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There are many pathways of endocytosis at the cell surface that apparently operate at the
same time. With the advent of new molecular genetic and imaging tools, an understanding of
the different ways by which a cell may endocytose cargo is increasing by leaps and bounds. In
this review we explore pathways of endocytosis that occur in the absence of clathrin. These
are referred to as clathrin-independent endocytosis (CIE). Here we primarily focus on those
pathways that function at the small scale in which some have distinct coats (caveolae) and
others function in the absence of specific coated intermediates. We follow the trafficking
itineraries of the material endocytosed by these pathways and finally discuss the functional
roles that these pathways play in cell and tissue physiology. Itis likely that these pathways will
play key roles in the regulation of plasma membrane area and tension and also control the

availability of membrane during cell migration.

he identification of many of the components
Tinvolved in clathrin-mediated endocytosis
(CME) and their subsequent characterization
have provided a window into how this complex
process works. For example, understanding how
a clathrin basket is assembled, and how adaptor
complexes, the mechanochemical GTPase dy-
namin, and Rab GTPases work have given us
insights into endocytic pit formation, cargo
concentration, vesicle scission, and subsequent
trafficking. These topics are described in detail
elsewhere in this volume (see Johannes et al.
2014; Kirchhausen et al. 2014; Merrifield and
Kaksonen 2014).

Consequently, CME has remained a pre-
dominant paradigm for following the uptake
of material into the cell. Several endocytic path-
ways that do not use clathrin and its attendant
molecular machinery have begun to be recog-
nized as distinct clathrin-independent endo-
cytic pathways (CIEs) (see Fig. 1). Some of these
pathways are constitutive, whereas others are
triggered by specific signals or are even hijacked
by pathogens. In addition, they differ in their
mechanisms and kinetics of endocytic vesicle
formation, associated molecular machinery,
and cargo destination. Here we discuss charac-
teristics of clathrin-independent (CI) endocytic
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Figure 1. The diversity of endocytic pathways available at the cell surface of metazoan cells. The schematic
outlines multiple means by which a cargo located at the plasma membrane or in the extracellular milieu enters
the endocytic pathway in metazoan cells. Dynamin-dependent pathways (+; circles) are typically associated
with small-scale coat-mediated invaginations, such as clathrin or caveolar pathways. The dynamin-independent
pathways reflect a larger diversity of forms, ranging from the small-scale processes to the larger scale membrane
invaginations. The main effectors of the CIE pathways are indicated below their primary invaginations. All the
dynamin-independent mechanisms appear to use actin filament (red bars) polymerization machinery.

pathways, the logic and mechanisms of cargo
selection, vesicle budding, the itineraries of in-
ternalized cargo, and provide a perspective on
the regulation of CIE.

At first glance CIE facilitates two types of
endocytic processes—the large micrometer-
scale pathways such as macropinocytosis and
phagocytosis, and a spectrum of smaller
(<200 nm) scale processes (Fig. 1). The large-
scale processes involve internalization of signif-
icant patches of membrane, but these pathways
may share some of the same molecular machin-
ery as the smaller scale processes, especially
those utilizing actin machinery in membrane
remodeling, and have been addressed in recent
reviews (Flannagan et al. 2012; Bohdanowicz
and Grinstein 2013; see also Cossart and Helen-
ius 2014).

SMALL-SCALE CIE PROCESSES

The physical demands of bending membrane at
small scales, and trapping specific cargo creates
distinct problems to be resolved when the scale
of the membrane shrinks below 200 nm, espe-
cially when relatively rigid scaffolds such as the
clathrin coat are not used. This is in part owing
to the bending modulus of the membrane be-
coming a major determinant in the endocytic
process (see Johannes et al. 2014), and the
necessity of trapping diffusible cargo in small
regions of the membrane undergoing inter-

nalization. These requirements place endocytic
pathways that operate without clathrin into a
distinct category.

A simple classification scheme for the small-
scale CIE pathways was attempted earlier (May-
or and Pagano 2007) and still remains a useful
one (Fig. 1). The requirement for dynamin
neatly divides those that use dynamin (dyna-
min-dependent) from those that require other
machinery (dynamin-independent). Another
important classifier is the presence or absence
of a coat that marks the internalized patch of
membrane, and in those that lack a defined coat,
it is the small GTPases that regulate actin that
are often involved in mediating CIE. The divi-
sion of CIE pathways into subclasses is not to set
up rigid categories but to provide a framework
to organize and discuss emerging data in this
rapidly growing field and to fuel systematic ex-
perimentation. It is clear that there are common
themes and this will be discussed at the end of
this work.

We begin our discussion on the small-scale
CIEs with the best-studied non-clathrin-coated
representative, the dynamin-dependent caveo-
lar endocytic system.

CAVEOLAE: PLASMA MEMBRANE PITS
POISED FOR ENDOCYTOSIS?

Caveolae in nonmuscle cells are characterized
by ~140 molecules of the oligomeric integral
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membrane protein, caveolin-1 (CAV1), 30—
70 mol of caveolin-2 CAV2), and a complex
of peripheral membrane proteins, now termed
cavins (Hansen and Nichols 2010; Hayer et al.
2010a; Parton and Del Pozo 2013). Cavins 1, 2,
and 3 associate with the caveolae of mamma-
lian nonmuscle cells. In skeletal muscle cells,
caveolin-3 (CAV3) replaces the caveolin-1/2
complex and an additional cavin family mem-
ber, cavind/MURC, associates with the cavin
complex (Way and Parton 1995; Ogata et al.
2008; Tagawa et al. 2008; Bastiani et al. 2009).

A long-standing question in the field has
been the endocytic potential of caveolae. How
dynamic are caveolae, particularly in compari-
son to clathrin-coated pits, and are they endo-
cytic atall? If so, what machinery is involved and
does it share components with other endocytic
pathways? Do they differ in their dynamics in
different tissues and in different regions of the
same cells? And of course, what is the function
of caveola internalization; are there a set of car-
goes that are dependent on caveolae for entry
into cells or does caveolar endocytosis serve
some other purpose? When considering these
questions we must also be aware of the dramatic
differences in caveolar density in different cell
types (and even within the same cell type in
different tissues, e.g., brain versus cardiac endo-
thelia) (Simionescu etal. 2002), pointing to con-
siderable cell-type-specific functions in contrast
to the ubiquitous clathrin-coated pits (Parton
and Del Pozo 2013). The relatively mild pheno-
type observed in caveolin-deficient mice (Drab
et al. 2001; Park et al. 2002) is also consistent
with specialized functions of caveolae and/or
significant compensation, rather than a univer-
sal essential cellular function.

Caveolae as Endocytic Carriers

It is now clear that caveolae can detach from the
plasma membrane to form an endocytic caveo-
lar carrier. Earlier studies using green fluorescent
protein (GFP)-CAV1 and CAV1-GFP suggested
caveolae were relatively immobile, at least com-
pared with clathrin-coated pits, although inter-
nalization could be stimulated by treatment with
a general phosphatase inhibitor (Thomsen et al.
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2002) in agreement with earlier studies (Parton
et al. 1994). Subsequent work defined the
steady-state kinetics of caveolae in more detail
and reported two distinct pools: a majority that
is immobile, and a minority displaying a fast
“kiss-and-run” behavior involving transient fu-
sion without full collapse of the vesicle with life-
times of 2—5 sec (Pelkmans and Zerial 2005). A
recent study using stable cell lines expressing low
levels of CAV1-GFP studied at 37°C was com-
bined with examination of cavins and electron
microscopy (Boucrot et al. 2011). Cavinl ap-
pears to represent a particularly good marker
of caveolae as cavinl does not bind to CAV1
in transit through the secretory pathway or if
caveolae are disassembled (Hill et al. 2008).
These studies provided further important in-
sightsinto the dynamics of caveolae in a cultured
cellline. In interphase cells 85% of caveolae were
internalized as defined by loss of CAV1-GFP
fluorescence in the TIRF plane, in the 10 min
observation period (Boucrot et al. 2011). Life-
times ranged from <2 sec (30% of caveolae) to
>7 min. Budded structures were cavin-positive,
providing independent evidence for their iden-
tification as endocytic caveolar carriers (Boucrot
et al. 2011). Boucrot et al. further showed that
despite different lifetimes at the plasma mem-
brane, budding and fusion back to the plas-
ma membrane showed similar kinetics (within
1 sec). Importantly, these detailed kinetic stud-
ies were complemented by studies of caveolar
density and caveolar budding by electron mi-
croscopy (EM) (Boucrot et al. 2011).

Generally similar conclusions can be derived
from other recent studies that have used a com-
bination of complementary techniques (Bou-
crot et al. 2011; Moren et al. 2012; Stoeber
et al. 2012) that seem to contradict the earlier
studies that concluded that caveolae are not con-
stitutively budding endocytic carriers (Thom-
sen et al. 2002). Importantly, the recent studies
also showed agreement on the dependence on
dynamin function, both using small molecule
inhibitors and dominant—negative inhibitors
(Boucrot et al. 2011; Moren et al. 2012; Stoeber
et al. 2012). From these studies we can therefore
conclude that current evidence would suggest a
dynamic cycle of caveolae budding from the
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plasma membrane, some of which fuse with the
plasma membrane (PM) in an apparent futile
cycle, whereas others reach the early endosome
and then return as a stable entity to the PM. The
dynamic nature of caveolae is supported by
studies of caveolae in endothelia in vivo (Oh
et al. 2007). In these live imaging experiments
caveolae were not followed by using a fluores-
cent caveolin fusion protein but using an-
tibodies to an endogenous surface marker of
caveolae, the glycosylphosphatidylinositol-an-
chored protein (GPI-AP) aminopeptidase P
(Ohetal.2007). These studies showed a remark-
able ability of caveolae to mediate rapid trans-
endothelial transport in the lung. Transport was
blocked by down-regulation of CAV1 and did
not occur with other surface markers that were
not concentrated in caveolae (Oh et al. 2007).
The kinetics of the transport were consistent
with very rapid endocytosis via caveolae in en-
dothelial cells, similar or even faster than that
mediated by clathrin-coated pits. Taken togeth-
er with the studies of caveolin-GFP fusions and
parallel electron microscopic studies we can
conclude that caveolae are indeed dynamic en-
docytic carriers.

The machinery involved in caveolae endo-
cytosis is gradually emerging. In addition to the
GTPase, dynamin, localized to the neck of cav-
eolae (Henley et al. 1998; Oh et al. 1998, 2012;
Boucrot et al. 2011), we can now add the ATPase
EHD?2, and the F-BAR-domain protein pacsin2.
In contrast to dynamin, EHD2 is a negative reg-
ulator of endocytosis; budding of caveolae is
increased by knockdown of the ATPase EHD2
(Moren et al. 2012; Stoeber et al. 2012). Again,
this was shown by both light microscopy (to-
tal internal reflection fluorescence microscopy
[TIRF] and photobleaching) and by electron
microscopic caveolar endocytic assays strength-
ening the conclusions that bona fide caveolar
budding was being observed (Moren et al.
2012; Stoeber et al. 2012). The mechanism by
which EHD2 inhibits caveolar endocytosis is
not yet known but the actin cytoskeleton has
been implicated in providing the EHD2-de-
pendent inhibitory constraint. Caveolae align
along actin filaments and real-time observation
of drug-induced redistribution of actin showed

that EHD?2 followed the reorganizing actin cy-
toskeleton in WT cells but not in cells with
down-regulated EHD2 (Stoeber et al. 2012).
This implicated EHD2 directly or indirectly, in
linking caveolae to actin. A mutated form of
EHD?2 with accelerated ATPase activity showed
actin association even in cells lacking CAV1 sug-
gesting that the ADP form of the protein might
link to actin independently of caveolae. The full
ATPase cycle would be required to provide a
regulated link between caveolae and the actin
cytoskeleton. In cells with caveolae this mutant
shows more stable association with caveolae and
displacement of endogenous EHD2 (Stoeber
et al. 2012). Interaction with actin may not be
direct and a number of candidate actin-binding
proteins, including filaminA (Muriel et al.
2011), have been linked to caveolae; depletion
of filamin A increases caveolar dynamics and
disrupts stable anchoring of caveolae (Sverdlov
et al. 2009; Muriel et al. 2011). Like dynamin,
EHD?2 appears to be associated mainly with the
neck of caveolae (Ludwig et al. 2013).

EHD?2 also interacts with Pacsin2 (PKC and
casein kinase substrate in neurons 2), another
key regulator of caveolar formation (Hansen
et al. 2011; Senju et al. 2011). Pacsin2 binds
both dynamin and CAV1 and is a BAR-do-
main-containing protein, able to sense and
modulate membrane curvature. In addition to
these components, studies of endothelial cells
have identified various components of the cel-
lular membrane fusion machinery including
NSE SNAP, and VAMP2 (Schnitzer et al. 1995;
McIntosh and Schnitzer 1999). The latter ap-
peared to be a major component of isolated
caveolae and was shown to be required for en-
dothelial uptake of cholera toxin via caveolae
(Schnitzer et al. 1995).

OTHER DYNAMIN-DEPENDENT CIES
The IL-2 Receptor Endocytic Route

As indicated above, a number of CI pathways
that operate at the small scale (0.1-1 pm),
function to internalize specific cargo. In this
category there are dynamin-dependent path-
ways and dynamin-independent pathways.
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A well-studied example of the first category
is the RhoA-dependent IL-2 receptor endocytic
route (Lamaze et al. 2001; Gesbert et al. 2004).
EM studies confirm that IL-2 receptors are
concentrated and then internalized via small
noncoated invaginations. Both the specific con-
centration of the receptors and uniform size
(50—100 nm) of the endocytic vesicle indicate
the presence of an as-yet-unidentified protein
coat that could aid in the recruitment of these
proteins to the site of endocytosis, and mold
the endocytic pit.

Many cytokine receptors and their constitu-
ents, such as the 8 chain of the interleukin 2 and
15 receptors (IL-2RB) and the common cyto-
kine vy chain (IL-2R+y7y) of the receptors for in-
terleukins 2, 4, 7, 9, 15, and 21 use this route
(Gesbert et al. 2004). Here dynamin regulates
endocytosis via an endocytic pathway that is
cholesterol sensitive, wherein many IL receptor
subunits associate with “lipid raft”-like domains
(Lamaze et al. 2001). It is likely that in this do-
main, an actin-based machinery, involving cor-
tactin and neuronal Wiskott-Aldrich syndrome
protein (N-WASP) is assembled to facilitate
IL-2R entry. This is regulated by input from a
IL-2R-activated PI3P signaling cascade that in
turn activates RhoA, and consequently Racl
(Basquin et al. 2013). Subsequently p21-activat-
ed kinase 1 (Pakl), a downstream target of Racl,
phosphorylates cortactin, promoting its interac-
tion with N-WASP (Grassart et al. 2008, 2010).
This cascade facilitates the recruitment and
activation of a complex composed of cortactin,
N-WASP, Arp2/3, followed by generation of
F-actin during IL-2R endocytosis. Amyloid pre-
cursor protein (APP) endocytosis in primary
neurons (Saavedra et al. 2007) is another exam-
ple of this pathway.

Endocytosis of the EGF Receptor

In the context of the (epidermal growth fac-
tor EGF) receptor (EGFR), at low doses of EGF
the receptor is directed toward a clathrin-depen-
dent pathway, and at high doses it appears that
it uses a CI pathway (Sigismund et al. 2005).
Enhanced ligand-dependent ubiquitination of
the receptor has been suggested to act as a regu-
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latory switch that shunts the receptor toward a
clathrin-independent endocytic route, and this
likely involves a ubiquitin adaptor for endocy-
tosis (Sigismund et al. 2013). The endocytosis of
EGEFR at high concentrations of EGF requires
cholesterol and “raft” association of the EGF re-
ceptor similar to the IL-2 receptor above. Here
the role of dynamin remains controversial be-
cause in separate studies at high concentrations
of EGE dynamin inhibition appeared to inhibit
endocytosis (Sigismund et al. 2005), or had no
effect on EGF internalization (Jiang and Sorkin
2003). The role(s) of actin machinery here is
poorly characterized; the activity of N-WASP
(Benesch et al. 2005) is important, and RhoA
(Nishimura et al. 2011) and cortactin (Timpson
et al. 2005) have also been implicated, albeit as
negative regulators of EGFR endocytosis.

COAT- AND DYNAMIN-INDEPENDENT
ENDOCYTIC PROCESSES

Given the accumulating body of literature on
clathrin, and now caveolar endocytosis (see
above), it is much easier to conceptualize a ded-
icated protein deformation machinery assem-
bling at the inner surface of the cell, governing
the endocytic process. This coat in turn could
act as molecular flypaper to concentrate endo-
cytic cargo, and where studied, the pathways
have been shown to require the function of dy-
namin to affect the endocytic process. Endocy-
tosis in the absence of identifiable coats poses
multiple problems. However, it is now well es-
tablished (despite major debates [Mayor and
Pagano 2007; Howes et al. 2010b; Kumari et al.
2010]), that there are a number of endocytic
pathways in which neither specific coat proteins
nor a particular pinching machinery have been
identified.

As early as the 1980s researchers realized
that bulk phase markers (such as Lucifer yellow
or the cell-surface-binding lectin, ricin) could
be endocytosed in cells where clathrin function
was inhibited by a number of physicochemical
means (Moya et al. 1985; Doxsey et al. 1987;
Sandvig and van Deurs 1994). Later studies
used molecular genetic tools to confirm these
observations (Damke et al. 1994; Sabharanjak

Cite this article as Cold Spring Harb Perspect Biol 2014;6:a016758 5



fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voocd”

www.cshperspectives.org

S. Mayor et al.

et al. 2002), and establish the existence of dy-
namin-independent endocytosis. Unimpaired
fluid phase endocytosis in primary hemocytes
derived from the temperature-sensitive shibire
mutants of Drosophila (Guha et al. 2003) in
which the mutant dynamin gene in Drosophila
renders all dynamin splice forms temperature
sensitive because it is located in the exon encod-
ing the common GTPase domain (Grant et al.
1998), also provides convincing evidence for
dynamin-independent endocytosis.

In the absence of a defined coat, recent evi-
dence suggests that specific lipid accumulation
(reviewed in Johannes and Mayor 2010) or ac-
cretions of almost any membrane-tethered pro-
tein (Stachowiak et al. 2012), could initiate
membrane deformation by physically making
the membrane bud and form a vesicle, by an
energetically favorable process. For example,
Shiga toxin entry is initiated by binding of toxin
to the ganglioside, Gb3. This induces invagina-
tions in cells as well as model membranes as a
result of its specific organization as a heptameric
toxin recruiting multiple Gb3 species into close
proximity (Romer et al. 2007), leading to a com-
paction of lipid species into a specific geometry.
To relieve line tension, these lipid clusters aggre-
gate and favor the formation of a membrane
bud. An example in which a protein accretion
initiates endocytosis is the process of HPV16
virus infection, in which tetraspannin-enriched
domains are recruited for virus entry (Spoden
et al. 2008).

The CLIC/GEEC Pathway

Endocytosis of lipid-anchored proteins such as
GPI-APs does not use any detectable pro-
tein coat; there is a lack of any electron-dense
material surrounding the earliest detectable
endocytic intermediates by EM visualization
(Kirkham et al. 2005). Together with the highly
pleiomorphic nature of the endocytic interme-
diates, this suggests that if there are coats, they
are too transient to be captured by current
methodologies of cell fixation and processing
and would allow a whole plethora of membrane
morphologies. GPI-APs are endocytosed via a
dynamin-independent endocytic route, into a

specialized early endosomal compartment that
also accommodates a major fraction of internal-
ized fluid phase (Sabharanjak et al. 2002). These
endocytic structures containing endocytosed
GPI-APs are termed GEECs (GPI-AP enriched
early endosomal compartments), and they re-
sult from fusion of the primary uncoated CI
tubulovesicular carriers called CLICs (CI carri-
ers), which are directly derived from the cell
surface (Kirkham et al. 2005). The process is
thereby termed the CLIC/GEEC (CG) pathway.

The CG pathway is a high-capacity pathway
in which most of the internalized fluid phase is
delivered to the cell, in a process that is distinct
from macropinocytosis (because it is a consti-
tutive process, and not sensitive to amilioride, a
selective inhibitor of macropinocytosis). In
many cell types it is also responsible for the
rapid recycling of the membrane area of the
cell; in mouse embryonic fibroblasts, the entire
cell surface is recycled in <15 min (Kirkham
et al. 2005). Although GEECs appear enriched
in GPI-APs (Sabharanjak et al. 2002), the mech-
anism for selectively enriching the outer leaflet
tethered GPI-APs in CLICs is not well under-
stood. A lipid-based sorting mechanism has
been proposed because alterations in cholester-
ol and sphingolipid levels as well as perturba-
tion of the nanoclustering of GPI-AP affects
endocytosis via this pathway (Sharma et al.
2004; Chadda et al. 2007). The size of the extra-
cellular moiety attached to the lipid tail may act
as an additional determinant for inclusion into
GEECs (Bhagatji et al. 2009). Additionally, sev-
eral transmembrane proteins such as CD44 and
dysferlin are also selectively endocytosed via this
pathway (Howes et al. 2010a).

The molecular machinery of the CG pathway
is apparently initiated by the recruitment of
GBF1, a guanine nucleotide exchange factor
(GEF) for Arf 1, at the cell surface (Gupta et al.
2009), which in turn serves to activate Arfl. Ac-
tivated Arfl in turn recruits ARHGAP10/21, a
RhoGADP, to the cell surface (Kumari and Mayor
2008) or vice versa. This complex machinery is
used to maintain the RhoGTPase Cdc42 in its
cycling state to effect the recruitment of down-
stream actin polymerization machinery. Dy-
namic actin polymerization is necessary for en-
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docytosis, and is maintained by Cdc42 dynam-
ics at the PM (Chadda et al. 2007; Kumari and
Mayor 2008). Another recently reported effector
of GEEC formation is the multidomain protein
GTPase regulator associated with focal adhesion
kinasel (GRAF1), which has a BAR domain,
SH3 domain, and a Rho-GAP domain. It colo-
calizes to CG carriers in HelLa cells where its loss
results in reduced CG uptake (Lundmark et al.
2008). Additionally, GRAF1 colocalizes with ac-
tive Cdc42 and also contains a Rho-GAP do-
main, thereby ensuring a loss of Cdc42 activity,
along with ARHGAP10/21. The roles of the
BAR domain, which could aid in generating
membrane curvature, and the SH3 domain, ca-
pable of interacting with dynamin GTPase, are
yet to be explored. Although CLIC formation
is dynamin-independent, dynamin is localized
to GEECs postinternalization (Kirkham et al.
2005), and this is necessary in some cell types
for recycling of the membrane internalized into
GEECs. This step could be mediated by GRAFI.

At this time it is not clear if there are mul-
tiple mechanisms that function in a similar
coat-independent fashion to form CLICs and
deliver cargo to the GEECs.

ARF6-Associated Pathway

Another mode of CIE that is also dynamin-in-
dependent is one that was originally identified
owing to its association with Arf6 (Radha-
krishna and Donaldson 1997). Arf6 is present
at the cell surface and in many cells on endo-
somes that contain CIE cargo proteins. A wide
variety of endogenous cell-surface proteins have
been identified that enter cells by this pathway
that include proteins involved in nutrient trans-
port (Glutl, CD98, Latl), in matrix interaction
(CD44, CD147), in immune function (MHC
Class I, CD1a), and proteins anchored to the
membrane by GPI (CD55 and CD59) (Eyster
et al. 2009; Maldonado-Baez et al. 2013b).
Internalization is clathrin- and dynamin-inde-
pendent, but cholesterol-dependent. The in-
coming endosomes are distinct from the cla-
thrin-dependent cargo-containing endosomes
but soon after internalization they fuse with
Rab5-positive sorting endosomes (Naslavsky

Clathrin-Independent Pathways of Endocytosis

et al. 2003) where they are sorted for recycling
or degradation (see section below).

Arf6 activation and inactivation modulates
membrane trafficking in this pathway (Grant
and Donaldson 2009) mediated in part by
Arf6 activation of phosphatidylinositol-4-phos-
phate 5-kinase. In most cases, Arf6 activation
is not required for endocytosis, but is required
for recycling. In contrast, Arf6 inactivation is
required soon after internalization for sorting
of endosomal cargo as overexpression of the
constitutively active form of Arf6 traps cargo
in internal vacuolar structures that are coat-
ed with phosphatidylinositol-4,5-bisphosphate
(PIP2) (Naslavsky et al. 2003). It is important to
note that the Arf6-stimulated generation of
PIP2 at the PM can also indirectly affect other
endocytic events. In particular because CME
requires PIP2, increased Arf6-GTP can some-
times enhance or facilitate CME.

The ARF6-associated pathway bears resem-
blance to the CLIC/GEEC pathway in that these
pathways internalize similar cargo (Eyster et al.
2009; Howes et al. 2010a). The CG pathway and
the Ar6 pathway have been considered as sepa-
rate (Fig. 1) (see also Doherty and McMahon
2009); however, it is not certain if they represent
the same or distinct process. In cells in which
the CG pathway has been shown to function,
Arf6 plays little or no role in endocytosis of
the CG cargo (Kumari and Mayor 2008); how-
ever, the reverse experiment has yet to be per-
formed. It is likely that these two processes
could use similar mechanisms for initial entry,
and the association with specifically activated
Arf6 with these endocytic vesicles in the context
of specific cell types generates a distinct endo-
somal trafficking system.

Other Dynamin-Independent Endocytic
Pathways

Flotillins appear to outline yet another dyna-
min- and clathrin-independent endocytic pro-
cess, because cargo including fluid phase and a
GPI-anchored protein CD59 in HeLa cells are
endocytosed via this pathway (Glebov et al.
2006). In the cells depleted of flotillinl, there
is a defect in uptake of CD59, and CTxB inter-
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nalization is shifted to a dynamin-dependent
mode. There are two flotillin genes, flotillin 1
and 2 (identical to Reggie 2 and 1, respectively)
(Babuke and Tikkanen 2007), and flotillin 1 and
2 appear to induce membrane invaginations in
a dose-dependent manner (Frick et al. 2007). In
addition the nonreceptor tyrosine kinase fyn-
mediated phosphorylation of flotillin appears
to trigger endocytosis via this pathway (Riento
et al. 2009). Recently, Lencer and colleagues
found that cholera toxin intoxication of zebra-
fish embryos and mammalian cells requires flo-
tillin (Saslowsky et al. 2010). However, Sandvig
and coworkers found that in the case of Shiga
toxin and ricin, flotillin depletion increases tox-
icity (Pust et al. 2010). Although in all these
toxins, intoxication requires delivery of the tox-
in to the ER, the differential responses to flotil-
lin depletion indicates a more complex require-
ment for this protein, potentially in multiple
locations in the endocytic pathway. Further-
more, although flotillins may define yet another
dynamin-independent endocytic process, there
are studies that suggest that dynamin may be
involved in endocytosis of cargo that require
flotillin (Otto and Nichols 2011). This has
been rationalized by suggesting that flotillins
could act as adaptors for specific cargo, tracking
them to alternative dynamin-dependent endo-
cytic routes. Thus, until additional molecular
machinery is identified, the function of endog-
enous flotillins in endocytosis, their capacity to
interact with specific cargo, and the mechanism
of vesicle generation remain unresolved.

The antagonist of the nicotinic acetylcho-
line receptor, a bungarotoxin, induces internal-
ization of its target, via a relatively slow dyna-
min-independent process. This proceeds via a
mechanism dependent on local actin polymer-
ization triggered by antagonist-induced activa-
tion of the nonreceptor tyrosine kinase c-src
that in turn activates the Racl GTPase and sub-
sequently promotes actin polymerization; inhi-
bition of Racl activity or actin polymerization
inhibits endocytosis of the nicotinic receptor
(Kumari et al. 2008). A similar pathway is trig-
gered by the HIV Nef protein to down-regulate
the costimulatory proteins CD80 and CD86 in
macrophages to render infected macrophages

incapable of activating naive T cells (Chaudhry
et al. 2007).

A Central Role for Actin Polymerization
in the Absence of Clathrin and Dynamin

There is a breathtaking diversity in the cargo
and the molecular machinery behind clathrin-
and dynamin-independent endocytic systems
(Conner and Schmid 2003; Mayor and Pagano
2007; Sandvig et al. 2008; Doherty and McMa-
hon 2009). If there is any generalizable mecha-
nism for endocytosis in the absence of both cla-
thrin and dynamin, it is the role of specialized
actin-based platforms that emerges as a unifying
mechanism to aid in this form of endocytosis.
Indeed perturbation of actin polymerization by
using inhibitors of polymerzation or depolyme-
rization has been shown to inhibit the forma-
tion of CLICs in a number of these pathways. A
recent study shows that actin reorganization is
necessary for the scission of membrane tubules
generated via the assembly of lipid nanoassem-
blies in vitro (Romer et al. 2010). It is more
complicated to assess the role of actin polymer-
ization in the cell because it is also involved in
the assembly of the lipid and protein assemblies,
itself (Gowrishankar et al. 2012).

Mechanistically, there may be many ways to
recruit and assemble actin machinery to affect
endocytosis; therefore these pathways have dis-
tinct upstream mechanisms of initiating the
endocytic process, depending on the nature of
cargo and the mechanism for its selection. This
may involve the recruitment of actin polymeri-
zation regulators; for example, Cdc42 for the
CG pathway, RhoA for the IL-2R pathway, Rac
for the nicotinic receptor and the CD80 and 86
proteins, and so on. However, all these pathways
may share a common downstream signature
that revolves around the assembly and deploy-
ment of actin polymerization to affect the actual
endocytic process.

Endocytosis Mediated by the Actin
Cytoskeleton: A Case Study

To understand this downstream role of the actin
machinery in endocytosis, it may be useful to
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focus on one system in which this pathway is best
understood, namely, in the genetic system yeast
(Galletta and Cooper 2009). Although endocy-
tosis in yeast is defined as a clathrin-mediated
process, clathrin itself is dispensable for endocy-
tosis in yeast (Payne 1990; Munn et al. 1991;
Tan et al. 1993), and subsequent studies have
shown that although clathrin facilitates endo-
cytic site assembly, it is not required for mem-
brane invagination or vesicle formation. In a
mutant screen for endocytic defects in yeast,
actin and its regulators were the prime hits;
one-third of the endocytic proteins identified
in this screen bind actin or regulate its assembly
(Munn et al. 1995). Therefore, the role of actin
in almost every stage of this pathway provides
a way to understand how actin may play a spe-
cific role in endocytosis (Weinberg and Drubin
2012). With the visualization of the recruit-
ment of actin to the sites of endocytosis in live
cells (Toret and Drubin 2006), Drubin and col-
leagues have systematically identified actin
patches, which have distinct protein composi-
tion and motility properties, and accumulate
in the different genetic mutants as intermediates
in the endocytic process (Kaksonen et al. 2003,
2005). This allowed a dissection of the endocy-
tic pathway into four stages representing distinct
protein modules involved in coat formation,
membrane invagination, actin-meshwork as-
sembly, and vesicle scission (also see Merrifield
and Kaksonen 2014).

Based on these studies and more recent cor-
relative light and electron microscopy, followed
by EM-based tomography, it appears that endo-
cytosis is initiated at a site where the membrane
invaginates and then is elongated into a tube by
active polymerization of actin and traction by
myosin motors (Geli and Riezman 1996; Kukul-
ski et al. 2012). This culminates in the scission
of this tube by a mechanochemical process (Liu
et al. 2006). Here it is proposed that distinct
membrane domains are created by the action
of lipid kinases and phosphatases acting differ-
entially on the neck and stalk of the tube; the
resultant line tension between these domains is
a cause for scission. This is a mechanochemical
model because it is the generation of the elon-
gated and narrow neck of the endocytic tube

Clathrin-Independent Pathways of Endocytosis

that differentially recruits lipid kinases and
phosphatases, resulting in a kinetic segregation
of lipids in the neck region. Although interest-
ing as a model, several tests need to be per-
formed before its validity may be ascertained,
but it does provide an actin-centric way of look-
ing at the endocytic process.

POSTENDOCYTIC TRAFFICKING OF CIE
CARGO PROTEINS

After entry, newly formed endocytic structures
arising from CIE can undergo rounds of homo-
typic fusion followed by heterotypic fusion with
endosomes arising from CME. The tracking
of incoming endosomes from CIE to assess
what endosomes they fuse with and how they
acquire particular endosomal Rab proteins is an
experimental challenge and data on this is in-
complete. Further complicating this is the vari-
ety of types of both clathrin-independent and
-dependent forms of endocytosis and how these
membrane systems manifest themselves in dif-
ferent cell types.

A consensus has emerged from real-time
studies that the destination for budded caveolae
is the early endosome (Pelkmans et al. 2004;
Hayer et al. 2010a; Boucrot et al. 2011; Stoeber
et al. 2012), a conclusion actually reached in
earlier ultrastructural studies (Montesano et al.
1982; Tran et al. 1987; Parton et al. 1994). Pre-
vious reports of a specialized endosomal com-
partment receiving internalized CAV1, termed
the “caveosome,” have been explained as an ar-
tifactual late endosomal destination of overex-
pressed caveolin (Hayer et al. 2010a). The use of
fluorescently tagged cavin with CAV1 in light
microscopic experiments helped establish that
caveolae travel to early endosomes (Hayer et al.
2010a; Boucrot et al. 2011). Cavin-labeled vesi-
cles are readily observed by EM in the cytosol
of cultured cells, as well as on putative endoso-
mal structures (Hayer et al. 2010b), consistent
with observations of caveolin forming a stable
domain on the early endosome from which car-
go, including cholera toxin, is released (Pelk-
mans et al. 2004). In contrast, EHD2 is not de-
tectable on the early endosome (Stoeber et al.
2012).
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There is compelling evidence in the CG
pathway that the incoming endosomes have
the capacity for homotypic endosomal fusion
and subsequent sorting of cargo. In some cell
lines, ~50% of the newly endocytosed material
is recycled at this early stage, and the remaining
membranes fuse to mature into GEEC struc-
tures. The initial fluid and membrane-contain-
ing endocytic structures become highly acidic,
and acquire PI3P, Rab5, and the early endoso-
mal antigen 1 (EEA1) (Kalia et al. 2006). Both
the morphology and highly acidic nature of the
GEEC suggest that this endosome could begin
to sort cargo and membrane for different desti-
nations (Sabharanjak et al. 2002; Howes et al.
2010a), before delivery of material to the early
sorting endosome (Fig. 2).

In the Arf6-associated pathway, the incom-
ing endosomes can undergo homotypic fusion

stimulated by Arf6-GTP and phosphatidylino-
sitol-4,5-bisphosphate (PIP2) (Brown et al.
2001) but further trafficking toward recycling
or degradation requires inactivation of Arf6,
loss of PIP2, and acquisition of Rab5 and PI3P
(Brown et al. 2001; Naslavsky et al. 2003). Recy-
cling of endosomal membrane back to the PM
requires Arf6 in a number of cell systems (Rad-
hakrishna and Donaldson 1997; Powelka et al.
2004; Balasubramanian et al. 2007).

Regardless of the specific mode of cellular
entry, endosomes containing CIE cargo proteins
eventually fuse with the early or sorting endo-
some (SE) that contains CME-derived cargo
proteins (see Fig. 2). Although sorting occurs
throughout the endosomal pathway, the “classi-
cal” SE is defined by the presence of Rab5, PI3P,
and EEA1. Recent work by Zerial and colleagues
suggests more variety in the composition of

Arf6-associated
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Figure 2. Trafficking itineraries of endocytosed cargo in a typical mammalian cell. The diagram maps the
trafficking itineraries of cargo endocytosed via multiple means including the clathrin-mediated pathway (see
text for details). A number of endocytic compartments and destinies are available for cargo endocytosed via the
CIE, whereas clathrin and caveolar pathways typically deliver their cargo directly to the sorting endosomal
system. The CIE pathways often use distinct molecular machinery and separate recycling compartments to

return cargo internalized via these routes.
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these compartments including those with Rab5
only, Rab5 and APPL positive, and Rab5 and
EEA1 positive (Miaczynska et al. 2004). For sim-
plicity, here we depict the SE as alarge composite
structure with differentiation of distinct do-
mains enriched in particular membrane lipids
and Rab proteins. Fusion with this compart-
ment requires the acquisition of PI3P and
Rab5 (Naslavsky et al. 2003; Kalia et al. 2006).
Once in this compartment CIE cargo proteins
now join cargo entering through CME and fur-
ther sorting of cargo can occur. Through the
process of maturation and release of transport
carriers, cargo proteins and membrane can pro-
ceed toward late endosomes and lysosomes, the
trans-Golgi network, or to recycling endosomes.
Also trafficking into and through this compart-
ment are CME cargo proteins such as transferrin
and LDL receptors. Endosomal trafficking and
sorting is discussed in more detail elsewhere in
this volume (see Henne et al. 2013; Burd and
Cullen 2014; Klumperman and Raposo 2014);
therefore, here we focus on the sorting and traf-
ficking of CIE proteins.

The final destination of internalized mem-
brane and cargo varies with the type of CIE,
particular cargo proteins, and cell type. The con-
tents of GEECs proceed to the juxtanuclear re-
cycling compartment in Chinese hamster ovary
(CHO) cells and fibroblasts (Sabharanjak et al.
2002), and to late endosomes and lysosomes in
baby hamster kidney (BHK) cells (Fivaz et al.
2002). In mouse embryonic fibroblasts, CD44
enters GEECs and is sorted away to reside in a
long-lived compartment that is distinct from
the recycling compartment as well as late endo-
somes (Howes et al. 2010a). It is likely that this
pathway may use similar machinery as the Arf6
pathway to segregate out material from its deg-
radative destination. In T cells, the IL-2 receptor
that enters cells via a RhoA /Rac and dynamin-
dependent pathway is also delivered to late en-
dosomes for degradation (Roccaetal. 2001). Car-
go entering cells through Arf6-associated CIE is
sorted to recycling or degradation based on spe-
cific cytoplasmic sequences (Eyster et al. 2009;
Maldonado-Baez et al. 2013b) and the presence
or absence of ubiquitination on the cytoplasmic
tails of these cargo proteins (Eyster et al. 2011).

Clathrin-Independent Pathways of Endocytosis

SORTING OF CIE CARGO PROTEINS AFTER
ENDOCYTOSIS

In HeLa cells a number of PM proteins have
been identified that enter cells via CIE. The ma-
jor histocompatibility complex class I (MHCI)
is a prototypic cargo protein that enters in en-
dosomes associated with Arf6, and then is
found in SE associated with CME cargo, Rab5
and EEA1l. From here MHCI traffics via the
multivesicular bodies (MVB) pathway into late
endosomes and lysosomes for degradation or is
recycled back to the cell surface via elaborate
recycling tubular endosomes under the control
of multiple Rab GTPases. Joining the itinerary
of MHCI are the glucose transporter 1 (Glutl)
and the GPI-APs CD55 and CD59 (Naslavsky
et al. 2004; Eyster et al. 2009). Additional CIE
cargo proteins have been identified that follow
an alternative itinerary after entry. Among these
proteins are CD44, the hyaluronan receptor;
CD98, which together with Latl, is an amino
acid transporter; and CD147 (also called EMM-
PRIN or basigin), which interacts with integrins
and matrix metalloproteases. CD44, CD98, and
CD147 enter cells with MHCI but then rap-
idly join recycling tubules and avoid trafficking
to endosomes containing the transferrin recep-
tor and EEA1 (Eyster et al. 2009). As a conse-
quence of this postendocytic sorting, CD44,
CD98, and CD147 avoid trafficking to lyso-
somes and degradation (Eyster et al. 2011). It
was recently shown that cytoplasmic sequences
in CD44, CD98, and CD147 are responsible for
this altered trafficking and that the microtu-
bule and cargo-binding protein Hookl facili-
tates this altered trafficking in coordination
with Rab22a and microtubules (Maldonado-
Baez et al. 2013a). CD44 and CD98 are also
present as cargo proteins in the CLIC/GEEC
pathway (Howes et al. 2010a) and so it will be
interesting to see whether they are also differ-
entially trafficked by Hookl and Rab22a.
Other CIE cargo proteins have been iden-
tified that have specific amino acid sequences
that facilitate recycling back to the cell surface.
The inwardly rectifying potassium channel,
Kir3.4, contains cytoplasmic clusters of acidic
amino acids that facilitate recycling (Gong et al.

Cite this article as Cold Spring Harb Perspect Biol 2014;6:a016758 1



fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voocd”

www.cshperspectives.org

S. Mayor et al.

2007). Syndecan 1 enters cells by CIE but
through its carboxy-terminal PDZ ligand it in-
teracts with syntenin. Syntenin facilitates recy-
cling of syndecan 1 back to the PM in a PIP2-
and Arf6-dependent manner (Zimmermann
et al. 2001). There are likely to be many more
examples of cargo-specific sorting arising from
CIE as more CIE cargo proteins are studied. In-
deed one purpose of CIE may be to sample bulk
PM proteins and lipid for inspection at an endo-
somal station. From here misfolded or ubiquiti-
nated proteins can be routed to degradation and
other proteins that pass inspection returning to
the cell surface.

Ubiquitinylation of CIE cargo proteins has a
dramatic effect on their endosomal trafficking
and is very likely to be the mechanism for pro-
tein quality control of cell-surface proteins
(Piper and Lehner 2011). This was dramatically
shown in HeLa cells expressing the MARCHS
E3 ubiquitin ligase. CD44 and CD98 are long-
lived proteins that enter cells via CIE but they do
not reside in endosomes that label with EEA1
and do not normally traffic to late endosomes
and lysosomes for degradation (Eyster et al.
2011). In cells expressing MARCHS, however,
CD44 and CD?98 still enter cells by CIE but now
traffic to EEA1-positive endosomes and on to
lysosomes for degradation (Eyster et al. 2011).
The ubiquitin tag may both engage the ESCRT-
ubiquitin recognition system and abrogate sort-
ing signals in the cytoplasmic tails of CIE cargo
proteins thus altering the itinerary and fate of
the cargo proteins. Normally, the E3 ligases are
balanced by deubiquitinylating enzymes, which
by removing the ubiquitin would allow recy-
cling back to the cell surface. Although the biol-
ogy of the ubiquitinylation/deubiquitinylation
field is still in its infancy, it promises to enhance
our understanding of how endocytic cargo is
examined and sorted on endosomes.

MACHINERY INVOLVED IN ENDOSOMAL
MATURATION AND CARGO SORTING

Important regulators of endosomal maturation
and trafficking are the Rab GTPases. There are a
number of Rab proteins associated with the en-
dosomal system (Rab4, 5,7, 8, 9, 10, 11, 14, 22,

35), with each Rab contributing to the identity
of a particular endosome or domain on an en-
dosomal structure (see Fig. 2). Rab proteins ac-
complish this through their scaffolding func-
tion and ability to connect to motor proteins.
A number of Rab proteins also interact with and
influence activities of Arf, Rho, and other Rab
proteins. Details of the specific functions pro-
vided by the Rabs have yet to be sorted out. For
specific CIE cargo proteins, distinct Rabs have
been shown to be important for cargo recycling.
Recycling of MHCI requires Rab11, Rab22, and
Arf6 activation (Radhakrishna and Donaldson
1997; Weigert et al. 2004) and CD1b requires
Rabl1, Rab22, Arf6, and Arl13b (Barral et al.
2012). Rab35 has been implicated in a rapid
recycling pathway in both mammalian cells
and in the worm (Kouranti et al. 2006; Sato
et al. 2008). Interestingly Rab35 and Arf6 each
recruit the other’s GAP to inactivate each other.
This cross talk raises interesting kinds of regu-
lation because both are present at the cell sur-
face, Rab35 is also present in clathrin-coated
vesicles, and Arf6 has recently been observed
in clathrin structures when overexpressed. A re-
cent study reported that Rab35 promoted the
recycling of E-cadherin, a cargo that can enter
cells by CME or CIE, whereas Arf6 promoted
the recycling of Bl-integrin (Powelka et al.
2004; Allaire et al. 2013).

In addition to the Rab proteins, there are a
number of cytosolic proteins that associate with
endosomes that are capable of inducing or sta-
bilizing membrane curvature, suggesting their
involvement in endosomal sorting through tu-
bulation. The epsin homology domain family
of proteins, the EHDs, was first implicated in
endosomal recycling when the worm homolog
Rmel was associated with transferrin recycling.
There are four mammalian EHDs and they have
been implicated in the recycling of MHCI
(Caplan et al. 2002) and GPI-AP (Cai et al.
2011) in cavolae structure for EHD2 (Moren
et al. 2012; Stoeber et al. 2012), and for EHD1
in the retrograde transport of shiga toxin from
the endocytic recycling compartment (ERC)
to the trans-Golgi network (TGN) (McKenzie
etal. 2012). EHDs can serve a scaffolding func-
tion but can also oligomerize to stabilize or in-
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duce the formation of membrane tubules (Nas-
lavsky and Caplan 2011).

Other proteins capable of tubulating mem-
branes include those that contain BAR domains
(see Burd and Cullen 2014; Johannes et al.
2014). GRAF1 is a BAR-domain protein associ-
ated with tubular invaginations that form dur-
ing the CLIC form of CIE (Lundmark et al.
2008; Howes et al. 2010a). The Arf6 GAPs,
ACAP1 and ACAP2, also have BAR domains
and they are recruited to membranes by Rab10
(Shi et al. 2012) and Rab35 (Egami et al. 2011;
Kobayashi and Fukuda 2012), respectively. Thus
as ACAPs are brought onto the endosome, they
may coordinately inactivate Arf6 and allow tu-
bules to form from endosomes, sorting cargo.

ROLES OF THE CIE PATHWAYS

In a very general sense, any endocytic pathway
must take up cargo, and these could lead to
specific consequences for the components that
are endocytosed. A number of such examples
abound for all the pathways described here
and we detail some of the interesting examples
that suggest important general possibilities of-
fered by these pathways. Second, the CIE path-
ways offer cell-wide functionality in terms of
being able to act as sensors for the physical state
of the cell, and fine regulation of the local and
global composition of membrane components.
Finally, these endocytic pathways could help in
engaging in tissue-wide properties by integrat-
ing information from many cells.

Role of Caveolar Endocytosis

As discussed above, caveolae could form endo-
cytic devices akin to clathrin-coated pits, able
to concentrate and transport specific proteins.
Yet few markers seem to be completely depen-
dent on caveolae for entry. SV40, shown to
be concentrated in caveolae (Anderson et al.
1996; Stang et al. 1997; Pelkmans et al. 2001),
is now known to also use other entry mecha-
nisms (Damm et al. 2005). Studies of endothelia
have provided strong evidence from various
lines of work for efficient transendothelial trans-
port via caveolae (Oh et al. 2007). Knockdown

Clathrin-Independent Pathways of Endocytosis

of CAV1 provided strong support for this model
(Oh et al. 2007), yet the consequences of the
apparent loss of this important pathway in
mice genetically deficient for CAV1 seem to
somewhat contradict the essential role of caveo-
lae that would be envisaged. Compensation can
be the explanation but because these mice lack
caveola-like invaginations, vesicular transport
would have to occur through other pathways.
An interesting example of compensation, which
might provide more evidence for an endocytic
role of caveolae, comes from work on a specific
isoform of myosin VI (Puri 2009). Loss of this
protein blocks transferrin uptake through cla-
thrin-coated pits but, remarkably, transferrin
receptors are instead concentrated in AP2-pos-
itive caveolae, which mediate transferrin uptake
(Puri 2009).

TGE-B-receptor internalization has also
been linked to caveolae. Although uptake of
TGEF-B receptors through clathrin-coated pits
was shown to link to signaling, uptake through
caveolae was implicated in receptor turnover
(Di Guglielmo et al. 2003). Thus the pathway
of uptake determined a signaling role or degra-
dative fate for the receptor. No overlap was ob-
served between caveolin and an early endosomal
marker in this study and so the entire pathway-
mediating uptake initiated in caveolae was con-
sidered to be quite distinct from that using cla-
thrin-coated pits (Di Guglielmo et al. 2003).
This now seems at variance with a number of
studies, and in view of the apparent demise of
the caveosome as a unique compartment, might
need to be reassessed. A number of junctional
proteins also use caveolae for entry in response
to specific signals such as TNF treatment or
epidermal growth factor treatment (Orlichenko
et al. 2009; Marchiando et al. 2010).

A second possible role for caveolar endocy-
tosis relates to the need to tightly regulate surface
caveolar density (for other PM functions such as
mechanosensation [Parton and Del Pozo 2013])
or to provide a way of transiently regulating
plasma membrane composition or properties
under specific cellular conditions. During the
mammalian cell cycle the density of the caveolae
on the surface changes (Boucrot et al. 2011):
An imbalance between arrivals and departures
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causes a decrease in caveolae density during
metaphase. This is reversed during cytokinesis
to return caveolar density to interphase levels.
This process might be linked to a role for CAV1
endocytosis in internalization of ordered mem-
brane domains required for Racl signaling; in
the absence of caveolin cells progress through the
cell cycle more rapidly owing to increased mem-
brane order and Rac targeting (Cerezo et al.
2009; Boucrot et al. 2011). This may be partially
achieved by loss of the interphase microtubule
network as microtuble depolymerization mim-
ics the loss of surface caveolae (Cerezo et al.
2009). This is in agreement with recent work
showing a requirement for microtubules in cav-
eola dynamics in a range of tissues (Wickstrom
et al. 2010; Malan et al. 2013). Similarly as cells
are detached from the substratum there is a net
increase in caveolar endocytosis. During mitosis
or upon cell detachment, increased PKCa-me-
diated phosphorylation of filamin A allows in-
ternalization of caveolae controlling RAC1 tar-
geting to the PM and cell-cycle progression
(Muriel et al. 2011).

Caveolae can also act as a major regulator of
membrane tension owing to their capacity to
passively open up under high mechanical stress,
but reform actively thereby being capable of
setting membrane tension (Sinha et al. 2011).
Because key caveolar coat proteins such as the
cavins (including cavin1 /PTRF) are also poten-
tially capable of regulating transcription, and
theyare released upon application of mechanical
stress, this suggests that caveolae could act as
a global transducer of this mechanical input
(Mayor 2011). For example in muscle cells at
high strain, caveolae may buffer membrane ten-
sion and mutations that disrupt caveolin, and
cavins in muscle have been linked to a number
of muscle diseases (Parton and Del Pozo 2013).
Regulation of caveolar endocytic dynamics
could transiently alter surface caveolae levels
and so control the cellular response to tension.

The IL-2R Pathway

In lymphocytes, cell proliferation is activated by
ligand binding to interleukin receptors of vari-
ous ligand-binding specificities (Gaffen 2001)

and is essential for shaping the immune re-
sponse. Cytokine receptors are endocytosed
constitutively, and in ligand-bound states the
endocytosis of these receptors follow a CI path-
way that is exemplified by the IL-2R pathway
described above. These receptors are then sorted
toward lysosomes where they are degraded (He-
mar et al. 1994, 1995; Subtil et al. 1994). Endo-
cytosis of cytokine receptors via this pathway is
also a mechanism to control the signaling cas-
cade and cell proliferation. It has been recently
shown that the same mechanism that triggers
cell proliferation resulting in PI3P signaling,
also via the activation of the PI3P signaling cas-
cade is capable of activating endocytosis via this
pathway (Basquin et al. 2013), suggesting the
possibility of negative-feedback loops in con-
trolling cell proliferation.

CIE and EGFReceptor Endocytosis

EGFR endocytosis via clathrin-dependent and
-independent mechanisms in the same cells also
points toward a very powerful interplay between
endocytic mechanisms. Here clathrin-depen-
dent endocytosis regulates the initial signal as-
sembly platform necessary for EGFR signaling
(Sigismund et al. 2008), whereas CIE of the
EGEFR occurs at high doses of EGF (Sigismund
et al. 2005). The CIE pathway directs excess
EGEFR toward a degradative fate by the thresh-
old that is set by the extent of ubiquitination of
the substrates of the Ubqg-ligase Cbl (Sigismund
et al. 2013). The ligase is recruited to the recep-
tor in a sigmoidal fashion related to the extent
of ligand-dependent activation of the receptor.
This mechanism provides the capacity to exqui-
sitely tune the proliferative drive of a cell by
controlling EGFR activity.

CLIC/GEEC and the Arf6-Associated Pathway

Avariety of GPI-APs are internalized by the CG
pathway, and therefore it is no surprise that this
pathway is used for the function of some of
these molecules. An important cargo of GEECs
is the folate receptor in which its endocytosis via
a CI mechanism specifically aids in accomplish-
ing its capacity to deliver folates to cells (Ritter
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et al. 1995). This must be mediated by the spe-
cific colocalization of appropriate folate trans-
porters as well the low pH of these endosomes
to strip the receptor of its folate cargo, captured
at the neutral pH environment of the cell surface
(Sabharanjak and Mayor 2004). This pathway
could be of vital importance for a number of
cargoes where a low concentration bulk ligand is
captured at the cell surface and is concentrated
at the membrane surface and delivered into the
cell via GEECs. Another cargo for a GEEC-like
pathway is dysferlin, a muscle repair protein,
mutations of which are associated with several
myopathies. In cells devoid of CAV1, dysferlin
is endocytosed in a dynamin-independent fash-
ion into compartments containing GPI-APs
invoking the CG pathway (Hernandez-Deviez
et al. 2008).

Considering the constitutive nature and fast
kinetics, the CG pathway is a prime candidate
for regulating membrane area and consequent-
ly tension. It is likely that although clathrin-
and caveolae-coated pathways respond to large
changes in membrane tension, small changes
may be buffered by the functioning of the CG
pathway. Studies in which PM tension has been
modulated have indicated the involvement of
a GPI-containing recycling pathway that re-
sponds to changes in membrane tension by de-
livering membrane to the cell surface (Gauthier
et al. 2009). Indeed the pleiomorphic nature of
the CLICs formed from the cell surface suggests
that endocytosis via this pathway could be reg-
ulated by membrane tension, and recyling.

The CIE pathway is also involved in regulat-
ing cell migration. Both the CG and the Arf6
pathway serve as membrane reservoirs not only
of the membrane area required for cell spread-
ing (Gauthier et al. 2009), but a number of key
cell-surface proteins involved in membrane at-
tachment (CD44) are also trafficked into the cell
via these pathways. This membrane recycling is
important for cell adhesion, cell spreading, and
cell migration (Song et al. 1998; Santy and Ca-
sanova 2001). Brought back to the cell surface
are integrins, nutrient transporters, and small G
proteins. Directed cell migration is also affected
upon inhibition of the CG pathway (Howes
et al. 2010a).

Clathrin-Independent Pathways of Endocytosis

FUTURE PERSPECTIVES

The endocytic activity of caveolae has been a
controversial question for many decades. Early
models of constitutive uptake were followed by
studies suggesting limited endocytosis unless
stimulated and even suggestions that caveolae
were immobile. More recently a number of dif-
ferent approaches have been used in combina-
tion to study caveolae and results from these
studies support the idea that caveolae can be
constitutive endocytic carriers, but that their
endocytic activity can be modulated.

Crucial questions remain about the role and
relevance of these pathways in vivo. Studies of
transendothelial transport in vivo are a start but
we need additional in vivo studies to compare
the dynamics of caveolae in different tissues.
Overexpression of caveolin or other regulators
of the different CIE pathways is clearly a cru-
cial issue and genome-edited cells and tissues
(Doyon et al. 2011) will be of immense value
in caveolar research. As we learn more of the
components that regulate caveolar dynamics
but do not play a vital role in caveolar formation
we can start to compare cells with active and
immobile caveolae. The same applies to key
players of the other CIE pathways.

It is clear that there is a dire need for a parts
list for all the multiple CIE pathways. It is in-
creasingly likely that this will occur using so-
phisticated genetic screens that are capable of
uncovering perturbations in these pathways.
An important question that needs to be ad-
dressed is the relationship between the different
CIE pathways. Because multiple endocytic path-
ways exist in a single cell, the cell must have
mechanisms to both globally and locally regu-
late endocytic processes. This implies a consid-
erable amount of molecular wiring that must be
dedicated to cross talk between these pathways.
Some of this machinery is being discovered ser-
endipitously; overexpression of caveolin caused
an inhibition of the CLIC/GEEC pathway, and
this was traced to an unappreciated activity of
phosphocaveolin to inhibit Cdc42 (Cheng et al.
2010). A systematic monitoring of the correlat-
ed expression of the molecular players of these
endocytic pathways in different contexts along
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with the endocytic capacity of a few character-
istic cargoes will provide valuable information
in this context.

In particular, questions about the mecha-
nism and functioning of pathways that operate
without both clathrin and dynamin need ad-
dressing. Do these pathways represent a spec-
trum of functionally redundant processes or
does each one play a distinct role(s) in particular
contexts in a noninterchangeable fashion? Most
definitely, an exploration of the roles of these
pathways in the development and survival of
whole organism models will provide answers
to these questions. The development of small
molecule inhibitors specific for CIE pathways
would clearly help in studies requiring acute
regulation of these endocytic processes, and
provide a functional dissection of these path-
ways, and their complex roles in cellular physi-
ology and tissue homeostasis.
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