Biochemical Society Transactions (2020) 48 155-163

https://doi.org/10.1042/BST20190386 PY ’ PO RTLAN D
..

Review Article

PRESS

Keeping in touch with the membrane; protein- and
lipid-mediated confinement of caveolae to the cell

surface

Madlen Hubert* Elin Larsson and © Richard Lundmark
Department of Integrative Medical Biology, Umea University, Umea SE-901 87, Sweden

Correspondence: Richard Lundmark (richard.lundmark@umu.se)

OPEN ACCESS

*Present address: Department
of Pharmacy, Uppsala

University, BMC P.0. Box 580,
SE-751 23 Uppsala, Sweden.

Received: 15 November 2019
Revised: 16 January 2020
Accepted: 17 January 2020

Version of Record published:
12 February 2020

Caveolae are small Q-shaped invaginations of the plasma membrane that play important
roles in mechanosensing, lipid homeostasis and signaling. Their typical morphology is
characterized by a membrane funnel connecting a spherical bulb to the membrane.
Membrane funnels (commonly known as necks and pores) are frequently observed as
transient states during fusion and fission of membrane vesicles in cells. However, caveo-
lae display atypical dynamics where the membrane funnel can be stabilized over an
extended period of time, resulting in cell surface constrained caveolae. In addition, caveo-
lae are also known to undergo flattening as well as short-range cycles of fission and
fusion with the membrane, requiring that the membrane funnel closes or opens up,
respectively. This mini-review considers the transition between these different states and
highlights the role of the protein and lipid components that have been identified to
control the balance between surface association and release of caveolae.

Introduction

Caveolae are characteristic small (50-80 nm) invaginations of the plasma membrane enriched in chol-
esterol, sphingolipids, the integral membrane proteins caveolinl-3 (CAV1-3) and peripherally
attached proteins such as cavins (cavinl-4), EH-domain containing protein 2 (EHD2) and pacsin2
(syndapin II) (Figure 1) [1]. Caveolae are believed to serve as mechano-sensors and regulators of lipid
homeostasis and dysfunction is strongly associated with cardiovascular disease, lipodystrophy and
muscular dystrophy. Although present in most cell types, caveolae are abundantly detected in fat,
muscle and endothelial cells where they are known to constitute up to 50% of the cell surface area.
The abundancy of this typical membrane topology, where the caveolae bulb is connected to the
plasma membrane via a neck region, suggests that this state is stabilized and essential for the function
of caveolae in many cells.

Due to the apparent general morphological similarity to clathrin-coated vesicles (CCVs), studies of
caveolae biogenesis, their structural composition and physiological role have been heavily influenced
by the vast and expanding understanding of CCV-formation. Yet, in retrospect, there are many char-
acteristic features that separate these two types of membrane invaginations. CCVs are initiated by the
binding of the adaptor-protein complex 2 to cargo receptors at the cell surface. In a sequential process
involving more than 50 proteins and enrichment of specific lipid species over time, a clathrin-coated
membrane invagination is formed [2,3]. This process is driven by a feed-forward mechanism based on
multiple weak interactions between central hub-proteins and accessory proteins, and the forming
protein coat could at any time be aborted via disassembly given that key components such as cargo
receptors are lacking. The final stage of CCV-formation involves enrichment of Bin-amphiphysin-
Rvs167 (BAR) domain-containing proteins, transition of lipid species, actin polymerization and
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Figure 1. Schematic illustration of caveolae and the associated proteins and lipids discussed in this review.

assembly of dynamin, which ultimately leads to fission of the CCV from the cell surface. The vesicle is then
uncoated and trafficked to the endosomal system for delivery of the cargo, while the coat- and accessory
protein can cycle through another round of CCV formation.

Caveolae on the other hand are formed by the cholesterol-driven oligomerization of caveolins and cavins [4].
The caveolae coat is more stable than the CCV-coat and can remain intact after scission from the cell surface
and fusion with the early endosomes. The molecular architecture of the caveolae coat is not fully understood,
but recent advances are beginning to unravel the structural composition [5,6]. In addition to the coat compo-
nents, membrane remodeling proteins such as EHD2 and pacsin2 are stably associated with caveolae [7-9].
Contrary to CCV, caveolae do not seem to be enriched in specific transmembrane receptors, which rather
appear to be excluded from caveolae domains in comparison with glycosyl phosphatidylinositol (GPI)-anchored
proteins [10]. Instead, caveolae are heavily enriched in lipids such as cholesterol and glycosphingolipids. The
dynamic behavior of caveolae also differ from CCVs and has been described to range from (i) stable surface
associated Q-shaped structures to (ii) short-range cycles of fission and fusion with the plasma membrane,
(iii) flattened caveolae and (iv) internalization into early endosomes as well as recycling back to the cell surface
[11-15] (Figure 2). In addition, the mobility of both Q-shaped and flattened caveolae at the cell surface display
different levels of lateral diffusion. In this review, we will focus on the transition between (i) and (ii) and the
protein and lipid components that facilitate control of the balance between these two states.

The ratio between surface-associated and -dissociated caveolae has been addressed in cultured cells using
electron microscopy or total internal reflection fluorescence (TIRF) live cell imaging of fluorescently labeled
caveolin [13,16,17]. These methodologies in combination with exogenous labels to track internalization [8,16]
and photobleaching experiments to determine mobility [9,10] have been instrumental to our current under-
standing of caveolae dynamics. Depending on the cell system and the methodology used, ~1-10% of caveolae
have been estimated to be surface released and mobile [10,13,16,18]. Even in such simplified systems, it is diffi-
cult to precisely determine the ratio due to the difficulties in tracking single caveolae in time and space and
determine if caveolae are surface connected. Specific exogenous labeling of caveolae is currently not possible,
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Figure 2. Schematic illustration of caveolae dynamics.

Transition in between flat, omega-shaped and scissioned caveolae as well as lateral diffusion of caveolae is depicted by
arrows. Dotted square indicates a membrane funnel also referred to as neck, and pore in the literature depending on the
research field. i-iv correlates to the states of caveolae as described in the text.
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and pH-sensitive markers that could differentiate between surface exposed and internalized caveolae do not
work due to the fact that endocytosed caveolae are not acidified. The ratio between surface associated and
released caveolae in tissues and organs is even harder to address and the physiological role of these different
states of caveolae in vivo remains to be elucidated.

Surface connected caveolae are characterized by a 20-50 nm thick region with saddle-like membrane curva-
ture bridging the relatively flat plasma membrane with the highly curved caveolae bulb [19]. Both the fusion
and fission of all membrane vesicles in cells goes through such a state, where the donor/acceptor membrane
and the vesicular membrane are connected by a narrow membrane funnel (usually referred to as neck, fusion
pore, Q-profile) (Figure 2). Classically, the membrane funnel has been seen as an intermediate and transient
state. The membrane funnel can further open up allowing “full fusion’ or shrink to drive scission of the vesicle.
However, little is known about the molecular mechanisms that stabilize membrane funnels such as surface con-
nected caveolae. Interestingly, specific proteins such as EHD2 [8,20], pacsin2 [21,22] and dynamin2 [23,24]
and the lipid phosphatidylinositol 4,5-bisphosphate (PI(4,5)P,) [25] have been shown to be enriched at the
membrane funnel of caveolae, suggesting that this region constitutes a distinct subdomain connected to the
caveolae bulb (Figure 1).

The role of the caveolae coat in surface stability of caveolae

CAV1 (and CAV3 in muscle cells) and cavinl are essential for the formation of caveolae, and believed to con-
stitute the minimal caveolae coat machinery required to bend the membrane into invaginated caveolae bulbs
[26-29]. As such a membrane curvature generator, the caveolae coat could influence the surface stability of
caveolae. However, the mechanism for how they bend the membrane into the typical caveolae bulb-shape is
not yet understood. CAV1 has, due to its specific hairpin-like membrane topology, been proposed to induce
membrane curvature, which in turn could affect the cell surface stability of caveolae. The expression of CAV1
in E. coli was reported to induce the formation of small intracellular membrane vesicles containing caveolin in
the bacteria, so-called heterologous caveolae (h-caveolae) [30]. Similarly, cell-free expression of CAV1 induced
budding of caveolin containing vesicles [31]. Additional evidence for cavinl-independent caveolin curvature
comes from super-resolution data showing that CAV1 can form hemispherical scaffolds in PC3 cells lacking
cavinl [32]. This suggests that caveolin has an intrinsic ability to vesiculate membranes, yet cavinl is required
to generate caveolae bulbs in mammalian cells [27]. Purified cavinl can induce tubulation of liposomes in vitro
[27,33,34], but the mechanism is elusive and it is not understood how cavinl co-assembles with CAV1.

The homologous proteins CAV2 and cavin2-4 are also part of the caveolae coat at levels that vary in
between different tissues [33,35,36]. Cavin2—-4 interact with cavinl, which forms defined complexes with either
cavin2 or cavin3 [13,34]. The stochiometric ratio of cavin complexes and abundance of cavin2, 3 and 4 in the
caveolae coat seem to vary in between different tissues [20,37,38], likely reflecting adaptation of the coat.
Cavin2 is involved in shaping and the size determination of the caveolae bulb [33] and has been shown to be
essential for forming caveolae in certain endothelia [38]. Interestingly, cavin3 seems to directly influence the
surface stability of caveolae. Depletion of cavin3 increases the surface stability of caveolae [13], and decreases
their intracellular mobility [36]. Cavin3 is enriched at deeply invaginated caveolae and increased levels of
cavin3 induce their release from the plasma membrane [13]. Membrane binding of cavin3 is cholesterol
dependent, and mediated via the same region that directly interacts with the cholesterol interacting domain of
CAV1 [13]. The interaction between cavin3 and CAV1 is not required for caveolae biogenesis, suggesting that it
rather plays a regulatory role. This indicates that incorporation of cavin3 in the caveolae coat and concerted
assembly of CAV1, cavin3 and cholesterol at the membrane interphase will influence caveolae surface stability.
Together, our current understanding points to a caveolae coat composition that is flexible and adapted to dif-
ferent tissue specific properties, which could involve variation in the level of cell surface attachment.

Oligomerization of EHD2 stabilizes the caveolae neck and restrains caveolae

to the cell surface

The ATPase EHD2 has proven to be a main regulator of caveolae surface stability. EHD2 belongs to the
dynamin superfamily of large GTPases, which also include the homologous proteins EHDI, 3, and 4. EHD2
was shown to oligomerize into ring-like assemblies at the lipid interphase causing membrane tubulation and
remodeling [39]. EHD2 is specifically localized to most of the caveolae in cells under normal conditions [8].
Furthermore, the tissue and differentiation specific expression of EHD2 correlates with the expression of the
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caveolae coat components, suggesting that EHD2 is a fundamental component required for caveolae function
[8,40,41]. Interestingly, in contrast with CAV1 and cavinl, EHD2 is located at the neck of caveolae [8,20] and
not detected on internal caveolae vesicles, implying that it has a specific role, which is restricted to surface con-
nected caveolae [8,9]. Depletion of EHD2 in cell lines has been shown to result in surface release of caveolae,
which increase their dynamics and mobility, while overexpression restrains caveolae to the cell surface
[8,9,12,13], showing that EHD2 play a key role for surface association of caveolae. In gene edited cells, this role
was substituted by EHD1 and EHD4 in absence of EHD2, but concurrent removal of EHD1, 2, and 4 resulted
in higher caveolae mobility [42]. Recent data obtained from EHD2 knock out mice showed a major increase in
surface detached caveolae also in vivo, and characterization of cells obtained from the mice confirmed the
increased mobility and surface detachment of caveolae in cells lacking EHD2 [40]. Furthermore, this study
revealed abnormal uptake of free fatty acids into fat cells in mice lacking EHD2, which highlights the physio-
logical importance of the balance between surface connected and disconnected caveolae.

Mechanistic understanding of the assembly process of EHD2 has shed light on the process for how EHD2
restrains caveolae to the cell surface. In solution, EHD2 is present in a dimeric closed conformation [39], where
the full membrane interaction surface and oligomerization sites are hidden [12,43]. ATP-binding and the pres-
ence of a lipid interphase allows for a major structural rearrangement of the protein domains [12,43]. Upon
electrostatic interactions with lipid head groups, the N-terminus, which occupies a hydrophobic pocket in the
G-domain in the closed conformation [44], will instead insert into the lipid bilayer [12]. The removal of the
N-terminus facilitates tilting of the helical domains into an open conformation, where the helical tips of the
protein insert into the membrane [44]. In this open and membrane inserted conformation, the KPF loop in
EHD2 reorients to occupy the freed hydrophobic pocket in the G-domain and thereby generates the oligomer-
ization surface of EHD2 [43]. This stringently controlled oligomerization of EHD2 in an open, membrane
bound state is essential to restrain caveolae to the cell surface [44]. EHD2 has been shown to be released upon
the mechanical stretching and subsequent flattening of caveolae [42,45], which is consistent with a role of
EHD2 in stabilization the caveolae neck. Furthermore, the homologous protein EHD1 has been proposed to
prevent scission of CCVs in neuronal cells [46], suggesting that this could be a general function of EHDs.
ATP-mediated oligomerization of EHD1 has been shown to drive local bulging of membrane tubules, which at
tubule diameters below 25 nm resulted in membrane scission [47]. Comparative analysis revealed that EHD2
has a slower ATPase activity which was proposed to limit the ability to mediate scission. It is currently not
known why the loss of EHD2 leads to scission of caveolae. One possibility is that this enables recruitment of
other protein to the membrane funnel which results in scission. Another possibility is that without the restrain
of EHD2, there is nothing limiting the budding of the caveolae bulb. It is also still possible that EHD2 could be
important for scission given the right curvature as found for EHDI.

Pacsin2 contributes to both formation and surface stability of caveolae

Pacsin2, a protein that belongs to the BAR domain-containing superfamily has also been shown to localize to
caveolae. It is expressed in most cell types and ~35-50% of the caveolae found in HeLa and MEF cells have
been reported positive for pacsin2 [7,22]. The protein consists of a N-terminal F-BAR domain and a
C-terminal Src homology 3 (SH3) domain spaced with a flexible linker region. It forms a crescent-shaped
homodimer that binds and tubulates negatively charged membranes via positively charged residues in the
F-BAR domain [48,49]. Pacsin2 localizes to the neck of caveolae [21,22], where it assists in generating curva-
ture. It has been shown that depletion of the protein using siRNA results in reduced amounts of invaginated
caveolae that lack the typical narrow neck [7]. Furthermore, in a mouse model that lack the muscle specific
pacsin/syndapin III protein, the number of invaginated caveolae structures were vastly reduced even though the
levels of CAV3 and cavinl at the plasma membrane remained unaffected [50].

It seems as if pacsin2 not only functions in shaping the neck of caveolae but that it also stabilizes it to the
plasma membrane. As pacsin2 is depleted, caveolae becomes more dynamic and the duration time at the
plasma membrane decreases, especially the pool of long-lived caveolae. Furthermore, PKCo.-phosphorylation of
a serine residue (S313) in the flexible linker region between the BAR and the SH3 domain has been shown to
trigger its release from the plasma membrane [51]. The direct dissociation from the neck of caveolae also
results in less stable caveolae at the plasma membrane. Interestingly, the shorter duration times of caveolae at
the plasma membrane caused by loss of pacsin2 at the neck can be reversed by EHD2 expression [51]. The EH
domain of EHD2 has been shown to bind to pacsin2 [8,9] implying that the proteins may function together to
stabilize the neck.
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Pacsin also binds to the proline-rich domain of dynamin via its SH3 domain [22,52]. Dynamin is a homodi-
meric GTPase that self assembles and its role in membrane fission during clathrin mediated endocytosis is well
documented [53]. Dynamin has been detected at the neck of caveolae [23,24], although it is not yet clear to which
extent. Cellular addition of the dynamin inhibitor Dynasore results in immobile caveolae at the plasma membrane
[11]. Furthermore, overexpression of the GTPase deficient dynamin mutant (K44A) results in stable caveolae at
the plasma membrane [23]. This suggests that in analogy with its role in clathrin coated vesicle scission, dynamin
might play a similar role at caveolae. However, much less is known about the specific temporal recruitment, assem-
bly and function of dynamin at caveolae. As caveolae are stable microdomains at the plasma membrane, the actual
role of dynamin and its interactions with the funnel stabilizing proteins EHD2 and pacsin2 has yet to be clarified.

Filamin A couples surface connected caveolae to the actin cytoskeleton

which restricts lateral diffusion

Caveolae have been shown to associate with actin filaments in several different cell lines and to co-align with
actin stress fibers [19,29,54]. Studies have revealed a direct binding between the N-terminal of CAV1 and the
C-terminal of FilaminA (FLNa) [55-57]. FLNa belongs to a family of proteins that functions to cross-link
actin. The N-terminal of FLNa poses the actin binding domains whereas the C-terminal harbors the self-
association site, creating a V-shaped tail to tail homodimer. Besides associating with actin and CAV1, FLNa
also binds several other proteins, one being PKCa, which also has been reported to associate with caveolae
[58]. The link between caveolae and the actin cytoskeleton by FLNa convey stability within the plasma mem-
brane and restricts the lateral movement of caveolae. Depletion of FLNa results in an uncontrolled, non-linear
movement of caveolae within the plasma membrane [59]. This suggests that attachment to the actin cytoskel-
eton might influence cell surface confinement of caveolae.

Lipids affect dynamics of caveolae at the cell surface

Caveolae constitute ordered membrane domains highly enriched in cholesterol, which is essential for both
caveolae biogenesis and integrity. Caveolae biogenesis has further been linked to other membrane lipids such as
phosphatidylserine [60], glycosphingolipid [61] and sphingomyelin [61]. The high cholesterol content of the
caveolar domain is required for their characteristic shape as treatment with cholesterol-binding agents such as
methyl-B-cyclodextrin or nystatin leads to a flattening of these structures [8,29,62]. CAV1 is embedded in the
inner leaflet of the plasma membrane and has been shown to interact with cholesterol through its scaffolding
domain, allegedly through the formation of a cholesterol-binding in-plane helix within the lipid bilayer [63]. In
analogy with that the caveolae coat proteins could influence caveolae stability by promoting membrane curva-
ture generation, these core-lipid components would also heavily influence caveolae dynamics. Indeed, exogen-
ously added cholesterol decreased the number of caveolae associated to the plasma membrane and enhanced
their mobility [18,64]. Similarly, cell treatment with BODIPY-LacCer complexed to bovine serum albumin
(BSA) reduced the number of cell surface-connected caveolae [64]. In these studies, the rate of endocytosis was
monitored, rather than association of lipids with caveolae in the plasma membrane. Therefore, it is difficult to
ascertain if the observed effects on caveolae dynamics are due to perturbations of cellular lipid homeostasis or
whether a more general physical process governs this behavior. Furthermore, cell treatment with
BSA-complexed BODIPY-LacCer prior to analysis creates uncertainty regarding the extent and residence time
of these lipids in the plasma membrane and/or caveolae and, therefore, their induced effect. Because the mech-
anism, by which cholesterol and other lipids influence the surface stability of caveolae remains elusive, novel
methodologies are required in order to address their specific roles in caveolae dynamics.

Although it is well established that caveolae are specialized lipid nanodomains, very little is known with
regards to the subdistribution of lipids between the caveolae bulb and the funnel region. An alternative explan-
ation for caveolae budding could be based on a specific membrane composition. Lipid composition has been
proposed to drive scission by inducing phase separation, suggesting that this might be a potential mechanism
by which lipids could influence caveolae stability [65]. Especially the specific ordering of chiral and tilted lipids
could facilitate this process. However, there are no experiments to date that quantify to which extent different
lipid species are sequestered or how they diffuse in and out of the caveolae in living cells. Studies based on sub-
cellular fractionations and quantitative morphological analyses of the caveolae ultrastructural suggested that the
caveolar neck forms a structurally distinct domain from the caveolar bulb [19,66], but neither the identity of
the lipid components around the bulb nor those around the neck are fully defined. PI(4,5)P, has been shown
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to be enriched at caveolae [25,67,68], with a particular high concentration at the neck region of deeply invagi-
nated caveolae rather than the bulb [25]. This may imply that its distinct localization is connected to a more
specialized function likely in connecting caveolae to the cell surface. A distinct pool of PI(4,5)P, in caveolae
was found to have a restricted lateral mobility and was not readily exchangeable with the rest of the plasma
membrane [25]. Treatment of cells with angiotensin II, which stimulates the hydrolysis of PI(4,5)P, by
phospholipase C, led to a delayed decrease in PI(4,5)P, in caveolae compared with the bulk membrane, suggest-
ing that PI(4,5)P, may be shielded through its localization within caveolae. The recovery of PI(4,5)P, levels in
caveolae was slow as shown using electron microscopic labeling technique [25], suggesting that PI(4,5)P, may
not be able to freely diffuse between noncaveolar and caveolar membranes. This is in agreement with that
EHD2, which is located at the neck, preferentially binds to PI(4,5)P, However, no effects on caveolae stability
were observed when PI(4,5)P, levels were manipulated [60]. The very high radius of curvature at the neck of
caveolar membranes may indeed contribute to enrichment of certain lipids. Because the curvature changes
along the Q-profile, lipids with a specific preference for negative (phosphatidylethanolamine, phosphatic acid,
or diacylglycerol) or positive (lysophosphatidylcholine or phosphatidylinositol phosphates) curvature may
enrich in different subdomains of the neck region and so contribute to its characteristic shape [69,70].
Elucidating the lipid composition of these sub-regions will greatly contribute to understanding how lipids drive
and control the stabilization of the caveolae membrane profile.

Perspectives

e The importance of membrane funnel stabilization and surface association of caveolae is con-
sistent with the proposed roles of caveolae as mechanosensitive membrane buffers, platforms
for signaling and regulators of lipid homeostasis. Currently, the mechanisms by which proteins
facilitate stabilization of caveolae membrane funnels are beginning to be unraveled, which will
aid our understanding of their biological role and diseases linked to caveolae dysfunction.

e |t is now recognized that the membrane funnel constitutes a subdomain of caveolae, separate
from the bulb, where specific proteins such as EHD2 and pacsin2 are enriched. The assembly
of EHD2 stabilizes the membrane funnel in an ATP dependent mechanism, which is key to
preventing caveolae scission.

e Yet, further understanding of the complete arsenal of proteins and their temporal recruitment
to the funnel region is required in order to understand the atypical behavior of these mem-
brane invaginations. It is currently not clear if proteins at the funnel act as a macromolecular
complex or if they function as distinct entities that promote either caveolae scission or stabil-
ization. Although dynamin2 has been proposed to mediate caveolae scission, the mechanism
and molecular components required to fission the caveolae membrane funnel is still elusive.
Furthermore, our understanding of the assembly of the caveolae coat is not sufficient to
understand the forces that mediate budding of the caveolae bulb and whether this will influ-
ence the membrane funnel and stability of caveolae. Our current understanding points to that
the caveolae coat composition is flexible and adapted to different tissue specific properties,
which could involve variation in the level of cell surface restraints. Precise structural under-
standing of how the caveolins and cavins interact to build up the caveolae coat and bend the
membranes is required to shed light on the importance of variations in the stochiometric rela-
tion of the caveolae coat. A major future area of research involves the caveolae lipid inter-
phase and how lipid species influence the dynamic behavior of caveolae at the cell surface. It
is currently not clear if specific lipids are enriched at the bulb and funnel regions, respectively,
and if there is lateral diffusion of lipids over the funnel region. The sequestering and phase
separation of lipids might heavily impact the stability of the membrane funnel. In addition,
further mechanistic studies are needed to fully understand the interplay between caveolae
protein components and different lipid species, which will help to elucidate their co-ordinated
ability to maintain the typical Q-shaped morphology of surface associated caveolae.

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).


https://creativecommons.org/licenses/by/4.0/

Biochemical Society Transactions (2020) 48 155-163 ° PORTLAND
https://doi.org/10.1042/BST20190386 ... PRESS

Abbreviations

BAR, Bin-amphiphysin-Rvs167; BSA, bovine serum albumin; Caveolin1-3, CAV1-3 phosphatidylinositol 4,5-
bisphosphate, PI4,5)P2; CCVs, clathrin-coated vesicles; EHD2, EH-domain containing protein 2; FLNa,
FilaminA; GPI, glycosyl phosphatidylinositol; SH3, Src homology 3.

Acknowledgements
We thank Lars-Anders Carlsson, Umeé University, Sweden, and Oleg Schupliakov, Karolinska Institutet, Sweden,
for discussions around membrane funnels.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

References

1 Parton, R.G. (2018) Caveolae: structure, function, and relationship to disease. Annu. Rev. Cell Dev. Biol. 34, 111-136 https://doi.org/10.1146/
annurev-cellbio-100617-062737

2 Kaksonen, M. and Roux, A. (2018) Mechanisms of clathrin-mediated endocytosis. Nat. Rev. Mol. Cell Biol. 19, 313—-326 https://doi.org/10.1038/nrm.
2017.132

3 Mettlen, M., Chen, P.H., Srinivasan, S., Danuser, G. and Schmid, S.L. (2018) Regulation of clathrin-mediated endocytosis. Annu. Rev. Biochem. 81,
871-896 https://doi.org/10.1146/annurev-biochem-062917-012644

4 Hayer, A., Stoeber, M., Ritz, D., Engel, S., Meyer, H.H. and Helenius, A. (2010) Caveolin-1 is ubiquitinated and targeted to intralumenal vesicles in
endolysosomes for degradation. J. Cell Biol. 191, 615—629 https://doi.org/10.1083/jch.201003086

5 Ludwig, A., Nichols, B.J. and Sandin, S. (2016) Architecture of the caveolar coat complex. J. Cell Sci. 129, 3077-3083 https://doi.org/10.1242/jcs.
191262

6  Stoeber, M., Schellenberger, P., Siebert, C.A., Leyrat, C., Helenius, A. and Griinewald, K. (2016) Model for the architecture of caveolae based on a
flexible, net-like assembly of Cavin1 and Caveolin discs. Proc. Natl Acad. Sci. U.S.A. 113, EB069-E8078 https://doi.org/10.1073/pnas. 1616838113

7 Hansen, C.G., Howard, G. and Nichols, B.J. (2011) Pacsin 2 is recruited to caveolae and functions in caveolar biogenesis. J. Cell Sci. 124, 2777-2785
https://doi.org/10.1242/jcs.084319

8 Morén, B., Shah, C., Howes, M.T., Schigber, N.L., McMahon, H.T., Parton, R.G. et al. (2012) EHD2 regulates caveolar dynamics via ATP-driven targeting
and oligomerization. Mol. Biol. Cell. 23, 1316—1329 https://doi.org/10.1091/mbc.e11-09-0787

9  Stoeber, M., Stoeck, |.K., Hanni, C., Bleck, C.K.E., Balistreri, G. and Helenius, A. (2012) Oligomers of the ATPase EHD2 confine caveolae to the plasma
membrane through association with actin. EMBO J. 31, 2350—-2364 https://doi.org/10.1038/emboj.2012.98

10  Shvets, E., Bitsikas, V., Howard, G., Hansen, C.G. and Nichols, B.J. (2015) Dynamic caveolae exclude bulk membrane proteins and are required for
sorting of excess glycosphingolipids. Nat. Commun. 6, 6867 https://doi.org/10.1038/ncomms7867

11 Boucrot, E., Howes, M.T., Kirchhausen, T. and Parton, R.G. (2011) Redistribution of caveolae during mitosis. J. Cell Biol. 124, 1965—1972 https://doi.
0rg/10.1242/jcs.076570

12 Hoernke, M., Mohan, J., Larsson, E., Blomberg, J., Kahra, D., Westenhoff, S. et al. (2017) EHD2 restrains dynamics of caveolae by an ATP-dependent,
membrane-bound, open conformation. Proc. Natl Acad. Sci. U.S.A. 114, E4360-E4369 https://doi.org/10.1073/pnas. 1614066114

13 Mohan, J., Morén, B., Larsson, E., Holst, M.R. and Lundmark, R. (2015) Cavin3 interacts with cavin1 and caveolin1 to increase surface dynamics of
caveolae. J. Cell Biol. 128, 979-991 https://doi.org/10.1242/jcs.161463

14 Pelkmans, L., Brli, T., Zerial, M. and Helenius, A. (2004) Caveolin-stabilized membrane domains as multifunctional transport and sorting devices in
endocytic membrane traffic. Cell 118, 767—780 https://doi.org/10.1016/j.cell.2004.09.003

15 Pelkmans, L. and Zerial, M. (2005) Kinase-regulated quantal assemblies and kiss-and-run recycling of caveolae. Nature 436, 128 https://doi.org/10.
1038/nature03866

16 Kirkham, M., Fuijita, A., Chadda, R., Nixon, S.J., Kurzchalia, T.V., Sharma, D.K. et al. (2005) Ultrastructural identification of uncoated
caveolin-independent early endocytic vehicles. J. Cell Biol. 168, 465—476 https://doi.org/10.1083/jch.200407078

17 Thomsen, P., Roepstorff, K., Stahlhut, M. and van Deurs, B. (2002) Caveolae are highly immobile plasma membrane microdomains, which are not
involved in constitutive endocytic trafficking. Mol. Biol. Cell 13, 238—250 https://doi.org/10.1091/mbc.01-06-0317

18 Le Lay, S., Hajduch, E., Lindsay, M.R., Le Liepvre, X., Thiele, C., Ferré, P. et al. (2006) Cholesterol-induced caveolin targeting to lipid droplets in
adipocytes: a role for caveolar endocytosis. Traffic 7, 549-561 https://doi.org/10.1111/j.1600-0854.2006.00406.x

19  Richter, T., Floetenmeyer, M., Ferguson, C., Galea, J., Goh, J., Lindsay, M.R. et al. (2008) High-resolution 3D quantitative analysis of caveolar
ultrastructure and caveola-cytoskeleton interactions. Traffic 9, 893—909 https://doi.org/10.1111/.1600-0854.2008.00733.x

20  Ludwig, A., Howard, G., Mendoza-Topaz, C., Deerinck, T., Mackey, M., Sandin, S. et al. (2013) Molecular composition and ultrastructure of the caveolar
coat complex. PLoS Biol. 11, 1001640 https://doi.org/10.1371/journal.pbio. 1001640

21 Koch, D., Westermann, M., Kessels, M.M. and Qualmann, B. (2012) Ultrastructural freeze-fracture immunolabeling identifies plasma membrane-localized
syndapin Il as a crucial factor in shaping caveolae. Histochem. Cell Biol. 138, 215-230 https://doi.org/10.1007/s00418-012-0945-0

22 Senju, Y., Itoh, Y., Takano, K., Hamada, S. and Suetsugu, S. (2011) Essential role of PACSIN2/syndapin-Il in caveolae membrane sculpting. J. Cell Sci.
124, 2032-2040 https://doi.org/10.1242/jcs.086264

23 0h, P., McIntosh, D.P. and Schnitzer, J.E. (1998) Dynamin at the neck of caveolae mediates their budding to form transport vesicles by GTP-driven
fission from the plasma membrane of endothelium. J. Cell Biol. 141, 101-114 https://doi.org/10.1083/jcb.141.1.101

24 Yao, Q., Chen, J., Cao, H., Orth, J.D., McCaffery, J.M., Stan, R.V. et al. (2005) Caveolin-1 interacts directly with dynamin-2. J. Mol. Biol. 348,
491-501 https://doi.org/10.1016/.jmb.2005.02.003

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1 61


https://doi.org/10.1146/annurev-cellbio-100617-062737
https://doi.org/10.1146/annurev-cellbio-100617-062737
https://doi.org/10.1146/annurev-cellbio-100617-062737
https://doi.org/10.1146/annurev-cellbio-100617-062737
https://doi.org/10.1146/annurev-cellbio-100617-062737
https://doi.org/10.1038/nrm.2017.132
https://doi.org/10.1038/nrm.2017.132
https://doi.org/10.1146/annurev-biochem-062917-012644
https://doi.org/10.1146/annurev-biochem-062917-012644
https://doi.org/10.1146/annurev-biochem-062917-012644
https://doi.org/10.1146/annurev-biochem-062917-012644
https://doi.org/10.1083/jcb.201003086
https://doi.org/10.1242/jcs.191262
https://doi.org/10.1242/jcs.191262
https://doi.org/10.1073/pnas.1616838113
https://doi.org/10.1242/jcs.084319
https://doi.org/10.1091/mbc.e11-09-0787
https://doi.org/10.1091/mbc.e11-09-0787
https://doi.org/10.1091/mbc.e11-09-0787
https://doi.org/10.1038/emboj.2012.98
https://doi.org/10.1038/ncomms7867
https://doi.org/10.1242/jcs.076570
https://doi.org/10.1242/jcs.076570
https://doi.org/10.1073/pnas.1614066114
https://doi.org/10.1242/jcs.161463
https://doi.org/10.1016/j.cell.2004.09.003
https://doi.org/10.1038/nature03866
https://doi.org/10.1038/nature03866
https://doi.org/10.1083/jcb.200407078
https://doi.org/10.1091/mbc.01-06-0317
https://doi.org/10.1091/mbc.01-06-0317
https://doi.org/10.1091/mbc.01-06-0317
https://doi.org/10.1111/j.1600-0854.2006.00406.x
https://doi.org/10.1111/j.1600-0854.2006.00406.x
https://doi.org/10.1111/j.1600-0854.2008.00733.x
https://doi.org/10.1111/j.1600-0854.2008.00733.x
https://doi.org/10.1371/journal.pbio.1001640
https://doi.org/10.1007/s00418-012-0945-0
https://doi.org/10.1007/s00418-012-0945-0
https://doi.org/10.1007/s00418-012-0945-0
https://doi.org/10.1007/s00418-012-0945-0
https://doi.org/10.1242/jcs.086264
https://doi.org/10.1083/jcb.141.1.101
https://doi.org/10.1016/j.jmb.2005.02.003
https://creativecommons.org/licenses/by/4.0/

.. 2 PORTLAND
09 rress
25
26
27
28
29
30
31
32
33
34
35
%
37
38
39
40
41
42
43
44
45
4
47

48
49

50
51
52
53
54

55

Biochemical Society Transactions (2020) 48 155-163
https://doi.org/10.1042/BST20190386

Fujita, A., Cheng, J., Tauchi-Sato, K., Takenawa, T. and Fujimoto, T. (2009) A distinct pool of phosphatidylinositol 4,5-bisphosphate in caveolae revealed
by a nanoscale labeling technique. Proc. Natl Acad. Sci. U.S.A. 106, 9256-9261 https://doi.org/10.1073/pnas.0900216106

Liu, L., Brown, D., McKee, M., Lebrasseur, N.K., Yang, D., Albrecht, K.H. et al. (2008) Deletion of cavin/PTRF causes global loss of caveolae,
dyslipidemia, and glucose intolerance. Cell Metab. 8, 310-317 https://doi.org/10.1016/j.cmet.2008.07.008

Hill, M.M., Bastiani, M., Luetterforst, R., Kirkham, M., Kirkham, A., Nixon, S.J. et al. (2008) PTRF-Cavin, a conserved cytoplasmic protein required for
caveola formation and function. Cell 132, 113-124 https://doi.org/10.1016/j.cell.2007.11.042

Drab, M., Verkade, P., Elger, M., Kasper, M., Lohn, M., Lauterbach, B. et al. (2001) Loss of caveolae, vascular dysfunction, and pulmonary defects in
caveolin-1 gene-disrupted mice. Science 293, 2449-2452 https://doi.org/10.1126/science.1062688

Rothberg, K.G., Heuser, J.E., Donzell, W.C., Ying, Y.-S., Glenney, J.R. and Anderson, R.G.W. (1992) Caveolin, a protein component of caveolae
membrane coats. Cell 68, 673-682 https://doi.org/10.1016/0092-8674(92)90143-Z

Piers J, W., Ariotti, N., Howes, M., Ferguson, C., Webb, R., Schwudke, D. et al. (2012) Constitutive formation of caveolae in a bacterium. Cell 150,
752-763 https://doi.org/10.1016/).cell.2012.06.042

Jung, W., Sierecki, E., Bastiani, M., O’Carroll, A., Alexandrov, K., Rae, J. et al. (2018) Cell-free formation and interactome analysis of caveolae. J. Cell
Biol. 217, 2141-2165 https://doi.org/10.1083/jch.201707004

Khater, .M., Meng, F., Wong, T.H., Nabi, I.R. and Hamarneh, G. (2018) Super resolution network analysis defines the molecular architecture of caveolae
and caveolin-1 scaffolds. Sci. Rep. 8, 9009 https://doi.org/10.1038/s41598-018-27216-4

Hansen, C.G., Bright, N.A., Howard, G. and Nichols, B.J. (2009) SDPR induces membrane curvature and functions in the formation of caveolae. Nat.
Cell Biol. 11, 807-814 https://doi.org/10.1038/nch1887

Kovtun, 0., Tillu Vikas, A., Jung, W., Leneva, N., Ariotti, N., Chaudhary, N. et al. (2014) Structural insights into the organization of the cavin membrane
coat complex. Dev. Cell 31, 405-419 https://doi.org/10.1016/j.devcel.2014.10.002

Bastiani, M., Liu, L., Hill, M.M., Jedrychowski, M.P., Nixon, S.J., Lo, H.P. et al. (2009) MURC/Cavin-4 and cavin family members form tissue-specific
caveolar complexes. J. Cell Biol. 185, 1259—1273 https://doi.org/10.1083/jch.200903053

McMahon, K.A., Zajicek, H., Li, W.P., Peyton, M.J., Minna, J.D., Hernandez, V.J. et al. (2009) SRBC/cavin-3 is a caveolin adapter protein that regulates
caveolae function. EMBO J. 28, 1001-1015 https://doi.org/10.1038/emboj.2009.46

Gambin, Y., Ariotti, N., McMahon, K.-A., Bastiani, M., Sierecki, E., Kovtun, O. et al. (2014) Single-molecule analysis reveals self assembly and
nanoscale segregation of two distinct cavin subcomplexes on caveolae. eLife 3, e01434 https://doi.org/10.7554/eLife.01434

Hansen, C.G., Shvets, E., Howard, G., Riento, K. and Nichols, B.J. (2013) Deletion of cavin genes reveals tissue-specific mechanisms for
morphogenesis of endothelial caveolae. Nat. Commun. 4, 1831 https://doi.org/10.1038/ncomms2808

Daumke, 0., Lundmark, R., Vallis, Y., Martens, S., Butler, P.J.G. and McMahon, H.T. (2007) Architectural and mechanistic insights into an EHD ATPase
involved in membrane remodelling. Nature 449, 923-927 https://doi.org/10.1038/nature06173

Matthdus, C., Lahmann, I., Kunz, S., Jonas, W., Melo, A.A., Lehmann, M. et al. (2019) EHD2-mediated restriction of caveolar dynamics regulates
cellular lipid uptake. bioRxiv, 511709 https://doi.org/10.1101/511709

Morén, B., Hansson, B., Negoita, F., Fryklund, C., Lundmark, R., Géransson, O. et al. (2019) EHD2 regulates adipocyte function and is enriched at cell
surface—associated lipid droplets in primary human adipocytes. Mol. Biol. Cell 30, 1147—1159 https://doi.org/10.1091/mbc.E18-10-0680

Yeow, |., Howard, G., Chadwick, J., Mendoza-Topaz, C., Hansen, C.G., Nichols, B.J. et al. (2017) EHD proteins cooperate to generate caveolar clusters
and to maintain caveolae during repeated mechanical stress. Curr. Biol. 27, 2951-2962.e5 https://doi.org/10.1016/j.cub.2017.07.047

Melo, A.A., Hegde, B.G., Shah, C., Larsson, E., Isas, J.M., Kunz, S. et al. (2017) Structural insights into the activation mechanism of dynamin-like EHD
ATPases. Proc. Natl Acad. Sci. U.S.A. 114, 5629-5634 https://doi.org/10.1073/pnas. 1614075114

Shah, C., Hegde Balachandra, G., Morén, B., Behrmann, E., Mielke, T., Moenke, G. et al. (2014) Structural insights into membrane interaction and
caveolar targeting of dynamin-like EHD2. Structure 22, 409-420 https://doi.org/10.1016/j.str.2013.12.015

Torrino, S., Shen, W.-W., Blouin, C.M., Mani, S.K., de Lesegno G, V., Bost, P. et al. (2018) EHD2 is a mechanotransducer connecting caveolae
dynamics with gene transcription. J. Cell Biol. 217, 4092—4105 https://doi.org/10.1083/jch.201801122

Jakobsson, J., Ackermann, F., Andersson, F., Larhammar, D., Léw, P. and Brodin, L. (2011) Regulation of synaptic vesicle budding and dynamin
function by an EHD ATPase. J. Neurosci. 31, 13972—13980 https://doi.org/10.1523/JNEUROSCI.1289-11.2011

Deo, R., Kushwah, M.S., Kamerkar, S.C., Kadam, N.Y., Dar, S., Babu, K. et al. (2018) ATP-dependent membrane remodeling links EHD1 functions to
endocytic recycling. Nat. Commun. 9, 5187 https://doi.org/10.1038/s41467-018-07586-z

Wang, Q., Navarro, M.V., Peng, G., Molinelli, E., Goh, S.L., Judson, B.L. et al. (2009) Molecular mechanism of membrane constriction and

tubulation mediated by the F-BAR protein pacsin/Syndapin. Proc. Natl Acad. Sci. U.S.A. 106, 12700-12705 https://doi.org/10.1073/pnas.
0902974106

Shimada, A., Takano, K., Shirouzu, M., Hanawa-Suetsugu, K., Terada, T., Toyooka, K. et al. (2010) Mapping of the basic amino-acid residues
responsible for tubulation and cellular protrusion by the EFC/F-BAR domain of pacsin2/Syndapin Il. FEBS Lett. 584, 1111-1118 https://doi.org/10.
1016/).febslet.2010.02.058

Seemann, E., Sun, M., Krueger, S., Troger, J., Hou, W., Haag, N. et al. (2017) Deciphering caveolar functions by syndapin Il KO-mediated impairment
of caveolar invagination. eLife 6, €29854 https://doi.org/10.7554/eLife.29854

Senju, Y., Rosenbaum, E., Shah, C., Hamada-Nakahara, S., Itoh, Y., Yamamoto, K. et al. (2015) Phosphorylation of PACSIN2 by protein kinase C
triggers the removal of caveolae from the plasma membrane. J. Cell Sci. 128, 2766—2780 https://doi.org/10.1242/jcs. 167775

Modregger, J., Ritter, B., Witter, B., Paulsson, M. and Plomann, M. (2000) All three PACSIN isoforms bind to endocytic proteins and inhibit endocytosis.
J. Cell Sei. 113, 4511-4521 PMID:11082044

Antonny, B., Burd, C., De Camilli, P., Chen, E., Daumke, 0., Faelber, K. et al. (2016) Membrane fission by dynamin: what we know and what we need
to know. EMBO J. 35, 2270-2284 https://doi.org/10.15252/embj.201694613

Morone, N., Fujiwara, T., Murase, K., Kasai, R.S., ke, H., Yuasa, S. et al. (2006) Three-dimensional reconstruction of the membrane skeleton at the
plasma membrane interface by electron tomography. J. Cell Biol. 174, 851-862 https://doi.org/10.1083/jch.200606007

Stahlhut, M. and van Deurs, B. (2000) Identification of filamin as a novel ligand for caveolin-1: evidence for the organization of caveolin-1-associated
membrane domains by the actin cytoskeleton. Mol. Biol. Cell 11, 325-337 https://doi.org/10.1091/mbc.11.1.325

1 62 © 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).


https://doi.org/10.1073/pnas.0900216106
https://doi.org/10.1016/j.cmet.2008.07.008
https://doi.org/10.1016/j.cell.2007.11.042
https://doi.org/10.1126/science.1062688
https://doi.org/10.1016/0092-8674(92)90143-Z
https://doi.org/10.1016/0092-8674(92)90143-Z
https://doi.org/10.1016/0092-8674(92)90143-Z
https://doi.org/10.1016/j.cell.2012.06.042
https://doi.org/10.1083/jcb.201707004
https://doi.org/10.1038/s41598-018-27216-4
https://doi.org/10.1038/s41598-018-27216-4
https://doi.org/10.1038/s41598-018-27216-4
https://doi.org/10.1038/s41598-018-27216-4
https://doi.org/10.1038/ncb1887
https://doi.org/10.1016/j.devcel.2014.10.002
https://doi.org/10.1083/jcb.200903053
https://doi.org/10.1038/emboj.2009.46
https://doi.org/10.7554/eLife.01434
https://doi.org/10.1038/ncomms2808
https://doi.org/10.1038/nature06173
https://doi.org/10.1101/511709
https://doi.org/10.1091/mbc.E18-10-0680
https://doi.org/10.1091/mbc.E18-10-0680
https://doi.org/10.1091/mbc.E18-10-0680
https://doi.org/10.1016/j.cub.2017.07.047
https://doi.org/10.1073/pnas.1614075114
https://doi.org/10.1016/j.str.2013.12.015
https://doi.org/10.1083/jcb.201801122
https://doi.org/10.1523/JNEUROSCI.1289-11.2011
https://doi.org/10.1523/JNEUROSCI.1289-11.2011
https://doi.org/10.1038/s41467-018-07586-z
https://doi.org/10.1038/s41467-018-07586-z
https://doi.org/10.1038/s41467-018-07586-z
https://doi.org/10.1038/s41467-018-07586-z
https://doi.org/10.1073/pnas.0902974106
https://doi.org/10.1073/pnas.0902974106
https://doi.org/10.1016/j.febslet.2010.02.058
https://doi.org/10.1016/j.febslet.2010.02.058
https://doi.org/10.7554/eLife.29854
https://doi.org/10.1242/jcs.167775
http://www.ncbi.nlm.nih.gov/pubmed/11082044
https://doi.org/10.15252/embj.201694613
https://doi.org/10.1083/jcb.200606007
https://doi.org/10.1091/mbc.11.1.325
https://creativecommons.org/licenses/by/4.0/

Biochemical Society Transactions (2020) 48 155-163 ° ot PORTLAND
https://doi.org/10.1042/BST20190386 ... PRESS

56  Ravid, D., Chuderland, D., Landsman, L., Lavie, Y., Reich, R. and Liscovitch, M. (2008) Filamin A is a novel caveolin-1-dependent target in
IGF-I-stimulated cancer cell migration. Exp. Cell Res. 314, 2762—2773 https://doi.org/10.1016/).yexcr.2008.06.004

57  Sverdlov, M., Shinin, V., Place, A.T., Castellon, M. and Minshall, R.D. (2009) Filamin A regulates caveolae internalization and trafficking in endothelial
cells. Mol. Biol. Cell 20, 4531-4540 https://doi.org/10.1091/mbc.e08-10-0997

58  Smart, E.J., Ying, Y.S. and Anderson, R.G. (1995) Hormonal regulation of caveolae internalization. J. Cell Biol. 131, 929-938 https://doi.org/10.1083/
jcb.131.4.929

59  Muriel, 0., Echarri, A., Hellriegel, C., Pavon, D.M., Beccari, L. and Del Pozo, M.A. (2011) Phosphorylated filamin A regulates actin-linked caveolae
dynamics. J. Cell Sci. 124, 2763-2776 https:/doi.org/10.1242/ics.080804

60 Hirama, T., Das, R., Yang, Y., Ferguson, C., Won, A., Yip, C.M. et al. (2017) Phosphatidylserine dictates the assembly and dynamics of caveolae in the
plasma membrane. J. Biol. Chem. 292, 14292—14307 https://doi.org/10.1074/jbc.M117.791400

61 Ortegren, U., Karlsson, M., Blazic, N., Blomavist, M., Nystrom, F.H., Gustavsson, J. et al. (2004) Lipids and glycosphingolipids in caveolae and
surrounding plasma membrane of primary rat adipocytes. Eur. J. Biochem. 271, 2028—2036 https://doi.org/10.1111/.1432-1033.2004.04117 .x

62  Murata, M., Perénen, J., Schreiner, R., Wieland, F., Kurzchalia, T.V. and Simons, K. (1995) VIP21/caveolin is a cholesterol-binding protein. Proc. Nat!
Acad. Sci. U.S.A. 92, 10339-10343 https://doi.org/10.1073/pnas.92.22.10339

63  Schlegel, A., Schwab, R.B., Scherer, P.E. and Lisanti, M.P. (1999) A role for the caveolin scaffolding domain in mediating the membrane attachment of
caveolin-1: the caveolin scaffolding domain is both necessary sufficient for membrane binding in vitro. J. Biol. Chem. 274, 2266022667 https://doi.
0rg/10.1074/jbc.274.32.22660

64  Sharma, D.K., Brown, J.C., Choudhury, A., Peterson, T.E., Holicky, E., Marks, D.L. et al. (2004) Selective stimulation of caveolar endocytosis by
glycosphingolipids and cholesterol. Mol. Biol. Cell 15, 3114-3122 https://doi.org/10.1091/mbc.e04-03-0189

65 Lenz, M., Morlot, S. and Roux, A. (2009) Mechanical requirements for membrane fission: common facts from various examples. FEBS Lett. 583,
3839-3846 https://doi.org/10.1016/j.febslet.2009.11.012

66  Foti, M., Porcheron, G., Fournier, M., Maeder, C. and Carpentier, J.-L. (2007) The neck of caveolae is a distinct plasma membrane subdomain that
concentrates insulin receptors in 3T3-L1 adipocytes. Proc. Natl Acad. Sci. U.S.A. 104, 1242—1247 https://doi.org/10.1073/pnas.0610523104

67  Faim, G.D., Schieber, N.L., Ariotti, N., Murphy, S., Kuerschner, L., Webb, R.l. et al. (2011) High-resolution mapping reveals topologically distinct cellular
pools of phosphatidylserine. J. Cell Biol. 194, 257—275 https://doi.org/10.1083/jcb.201012028

68  Pike, L.J. (2009) The challenge of lipid rafts. J. Lipid Res. 50, S323—-5328 https://doi.org/10.1194/jIr.R800040-JLR200

69  McMahon, H.T. and Boucrot, E. (2015) Membrane curvature at a glance. J. Cell Sci. 128, 1065-1070 https://doi.org/10.1242/jcs.114454

70  McMahon, H.T. and Gallop, J.L. (2005) Membrane curvature and mechanisms of dynamic cell membrane remodelling. Nature 438, 590-596
https://doi.org/10.1038/nature04396

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1 63


https://doi.org/10.1016/j.yexcr.2008.06.004
https://doi.org/10.1091/mbc.e08-10-0997
https://doi.org/10.1091/mbc.e08-10-0997
https://doi.org/10.1091/mbc.e08-10-0997
https://doi.org/10.1083/jcb.131.4.929
https://doi.org/10.1083/jcb.131.4.929
https://doi.org/10.1242/jcs.080804
https://doi.org/10.1074/jbc.M117.791400
https://doi.org/10.1111/j.1432-1033.2004.04117.x
https://doi.org/10.1111/j.1432-1033.2004.04117.x
https://doi.org/10.1073/pnas.92.22.10339
https://doi.org/10.1074/jbc.274.32.22660
https://doi.org/10.1074/jbc.274.32.22660
https://doi.org/10.1091/mbc.e04-03-0189
https://doi.org/10.1091/mbc.e04-03-0189
https://doi.org/10.1091/mbc.e04-03-0189
https://doi.org/10.1016/j.febslet.2009.11.012
https://doi.org/10.1073/pnas.0610523104
https://doi.org/10.1083/jcb.201012028
https://doi.org/10.1194/jlr.R800040-JLR200
https://doi.org/10.1194/jlr.R800040-JLR200
https://doi.org/10.1242/jcs.114454
https://doi.org/10.1038/nature04396
https://creativecommons.org/licenses/by/4.0/

	Keeping in touch with the membrane; protein- and lipid-mediated confinement of caveolae to the cell surface
	Abstract
	Introduction
	The role of the caveolae coat in surface stability of caveolae
	Oligomerization of EHD2 stabilizes the caveolae neck and restrains caveolae to the cell surface
	Pacsin2 contributes to both formation and surface stability of caveolae
	Filamin A couples surface connected caveolae to the actin cytoskeleton which restricts lateral diffusion
	Lipids affect dynamics of caveolae at the cell surface

	Competing Interests
	References


