor (NPF) (Goley and Welch, 2006). 
Two of these factors have been identified in CME: N-WASP (Benesch 
et al., 2005; Kessels and Qualmann, 2002; Merrifield et al., 2004) and 
cortactin (Cao et al., 2003). Interestingly, while the recruitment of 
N-WASP precedes the recruitment of ARP2/3—consistent with its role in 
ARP2/3 activation—cortactin shows similar recruitment dynamics to 
ARP2/3, with both peaking around the same time as dynamin (Taylor 
et al., 2011). Indeed, cortactin binds to the proline rich domain (PRD) of 
dynamin (McNiven et al., 2000), and the affinity of this interaction is 
~ 8-fold stronger in the presence of ARP2/3 and actin filaments (Zhu 
et al., 2005). Moreover, compared to cortactin, N-WASP has a higher 
affinity to the ARP2/3 complex and is a significantly more potent NPF 
(Uruno et al., 2001). This suggests that N-WASP, not cortactin, is the 
major ARP2/3 activator in the endocytic cytoskeleton. However, per
turbing cortactin function leads to a reduction in transferrin uptake (Cao 
et al., 2003), indicating it plays an important role in CME. Disrupting the 
interaction of cortactin with HIP1R leads to the stable association of the 
endocytic cytoskeletal machinery with CCPs and their cargo (Engq
vist-Goldstein et al., 2004; Le Clainche et al., 2007). Importantly, in the 

Fig. 1. CCP localisation of various endocytic cytoskeleton proteins. The illustration depicts localisation of molecules based on either imaging methods, protein- 
protein interactions, or predicted function. For some (i.e. Cofilin and myosins), the localisations may not be accurate as there is scarce data available or conflict 
within the literature. Most actin regulators in CME described so far were shown to be recruited just before scission, when actin polymerisation peaks. For this reason, 
we show protein localisation at a single CCP stage. It is important to note that many actin regulators (CIP4, Toca-1, FBP17, Pacsins, SNX9 and ABP1) are recruited by 
interactions with dynamin at the neck of CCPs. 
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presence of N-WASP, cortactin may enhance and stabilise the branching 
of actin filaments (Helgeson et al., 2014; Helgeson and Nolen, 2013; 
Weaver et al., 2001). Conversely, in vitro models show that, when in 
complex with dynamin and cortactin, actin filaments become loosely 
attached and more vulnerable to severing by cofilin upon dynamin 
activation (Mooren et al., 2009). Furthermore, cortactin can bind and 
inhibit cofilin in invadopodia, and this inhibition is released upon cor
tactin phosphorylation (Oser et al., 2009), but whether this also happens 
in CME remains to be seen. All in all, it is evident that N-WASP is the 
main NPF required for the initial formation of the branched actin 
network. Once a sufficient number of filaments and branches have 
formed, it is plausible that cortactin plays an important role in syner
gistically supporting actin polymerisation or remodelling the cytoskel
eton to facilitate CME progression, or both. 

Finally, the activation of N-WASP at CCPs is regulated by other 
proteins, including FCHSD2 (Almeida-Souza et al., 2018), Abp-1 (Kes
sels et al., 2001; Pinyol et al., 2007), sorting nexin 9 (SNX9) (Lundmark 
and Carlsson, 2002; Yarar et al., 2007), Syndapin/Pacsin 1, 2, and 3 
(Dharmalingam et al., 2009; Qualmann et al., 1999; Qualmann and 
Kelly, 2000), and CIP4/Toca-1/formin-binding protein 17 (FBP17) 
(Feng et al., 2010; Fricke et al., 2009; Kamioka et al., 2004; Shimada 
et al., 2007). 

Of all the N-WASP activators present at CCPs, our recent work 
showed that FCHSD2 is the most significant contributor (Almeida-Souza 
et al., 2018). By comparing the reduction in transferrin uptake in 
wild-type and FCHSD2 KO cells, combined or not with ARP3 knock
down, we found that FCHSD2 is responsible for around half of all 
ARP2/3 endocytic contribution. We hypothesise that this major role is a 
result of the optimal localisation of FCHSD2 at the surrounding regions 
of CCPs (Almeida-Souza et al., 2018). A study published the same year 
further reinforced the role of FCHSD2 in CME (Xiao et al., 2018). 
However, the authors report a role for FCHSD2 in CME initiation (Xiao 
et al., 2018), while we reported a later recruitment of FCHSD2, mediated 
by its interactor intersectin (Almeida-Souza et al., 2018). Whether this 
discrepancy is based in differing experimental setups or simply reflects 
variation between different cell types will require further studies. 
Recently, FCHSD2 was also shown to control vesicular trafficking of 
receptor tyrosine kinases (RTKs) in a Rab7-dependent manner (Xiao and 
Schmid, 2020). Interestingly, these results are in line with the vesicular 
recycling function shown for the Drosophila FCHSD2 homologue, Ner
vous Wreck (nwk) (Rodal et al., 2011). Whether the FCHSD2 functions 
in vesicle formation and endocytic recycling are independent or part of a 
wider cellular system that connects actin polymerisation at CME sites to 
vesicle fate is currently not known. 

It is worth noting that the insights obtained on FCHSD2 were only 
possible due to a series of high-quality studies on Drosophila Nervous 
Wreck (nwk). Nwk was initially described as the gene that, when 
mutated, caused a paralysing phenotype in flies accompanied by 
excessive neuronal branching and synaptic boutons (Coyle et al., 2004). 
Further studies established nwk as an endocytic regulator of BMP re
ceptor signalling (O’Connor-Giles et al., 2008) and discovered its mo
lecular connection to the endocytic and actin machinery (Kelley et al., 
2015; Rodal et al., 2011, 2008). Despite many commonalities, a few 
differences still exist between these homologues. For example, their 
F-BAR domains differ in their overall shape, with FCHSD2 F-BAR being 
flat (Almeida-Souza et al., 2018) and the nwk F-BAR being curved 
(Becalska et al., 2013; Stanishneva-Konovalova et al., 2016). Moreover, 
nwk is found in a primed state at the synaptic periactive zone, ensuring 
fast and productive actin bursts when activated (Del Signore et al., 
2021), while FCHSD2 is recruited to endocytic sites after initiation 
(Almeida-Souza et al., 2018). We still do not fully understand the reason 
for these differences, but they may be an example of the versatility of the 
endocytic cytoskeleton, which needs to adapt to various force and ki
netic requirements found in different cells in vivo. 

Huntingtin-interacting protein 1/Huntingtin-interacting protein 1- 
related (HIP1/HIP1R)—the mammalian homologues of the yeast 

protein Sla2p—strongly co-localise with clathrin and other markers of 
CME (Engqvist-Goldstein et al., 1999). HIP1/HIP1R form rod-shaped 
dimers with membrane-binding and actin-binding domains on oppo
site ends, separated by central clathrin-binding domains. HIP1R pro
motes the formation of clathrin cages in vitro and links actin filaments to 
clathrin-coated vesicles (Clarke and Royle, 2018; Engqvist-Goldstein 
et al., 2001). Knocking down HIP1R results in a reduction in trans
ferrin uptake in a dose-dependent manner as well as the formation of 
enlarged, membrane-bound F-actin structures that also contain the 
endocytic machinery (Engqvist-Goldstein et al., 2004). Cryo-ET showed 
that HIP1R localises to the necks and tips of CCPs, providing a site of 
attachment for actin filaments and allowing them to generate force 
efficiently (Serwas et al., 2021). 

Similar to their function in yeast (Garcia-Alai et al., 2018; Skruzny 
et al., 2012), mammalian epsins also play an important role in CME 
(Chen et al., 1998). Epsin binds several CCP components (Chen et al., 
1998; Rosenthal et al., 1999) and super-resolution correlative light EM 
revealed that both epsins 1 and 2 localise to CCPs in a pattern similar to 
HIP1R (Sochacki et al., 2017). Epsin interacts with both HIP1R and actin 
filaments, and epsin triple KO cells show accumulation of F-actin and a 
lack of HIP1R recruitment at CCPs (Messa et al., 2014). Thus, it is 
plausible that epsin contributes to the endocytic cytoskeleton by 
recruiting HIP1R to CCPs and facilitating its interaction with F-actin. 

Myosin motors also play a role in mammalian CME (Buss et al., 2001; 
Krendel et al., 2007; Spudich et al., 2007). In yeast, type I myosins act as 
anchors and promote actin polymerisation and membrane bending 
during CME (Manenschijn et al., 2019; Pedersen and Drubin, 2019). In 
mammalian cells, both myosin IE (Myo1E) and myosin VI (Myo6) 
localise to CME sites, showing peak localisation around the same time as 
dynamin, as seen by live-cell imaging (Taylor et al., 2011). Myo6 is 
recruited to CCPs through binding to Disabled-2 (Dab2) (Morris et al., 
2002; Spudich et al., 2007), and inhibiting Myo6 function results in a 
reduction in transferrin uptake (Aschenbrenner et al., 2003; Buss et al., 
2001). Importantly, when localised to CCPs, Myo6 predominantly exists 
as a dimer capable of processive motor function (Altman et al., 2007; 
Spudich et al., 2007), consistent with its apparent role in transporting 
uncoated endocytic vesicles away from the cell periphery (Aschen
brenner et al., 2004, 2003). Consistent with these findings, Biancospino 
et al. (2019) reported that the long isoform of Myo6 (myosin VIlong, 
exclusively expressed in highly polarised tissue) is recruited to CCPs 
through direct interaction with clathrin light chain, rather than through 
binding to Dab2. Importantly, this interaction is mutually exclusive with 
HIP1R, suggesting these two proteins may function sequentially. 

Like Myo6, Myo1E localises to CME sites in mammalian cells through 
binding to dynamin and synaptojanin-1, and inhibiting Myo1E function 
results in a reduction in transferrin uptake (Krendel et al., 2007). In 
addition to class I myosins, a more recent study revealed a critical role 
for non-muscle myosin II during mammalian CME. Inhibiting myosin II 
function results in prominent CME defects exemplified by an inhibition 
of transferrin uptake, an increase in the proportion of shallow pits on the 
membrane, and asymmetric and malformed CCPs (Chandrasekar et al., 
2014). Thus, it is clear that myosins are an intrinsic part of mammalian 
CME, and future work will shed light on their contribution in time and 
space. 

Cofilin is required for endocytosis in yeast (Chen and Pollard, 2013; 
Idrissi et al., 2002; Lappalainen and Drubin, 1997). In mammalian cells, 
cofilin gradually accumulates at CME sites and its concentration peaks 
shortly after dynamin (Taylor et al., 2011), suggesting a role in network 
disassembly. The precise role of cofilin in the regulation of the 
mammalian endocytic cytoskeleton is, however, not clear. Nonetheless, 
the inhibition of cofilin function leads to a potent inhibition of CME in 
mammalian cells (Bertling et al., 2004; Hryciw et al., 2003). 
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6. The participation of the endocytic cytoskeleton in human 
disease 

Owing to its central role in metazoan physiology, defects in CME 
manifest in several disease conditions, ranging from metabolic mal
function to neurodegenerative disorders (Azarnia Tehran et al., 2019). 
Knockout animals of the core CME components are not viable (Bazinet 
et al., 1993; Ferguson et al., 2009; Mitsunari et al., 2005). Unsurpris
ingly, mutations in core and accessory CME proteins are implicated in a 
sizeable list of disease conditions (reviewed in Yarwood et al., 2020). 

Several bona fide regulators of the endocytic cytoskeleton are 
implicated in disease. As its name suggests, HIP1 interacts with Hun
tingtin, a protein mutated in Huntington’s disease (Kalchman et al., 
1997; Wanker et al., 1997). HIP1 is expressed primarily in the brain 
(Kalchman et al., 1997) and its role in Huntington’s disease is proposed 
to be related to its apoptotic function (Bhattacharyya et al., 2008). The 
connection between HIP1’s endocytic and apoptotic functions and if 
they contribute independently to Huntington’s pathology is not fully 
understood. The ubiquitously expressed HIP1 paralog, HIP1R, is linked 
to colon cancer (Scanlan et al., 2002) and chronic lymphocytic 
leukaemia (Porpaczy et al., 2009). Similarly, cortactin overexpression is 
frequently present in breast cancer and squamous cell carcinoma 
(Schuuring et al., 1992). 

FCHSD2 expression levels inversely correlate with chemotherapy 
response in acute myeloid leukaemia patients (El Dahshan et al., 2014; 
Han et al., 2012), while high levels of FCHSD2 expression are associated 
with better survival in non-small cell lung cancers (Xiao et al., 2018). 
Importantly, the latter is caused by an FCHSD2-dependent modulation 
of the endocytic fate of epidermal growth factor receptor (EGFR), which 
regulates proliferative and migratory signalling (Xiao and Schmid, 2020; 
Xiao et al., 2018). Furthermore, individuals with mutations in the 
STARD10 locus (an enhancer cluster controlling FCHSD2 expression (Hu 
et al., 2021)) have a higher risk of type 2 diabetes (Nielsen et al., 2011; 
Voight et al., 2010), and FCHSD2-KO pancreatic beta cells exhibit 
reduced glucose-induced insulin secretion (Hu et al., 2021). 

Another aspect of CME’s role in disease lies in its utility as an entry 
point for pathogens. The uptake of viral particles often requires 
increasing the size of a CCP or altering its geometry, or both. CME is the 
most commonly used endocytic pathway for viral entry (Marsh and 
Helenius, 2006), and some viruses can promote the de novo initiation of 
CCPs (Ehrlich et al., 2004; Rust et al., 2004). Notably, the virus 
responsible for COVID-19, SARS-CoV-2, also uses CME for its internal
isation (Bayati et al., 2021). Viruses utilise a variety of strategies for 
infection, and a single virus can often enter the cell through multiple 
pathways (Barrow et al., 2013; Marsh and Helenius, 2006). The first 
stage of the entry of influenza virus into BSC-1 cells, characterised by 

Box 1 
The contributions of C. elegans and Drosophila studies to the understanding of the endocytic cytoskeleton 

Clathrin-mediated endocytosis is fundamental to all eukaryotes. A lot of our knowledge on mammalian CME took advantage of insights using 
yeast. Similarly, other model systems such as the nematode C. elegans and the fruit fly also made, and continue to make, significant contributions 
to our understanding of CME. Below we highlight some of the key studies on the endocytic cytoskeleton in C. elegans and fruit flies. 

By monitoring the uptake of GFP-tagged yolk protein, Grant and Hirsh (1999) showed that C. elegans share the same basic components of CME 
with vertebrates. Consistently, Fares and Greenwald (2001) identified several components of endocytosis in C. elegans that were also conserved 
in mammals (reviewed in Fares and Grant, 2002). Unsurprisingly, the actin cytoskeleton plays an important role in C. elegans CME (Shi et al., 
2019). 

The C. elegans F-BAR containing TOCA family of proteins bend the membrane and regulate actin polymerisation through their SH3 domains, and 
perturbing their function reduces the efficiency of CME in oocytes (Giuliani et al., 2009). Interestingly, a similar reduction in CME efficiency is 
observed upon perturbing the function of WVE-1 (nematode homologue of mammalian nucleation promoting factor WAVE/SCAR) or—to a 
lesser extent—WSP-1 (nematode homologue of mammalian N-WASP) (Giuliani et al., 2009). Indeed, both mammalian and C. elegans TOCA 
proteins associate with WVE-1 (through ABI-1 (Innocenti et al., 2004)) and WSP-1, and TOCA mutants that cannot bind WVE-1 cause a sig
nificant reduction in CME (Giuliani et al., 2009). In line with this, perturbing WVE-1—but not WSP-1—function leads to a significant reduction 
in transferrin uptake, indicating deficiencies in CME (Patel and Soto, 2013). Importantly, the interaction between DBN-1 (nematode homologue 
of Abp1) and F-actin at CME sites in C. elegans is required for recruiting dynamin (Shi et al., 2019; Shivas and Skop, 2012), a finding that 
represents a rare insight into the interaction between dynamin recruitment and actin polymerisation. 

The discovery of the role of dynamin in CME—pivotal to our current understanding of the process—can be traced back to seminal work on the 
shibire mutation in Drosophila (Chen et al., 1991; Grigliatti et al., 1973; Poodry and Edgar, 1979; van der Bliek and Meyerowitz, 1991). Flies 
carrying the shibire mutation experienced reversible temperature-sensitive paralysis as a result of the depletion of synaptic vesicles. In fact, in 
characterising the effects of the shibire mutation, Poodry et al. (1973) concluded that it ’affects a fundamental cell process common to many cell 
types’. 

Studies in flies also helped to stress the importance of the endocytic cytoskeleton. Disruption of the actin cytoskeleton (with latrunculin A or 
cytochalasin D) led to significant endocytic defects in vivo and on dissociated cells (Kochubey et al., 2006; Kuromi and Kidokoro, 1998). Similar 
to C. elegans, perturbing the function of Cip4—the only member of the CIP4/FBP17/Toca1 family in Drosophila—leads to defective E-cadherin 
endocytosis in epithelial cells (Leibfried et al., 2008) and abnormal wing hair development (a process dependent on endocytosis) (Fricke et al., 
2009). Importantly, these phenotypes resemble that of blocking dynamin function (Fricke et al., 2009; Leibfried et al., 2008), and the defects in 
E-cadherin endocytosis also result from loss of ARP2/3 or WASP function (Leibfried et al., 2008). As discussed in the main text, seminal studies 
with the fly homologue of FCHSD2, Nervous Wreck (Coyle et al., 2004; O’Connor-Giles et al., 2008; Rodal et al., 2011, 2008; 
Stanishneva-Konovalova et al., 2016), paved the way for the discovery of this important actin activator in mammalian endocytosis (Almei
da-Souza et al., 2018; Xiao and Schmid, 2020; Xiao et al., 2018). 

Studies in these organisms clearly demonstrate that the basic mechanisms governing the endocytic cytoskeleton share considerable similarity 
across metazoan cells and play important roles in vivo. Decades of work on C. elegans and the fruit fly make them well-characterised multicellular 
model systems offering several advantages over mammalian models, most notably simpler genetics (Harris et al., 2001) and relative ease of 
conducting experiments and imaging in vivo (Jha and Traub, 2014; Wang and Audhya, 2014). The latter may indeed be crucial to cement and 
develop our understanding of the endocytic cytoskeleton—and CME in general—as the dynamics of CME may significantly differ in intact tissue 
in vivo (Masedunskas et al., 2012; Weigert, 2014).  
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association with the membrane and CME markers, is actin-dependent 
(Rust et al., 2004). Similarly, adenovirus endocytosis is 
actin-dependent and is blocked upon treatment with the 
actin-disrupting drug cytoD (Li et al., 1998). More strikingly, the 
rod-shaped vesicular stomatitis virus, with a length of ~ 200 nm, enters 
cells through CME where only the tip of the endocytic vesicle is coated 
with clathrin and the base coated with actin (Cureton et al., 2009). 
Interestingly, a shorter (~ 75 nm) variant of the same virus also enters 
cells through CME, but the vesicles are completely coated with clathrin 
and viral entry is not affected by latrunculin B treatment (Cureton et al., 
2010). The authors also reported an increase in the recruitment of cor
tactin to pits containing the full-size version of the virus compared to the 
smaller particle (Cureton et al., 2010). In summary, viral entry through 
CME is an important pathway, but one that involves multiple mecha
nisms. Thus, the role of the endocytic cytoskeleton in this pathway may 
be potentially equally variable and requires further study. 

The various examples we describe above, linking the endocytic 
cytoskeleton and its regulators to different disease processes, clearly 
demonstrate the physiological importance of actin polymerisation dur
ing CME. Therefore, a deep knowledge of the endocytic cytoskeleton is 
essential to translate these disease links into novel mechanistic insights 
that may help treat patients and understand human biology. 

7. Unanswered questions about the endocytic cytoskeleton 
biology 

The involvement of the actin cytoskeleton in mammalian CME is now 
firmly established. However, while recent work has led to important 
revelations about the nature and significance of the role of actin and its 
regulation in mammalian CME, several key questions remain 
unanswered. 

To start, many studies point to the fact that the contribution of the 
endocytic cytoskeleton to CME progression is not fixed nor pre
determined (Boulant et al., 2011; Kaplan et al., 2021; Kaur et al., 2014; 
Fujimoto et al., 2000; Yarar et al., 2005), but, rather, a variable 
parameter controlled by a series of intrinsic and extrinsic cellular fac
tors. Parameters such as membrane tension, cargo size, receptor iden
tity, cellular localisation, and cell cycle stage are just a few of the 
possible parameters controlling endocytic cytoskeleton participation. In 
addition, each of these parameters is likely to have different weights 
depending on cell type. Indeed, individual cells can show persistent 

variations in CME dynamics between different regions (Willy et al., 
2017). Ultimately, in vivo , changes in membrane tension (Willy et al., 
2021) and even mechanical constraints (Pouille et al., 2009) are among 
a plethora of other physiological factors that may also serve as endocytic 
cytoskeleton regulating factors. Thus, studies in intact tissue and using 
organoids or other 3-dimensional experimental models will undoubt
edly provide valuable insight. Keeping in mind these possibilities while 
studying the endocytic cytoskeleton is an essential step to understand 
the logic of this structure. 

Alongside the questions regarding the role of the endocytic cyto
skeleton in CME progression, many details of the molecular composition 
and architecture of this structure remain to be addressed. A few of these 
unanswered questions are illustrated in Fig. 2 and discussed below: 

(1) What is the role of the cortical actin cytoskeleton in CME initia
tion? Do cells actively remodel the cortical actin at sites of CME to 
allow for the assembly of the endocytic machinery? Are there 
sites where the cortical actin is ‘more permissive’ for CME initi
ation? How is this regulated, and what are the key players 
involved?  

(2) When does actin polymerisation start, and what is the origin of 
the ‘mother filaments’ required for this to happen (Collins et al., 
2011; Serwas et al., 2021)? EM studies show an endocytic cyto
skeleton at an early stage in CME (Collins et al., 2011); whether 
these early networks have a functional role or represent a 
“preparation-phase” for later stages is not known. 

(3) How does the actin network change in architecture and compo
sition as the CCP bends from a flat to a deeply curved membrane? 
Given the radical changes in membrane curvature as CME pro
gresses, it is likely that the actin cytoskeleton may need to adapt 
by changing its biophysical properties. It is tempting to 
hypothesise that myosins may play a significant role in this 
process. 

(4) What is the significance of the presence of multiple N-WASP ac
tivators at CME sites? Are they redundant? What is their relative 
contribution? Different N-WASP activators have distinct capac
ities in promoting actin polymerisation (Almeida-Souza et al., 
2018). Does the spatiotemporal separation of these activators at 
CCPs allow fine control of actin polymerisation rates? In addition, 
what are the factors responsible for nucleating unbranched actin 

Fig. 2. Illustration showing endocytic progression and mechanistic details missing on the regulation of the endocytic cytoskeleton. Read text for discussion on 
each point. 
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filaments (Serwas et al., 2021), and what is their function in CME 
progression?  

(5) What is the significance of actin filament bundling in mammalian 
CME? The actin crosslinking and bundling protein fimbrin is 
important for CME in yeast (Skau et al., 2011). The relevance of 
actin bundling in mammalian CME—and the players involved—, 
however, remain to be elucidated.  

(6) Late CME is characterised by an acceleration of dynamin 
recruitment and a concurrent surge in actin polymerisation 
(Taylor et al., 2011)? Are these two processes inter-dependent 
and/or regulated by the same factors?  

(7) Post-scission, what happens to the endocytic cytoskeleton after 
internalisation, and how does the cell mediate the transition from 
the plasma membrane-associated endocytic cytoskeleton to the 
molecular machinery responsible for establishing actin networks 
around internalised vesicles? At the membrane, is the endocytic 
cytoskeleton completely disassembled or does a vestigial struc
ture remain that may favour the formation of new endocytic 
events and explain observed CME hotspots (Henne et al., 2010; 
Nunez et al., 2011)? 

We believe that the answers to these questions will represent 
important milestones in our understanding of actin regulation during 
CME. Moreover, considering that the endocytic cytoskeleton formation 
and disassembly is confined in time and space, it can be used as a 
powerful model to understand actin regulation in various other cellular 
contexts. Finally, the multitude of connections between the endocytic 
cytoskeleton and various human diseases further highlight the impor
tance of understanding the minutiae of this important cellular structure. 
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