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» AITIIAIAKA MIKPOZITHAAIA
(CAVEOLAE)
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50-100nm non-clathrin invaginations of the plasma membrane in most cell types

function as specialized membrane microdomains

Regulate signal transduction and molecule trafficking, thus modulating several biological
functions, including cell growth, apoptosis and angiogenesis
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Oplopoc kat Mopdoloyila

Caveolae first seen in the electron microscope as distinct invaginations (infoldings) of the cell
membrane are a special type of lipid raft that have small caveolin protein molecules localized

on their cytoplasmic side (Review: Razani & Lisanti, 2001. Exp. Cell Research 271: 36-44).

ultrastructural appearance of caveolae with the

dark areas representing the caveolin protein.

EIEyKo}mwGSLg ™G [IM (1% KUTTAPIKTG EMLPAVELAC)
D50 100nm

. Dam\d (oMU PAGoKaG) 1) AAVGLSEG 1] long tubular structures

g:v - thought to evolve from the fusion of individual caveolae
} 4 i "t OMe avorypa oty KUTTO(le‘I] smcpavsla
u ke 3 UBplokovtal og apkeToUg KUttapucovg TUTIOVG

QI otabepéc SopeC o€ oxéon e emimedeg ATy
Urich in protein receptors involved in signal
transduction pathways-areas in which the ligands can
concentrate, thus regulating the signal transmitted by the

pathway. /
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Oplopoc kat Mopdoloyia
Originally regarded as fixation artifacts of electron microscopy

Identified in the 1950s by electron microscopists (Eichi Yamada and George Palade)
investigating cellular ultrastructure, caveolae appear as “smooth” uncoated pits or
vesicles at the PM, typically observed using conventional resin-embedded techniques

Morphological variants of caveolae
2. Trancellular channel

3. Traditional caveolae

4. PM vesicles (mMpwg eykormwpéva-static)

5. vesiculo-vacuolar organelle (a grapelike

cluster of interconnected caveolae and |
e

6 =

0 o
o
Nucleus

k(Cohen et al., Physiological Reviews 84:1341, 2004) /

vacuoles)
6) cavicles (mobile, internalized caveolae not
associated with the PM)

7) a caveosome (a slow moving, irregularly
shaped, cytoplasmic organelle)

Golgi, dark blue; endoplasmic reticulum,

yellow




Oplopoc kat Mopdoloyila

Caveolae are found in the surface of
many mammalian cell types

electron micrographs show caveolae in
adipocytes that have been surface-labelled
with an electron-dense marker
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The caveolar coat is composed of two major layers of protein:

2. Cavins: adapter proteins
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Cav-1 homodimer

Cav-1/Cav-2 heterodimer

Cavin-1

Cavin-2

Cavin-3

Cavin-1/cavin-2
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1. ImnAativeg (caveolins): coat proteins: kUpLa kol arapaitntn SopkA mpwteivn
uikpoortnAaiwv-Inner layer-CAV1, CAV2 (in non-muscle cells)
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Caveolins
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XoAnotepoAn

18-24kDa

UEocwtepkn) pepufpavikn
L2tV eyt mMAevpa

UEwoépyetal xwplis va dtaoyilel
Ucentral hydrophobic domain
inserted as a loop inside the
membrane

W Caveolin-1 is found at the PM
but also in other sub-cellular
compartments

v'itnv MM (90% ota pkpoomiAata) Kot EVEOKUTTOPLKA
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Caveolins
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XoAnotepoAn

tumour suppressor: key regulator in
cancer onset and progression

Caveolin-1 can also promote cell
proliferation, survival and
metastasis as well as chemo- and
radioresistance

cancer development and its distant
spreading

tumour therapy and diagnosis
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Figure 1 - Structure of Caveolin-1 showing (a) single molecule, (b) dimer with Cavin-1 and {c) oligomer

(recently discovered

Wprovide an outer peripheral cytosolic protein layer.

UThey constitute large, heteroligomeric complexes that cover the highly
curved membrane of PM caveolae

UThey are thought to stabilize the caveolin scaffold, promote membrane
curvature, and regulate budding of caveolae

Plasma

Hill et al Cell 132: 113-124; 2007 membrane

Caveolae

(Bastiani et al., 2009; McMahon et al., 2009; Hayer et al., 2010;
Hill et al., 2008; Liu and Pilch, 2008; Bastiani et al., 2009; Hansen , -
etal., 2009; McMahon et al., 2009) \“F'"._-B‘”

- M B
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a) b)

TTTT

Cavins

Uin the absence of
cavins, caveolins
associate with
microdomains of the
PM and persist there

as planar caveolae
(La'oie et al.. ] Cell Biol Agure 2 - Interaction of Caveolin-1 with the
18.;5,(3) 381 3009) cell membrane. In the absence of Cavin-1

(a), caveolin-1 olizomers embed in the cell

membrane but do not form caveolae. The

presence of Cavin-1 allows caveolin-1 to
interact with the cell membrane to form Phospholipid
caveolae (b). The association of the
caveolins oligomers, the lipid bilayer, sphingolipid
sphingolipids and cholesterol is shown in (c].
[after Williams and Lisanti (2004] The

Cavealin Proteins. Geromme Biology 5, 214)

k Williams and Lisanti. Genome Biology 5:214; 2004

Chalesteral
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Yuotaon-2uvdeon otn HeEUpavn

(JCaveolae can bud into the cell in the form of endocytic vesicles that dock onto
endosomal organelles for cargo delivery (Pelkmans et al., 2004, Parton and Simons,
2007).

Qin the plasma membrane and during the vesicular transport cycle, the caveolar
coat remains tightly associated with the membrane, in striking contrast to other
vesicle coats such as clathrin (Tagawa et al., 2005).

MikpooTmAalo

3

4 3@'7\
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(Sowa G. Frontiers in Physiology 2012)

; r_ Caveolae contain several signalling
‘(G\"ﬁ?‘\’“ Cav-1 molecules (G-proteins, non-receptor
[\Cav-z tyrosine kinases and endothelial nitric

@ cavin-1 oxide synthase, eNOS) and function as

,9/} cavin-2 organizing centres that concentrate

key signalling transducers

Examples of signaling proteins localized in endothelial cell caveolae

Signaling molecules localized in endothelial caveolae, interacting with Cav-1:

eNOS, RTK (e.g., VEGF Receptor 2), GPRC (e.g., Bradykinin Receptor 2, Endothelin Receptor,
Muscarinic Receptor), heterotrimeric G protein subunits (e.g., Gq), TGF-beta Receptors | and I,
calcium channels (e.g., TRPC1 and 4, TRPV4).
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ZrnAativn: kUpla Kol amapaitntn SouLkn TMPWTEVN pikpoomtnAaiwv-2uvdEetal in
Vivo Kal in vitro pe xoAnotepoAn kot oplyyoAutidia

Ynepékppaon onnAativne-1 oe Aspudokutrapa™** (sev éxouv evboyevn
onnAativn/ukpooniiawa) = de novo oxNUATLOHOC 50-100nm pikpoomnAaiwv o€
KUTTOPLKN ETLdAVELD

Down-regulation oe kUTTOpO pE EVOOYEVH ULKpOOTINAALO = ATIWAELX

Caveolin proteins (caveolin-1, -2, and -3):

1. structural components of caveolae

2. scaffolding proteins: interactions with/recruitment of numerous signaling
molecules to caveolae, as well as regulating their activity
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recently identified players in caveolar biogenesis:
Pacsin-2
EHD2

Pacsin-2/syndapin-2: F-BAR domain-containing protein
tubulates membranes
Binds to EHD2

EHD2: member of the EHD (Eps15 homology domain) protein family
involved in membrane trafficking

Co-purified with Caveolin 1 in adipocytes

associates with caveolae through pacsin-2

EHD2 and pascsin-2 partially localize with caveolae, underlying the existence of
molecularly distinct sets of caveolae

Aboulaich, N. et al. (2004) Biochem. J. 383, 237-248
Hansen, C.G. et al. (2011) J. Cell Sci. 124, 2777-2785
Moren, B. et al. (2012) Mol. Biol. Cell 23, 1316—1329/
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Ta pikpoortnAata (omtnAoiivn-NH2)
aykupoBoAouv otnv NM pe tn BonBela
et L SKTuou WIdlwV aKTiVNG LECW
W dvapivng (COOH) (AewoupyiksTntar*)

*@00‘%@3 PE0RCP080

HOBNAM H (MMM zmm
H AR AR AL
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= H @ulapivn Stadpapatilel
ONUAVTIKO pOA0 0T CTABEPITNTA TWV
HikpoomnAaiwyv otnyv I[IM

Avadiopyavworn SIKTov aKTivig =
AVOKATOVOUTN KPOCTINANL®WVY

AKTivn

Eikéva 2.7. Amieikévion tng oxéong pikpoormaiov-8iktoo 1vi- KUTOX(X}\“G(VT] D=
diwv aktivng, n obvdeon twv omoiwy emtuyydvetar péow g ! 4 4
¢1hapivng. (A6 van Deurs kai ouv., 2003). 'aUET] Hevn T[)\SUpLKn KWINTIKOTNTA

omnAativng
"OUOOWUATWOT UKPOOTINAXIWY
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Oplopoc kat Mopdoloyia

Caveolae represent a morphologically identifiable subset of lipid rafts.

They contain the coat proteins caveolin/cavins, which is essential for the invagination
of the plasma membrane giving them their characteristic flasklike appearance.

While the overall biochemical composition of lipid rafts and caveolae is thought to
overlap, these microdomains are not completely equivalent.

In addition to the caveolins, several proteins have been shown to preferentially localize
to either caveolae or lipid rafts, respectively
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Kuttoplkn Katavoun

; ETONALOKA
adipocytes WoBAGOTES
and lung: the Mukd
major
vacuolae AgL@oKLUTTOPX

0YKOYOVIOL) KUTTAPLKEG OELPEG

Katavoun avtiotowyn Aettovpytkotntog pikpoomnAaiwyv os dtddopa kUTTAPA

caveolae can greatly increase the surface area of numerous cell types (caveolae
are involved in macromolecular transport)

/
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>rinAativec (Caveolins)

Discovery of the caveolin protein: 1992 by the Richard G.W. Anderson
3 molecules (caveolin-1, -2, and -3 genes)
PubMed search for "caveolae" reveals ~280 publications from their discovery in the 1950s

to the early 1990s, whereas a search for "caveolae or caveolin" after 1990, identifies
~7000 entries.

Most work since 1990 focused on:

Ucaveolae as PM microdomains

Wfunction of caveolin proteins at the PM

Wlocalization of caveolins in multiple cellular membrane compartments (mitochondria,
nuclei, ER)

Uregulation of intracellular signaling

Intracellular localization allows for a complexity of responses to extracellular stimuli by
caveolin

NG Fridolfsson et al., FASEB J. 2014 /
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>rinAativec (Caveolins)

CAV-1:

3 exons (highly conserved in sequence and structure among species)
2 isoforms (a/B- protein 3kDa smaller, from alternate translation initiation site, Met32)
Both can drive vacuoalae formation (cav-la isoform is localized predominantly to deeply invaginated

caveolae and can more efficiently drive the formation of caveolae than the B-isoform)

CAV-2:

3 isoforms (full-length 2a and 2 truncated 2 and 2y)
truncated 2f: splicing variant, dinstinct subcellular distribution from full-length 2a

CAV-3:

CAV-}

CAV.S

CAV gene family

The Caveolin Gene Family

B

165

| —

342nt

— I -

188

— —

151

114

342

™~

(Cohen et al., Physiological Reviews 84:1341, 2004)

/
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2rinAaitveg (Caveolins)

CAV-1, CAV-2 genes:

UXpwpoowpa 7

URelatively ubiquitous distribution pattern-coexpressed in most differentiated cell types
(EXCEPTION: skeletal muscle fibers and cardiac myocytes)

UMBavol umoPpdLlol wc oyKOKOTAOTOATIKA YovidLa (Bpiokovtol o meploxr] yeVWwRAToS mou cuxvd

XOQVETOL O KOKONOELEG, TILOAVA TIEPLEXEL OYKOKATOOTAATLKO yovi&o)

Cav-3 expression:

UXpwpoowpa 3

ULimited to skeletal muscle, diaphragm, and heart

Udependent on the degree of muscle cell differentiation: Cav-3 mRNA is only detectable
in differentiated, nonproliferating C2C12 myoblasts versus the proliferating precursor
myoblast cell type in which both Cav-1 and Cav-2 are highly expressed

™~
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caveolin genes and proteins share significant homology

Human caveolin-2 is ~38% identical and ~58% similar to human caveolin-1, while
caveolin-3 is ~65% identical and ~85% similar to caveolin-1

Noapouoleg Asttoupyieg pe caveolin-1 (mx. oe ocvotaon pikpoomnAaiwv oe petaywyeic ofpatog (eNOS,
PKCa, PKCS, PKCe, KlvAOEG OLKOYEVELOG Src K)\n)

the caveolin proteins are highly conserved throughout evolution

b Caveolins Oligomerization Intramembrane
domain domain
CAV1 Scaﬂoldmg domam
1 61 82 134 178
CO () ( _ “ ¢ 0
Y14 M32 P132L C133C143 C156
® BC P
1 150
cavs(_a _ —

R26Q D27E P28L/T N32K V43E A45m SGOR T63P L86P A92T P104l. RIZSH
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Human
Bovine
Mouse
Chick
Fugu

Human
Bovine
Mouse
Chick
Fugu

Human
Bovine
Mouse
Chick
Fugu

Human
Bovine
Mouse
Chick
Fugu

-

N el e

58
58
58
58
61

118
118
118
118
121

178
178
178
178
181

Protein sequence alignment of caveolin-1 across several species. Sequences are presented in
decreasing order of similarity to human caveolin-1. Identical residues are not shown in the
bovine, mouse, chick, and fugu sequences, while changed amino acids are indicated. A - indicates
a space inserted to maximize homology among species. Colors indicate proline (purple, P);
aspartic or glutamic acid (red, D and E); arginine or lysine (blue, R and K); phenylalanine,
isoleucine, methionine, valine, tryptophan, or tyrosine (green, F, I, L, M, V, W, and Y); and all other
amino acids alanine, cysteine, glycine, histidine, asparagine, serine, and threonine (black, A, C, G,
H, N, Q, S, and T). The single red box outlines the oligomerization domain, the double red box
outlines the scaffolding domain, and the blue box outlines the membrane spanning domain

SGGKYVDS--EGHLYTVPIREQGN I YKPNNKAVA-DELSEKQVYDAHTKE I DI, VNRDPK .
R CAV -1 protein

T F AA A H VD
T LRDGEKE EF HSPFI K D D N SME T
' , (Cohen et al., Physiological Reviews
HINDDVVKIDFEDV I AEPEGTHSHDG I WKASFTTETVTK RLL.SALIGIPVA G
’ ‘ 84:1341, 2004)
T
A C T
14
[FFAILSFLHIWAVVPCIKSFLIEIQCISRVYSIYVHTVCDPLFEAVGKIFSNVRINLQKE OTIOVOVAWTA
T [ ]
o Xenopus laevis
R c ST AT/R
H C GG RTS C. elegans

/
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>rinAatwvec (Caveolins)

(JCaveolin-1: 22-kDa protein, 178 aa

highest levels of expression in: adipocytes, endothelial cells, fibroblasts, and type |
pneumocytes

Ucaveolin-1 expression is sufficient and necessary to drive the formation of

Ucaveolin-1 expression is necessary for the stable expression and membrane localization
of caveolin-2
(JOpo-oAlyopepEcg | eTEpO- (LE cav-2) o€ PeEPPPAVEC

caveolin-2 alone is insufficient to induce caveolae biogenesis
Qhighest levels of expression in the same cell types as cav-1 (co-expression)
Uthe role of Cav-2 can vary depending on a cell and tissue type

With CAV1 as the major organizing subunit, the two caveolins (CAV1, CAV2) form an
interconnected scaffold that defines the size and many of the overall properties of the
microdomain.

Jcav-3 protein is muscle specific and, like Cav-1, is sufficient to drive the formation of
caveolae




: (Cohen et al., Physiological Reviews 84:1341, 2004) "\

>rinAativec (Caveolins)

(no portion of the caveolin-1 protein is Caveolin Membrane Topology

extracellular Extracellular
i st e e

o CLURLRERLREURAgIARLS CURURRLTRLRY
both the NH, and COOH termini face the 5 . Cytosol
cytoplasm, with an intervening hydrophobic domain
inserted into the membrane (hairpin topology) (homodimer for

simplicity)
UThe membrane insertion of caveolin-1 occurs via the
classical ER machinery (cuv-M®P), resulting in an
unusually short TM domain of 32 hydrophobic aa (aa 102—- N N
134) thought to form a unique hair-pin loop (Bpoyxog cav
doupkéta) configuration that prevents caveolin-1 from A1 | s i
completely spanning the plasma membrane in a traditional —
dOUble'paSS faShion "' (‘h-lcl.\z'\-rul and *‘Fhin'g\'un,\clin enriched /\/\ﬂ ’.
-..-) Cav-1 monomer
Uthe COOH terminus of caveolin-1 is palmitoylated g | Tt domai
and the NH, terminus is Tyr phosphorylated ‘“"'l —
C-MAD
(required in order for both ends of the protein remain cytoplasmic- = (residucs 135-150) membranéjsttachment
aykupoBoéAnon otn SuthootiBada, otabepomnoinon SopAC | | D Do embranelattachment
TPWTEIVNG o€ uLKpoonr'])\aLa) Palmitoy] growps
(resadues 133, 143, 156) cys

- B | e
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>rinAativec (Caveolins)

U Caveolin-1 isoforms form HMW oligomers of ~ 400kDa

Uoligomerization domain (aa61-101): mediates the
homo-oligomerization of 14-16 individual caveolin-1
molecules (EA)

U These cav-1 oligomers undergo a 2" stage of
oligomerization during transport from the trans-Golgi to
PM caveolae, whereby several oligomers self-associate
via COOH-terminal interactions, forming a large network
of caveolin (to 610 kat pe cav-3)

K (Sargiacomo et al., PNAS 92:9407, 1995) /
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>rinAaiiveg (Caveolins)

™~

Ucaveolin-2 is incapable of forming HMW homomeric complexes (inability to form caveolae
by itself)

Ucaveolin-2 does form hetero-oligomeric complexes with caveolin-1 in the ER, an association
that serves to both stabilize caveolin-2 against proteasomal degradation and allow its transport
from the Golgi to the PM plasma membrane. Qpiudaovtoac oxnuatilouv cUUTAOKA LEYOAUTEPOU
MB poAg ptaoouv og pkpooriiAata MM,

(JCaveolin-3 is known to form HMW homo-oligomeric complexes in situ, in a fashion similar to
that of caveolin-1

Wwhile it has long been thought that caveolin-3 does not bind to caveolin-2, recent findings in
isolated neonatal cardiac myocytes and smooth muscle cells suggest otherwise (caveolin-2
coimmunoprecipitates with caveolin-3)

UAvtikaBiota tn onnAativin-1 ota pkpoomnAaila OKEAETIKWYV KoL KAPSLOKWVY LU WV

LEWS1kOG pOAOG OE MUIKO LOTO (EKTOC OO SLOUEPLOUATOTION OGN LOPLWV HETAY WY G CLOTOG):
OUVEVWON TTOAWV pLkpooTtnAaiwv omtnAativng-3 odnyouv 0Tto oXNUATIONO T—OWANVIoCKWV
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Caveolin Membrane Topology

mmss

I l ' Plasma membrane
, ‘ ' Caveolae membrane
Cholesterol and sphingomyelin enriched
M) Cav-1 monomer

Tramsmembeane domaan
(resadues 102-134)

C-MAD

iresudues 134150y Mmembrane atta¢hment

LI .

N-MAD/Scaffolding Domain
(residues 82-101) membrane attachment

Palmaoy] groups
(resadues 133, 143, 156) Cys

[

Oligomenzation domain
(resadues 61-101)

| TR 5

J Meploxr) OAtyopepLopoU

101
I:l IKpLWUATIKN TIEPLOXN
; 82 101
Meploxn D
moypagng ,
.1 Mewboor I
TEPLOXT]
poxn 105 135

“Ik6va 2.8. ATIEIKOVION TV AEITOUPYIKOV TIEPIOX MV TNG OTIN-
\aifvng-1. (Amé Couet kai ovv., 2001).

NpwTteivikd domains




Npwrteivika domains \

“_} Membrane attachment domain -‘&jﬁw Cholesterol
3 Transmembrane domain O, Phospholipid
D caveolin scaffolding domain g2, Sphingolipid

D Oligomerization domain WWWW  Palmitoylation

i
i




- >rinAativec (Caveolins) A

(d“caveolin signature sequence”: motif that is identical between all three caveolin
proteins (short stretch of 8aa FEDVIAEP)-H mio dtatnpnuévn meploxn-Anapaitnto yla
€060 amto 10 EA (evaaktikd mayideuon oe EA)

(JCaveolin oligomerization domain (COD, aa61-101) mediates the homo-oligomerization
of 14-16 individual caveolin-1 molecules (and cav-3). Further contribution of COOH-domain

() Caveolin scafforlding domain (CSD aa82-101, Baotkd/apwpatika ao): (LKpLWUOTLKN
nieploxn) 1) recognizes a hydrophobic caveolin-binding motif present in many signaling
molecules-Aueon duvatotnta aAAnAenidpaong pe tn pepBpdvn

U cav-2/cav-1 hetero-oligomers through membrane and CSD-cav-2)
U(cav-2/cav-3 hetero-oligomers ??? Probably...)

Ucaveolin binding motifs (CBM): were identified in most proteins shown to interact with
caveolin-1 (CBM; OXXXXDXX®D and OXDXXXXD, where @ represents an aromatic amino
acid)

U The scaffolding domain serves a dual role: (1) anchor holding various proteins within
caveolae, (2) regulatory element capable of either inhibiting or enhancing a given protein's
signaling activity

Uaa82-101 (NMAD scaffolding domain/pikpooniAata) kat aa135-150 (CMAD/TNG):
Ke)\dxtctsq QMALTACELG Yl oUVOEoN TNE MPWTEIVNG oTn PEpBpavn /




1. N and C termini facing the cytoplasm
2. 'hairpin' intramembrane domain embedded
within the membrane bilayer

The scaffolding domain, a highly conserved
region of caveolin, might have a role in
cholesterol interactions through conserved

~ basic (+) and bulky hydrophobic residues (red
C circles).

g
A

/- The C-terminal domain, which is close to the
/" Palmitoylation

intramembrane domain, is modified by
Cholesterol palmitoyl groups that insert into the lipid
bilayer.

N Caveolin

k Parton RG & Simons K. Nature Reviews Molecular Cell Biology 8: 185-194,2007

™~
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MM, cuokeun Golgi, KuoTidLa, KUTTAPOTIAACUOTIKEG OEDELG

2ninAativn-1: acuvnBOlotn npwteivn — eowtepkn nepBpavikn KAl StaAuti os oAAQ
KuTTapLKA Slopepiopata

A) Ecwtepikn MEUPBPOAVIKA:

> aa-okoAouOia

»Elogpyetal ouv-M®OP oto EA — evowpatwvetal oe Auttdlakeg Sopeg Golgi wg
Slaleyopevec ya MM

»Bploketal ota pikpooriAoia / AMOPAKPUVETAL LOVO UE QTOPPUTIOVILKA

» AvakUkAwon: MwpoorAata MM —kuotiblo —>eviokuTttaplkég B€oelg — MM

B) AtaAutn: (EKKPLVOUEVN KoL cyt EYKAELOUEVN OE AUTOTIPWTEIVIKA cwpatidla)
» AviyveUetal o aywyo EA

» KuttaponAaopatiko anobepo og (VOPAACTEG, KUTTAPA OKEAETLKWV HUWV,
KEPATIVOKUTTOPO

> EOWTEPLKO EKKPLTLKWV KUOTLOLWV (mdykpeag, otopaxog, otehoyovol adévec)

» Mutoxovépla (nmatokitrapa)
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Caveolin biosynthesis and trafficking to the plasma membrane

IPldsma membrane
> +

& Caveola
Caveolin is synthesized in the ER (forms 8S
)

oligomers containing 7-10 CAV1/2 molecules)

’/ [
Syntaxin-6 /(:(//9
: _ ‘. Is transported to the Golgi complex by COPII-
Formationof | DRM-associated Non-caveolar
caveolar carrier | caveolin oligomers transport pathway dependent transport as detergent-soluble
Accelerated by y A oligomers
cholesterol, GMI 7 (t @
AN
High cholesterol V e J S5 . . . .
High glycosphingolipid  (_gg—ay—F—~_ ) In Golgi, the 8S oligomers associate with
R glycosphingolipid and cholesterol and form a
‘\(ff >:‘“—\‘\'§*\ )/
= 5 /T e & [ Caveclichpcmer membrane-embedded scaffold composed of
etergent-soluble T e, y '8¢ .
caveolin oligomers '\C/ e o —==-_ ) Omuantcavecin |~ 15—-25 8S complexes. The scaffolds sediment as
((':’:—: _’_—‘E-Ri——_—;—;):‘_\; Synthesis in the ER 705 pa I"thlES.
) Cm_ __ @G (detergent-resistant membrane (DRM)

Nature Reviews | Molecular Cell Biology

Parton RG & Simons K. Nature Reviews Molecular Cell Biology 8: 185-194,2007
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Caveolin biosynthesis and trafficking to the plasma membrane

lPldsma membrane

g C

S /
/3
Syntaxin-6 % '( /

Formation of [ DRM-associated \ / Non-caveolar

caveolar carrier | caveolin oligomers transport pathway
Accelerated by B\ ,'?‘;\\

cholesterol, GMI /) It @

High cholesterol //’m i J ==

High glycosphingolipid 1& gy ‘U“—-\‘\_D,)

> e s "
Detergent-soluble '/C— : ~ Golgi i > | Caveolin oligomer

caveolin cligomers L= e =—===_)) 0 Mutant caveolin

Nature Reviews | Molecular Cell Biology

Parton RG & Simons K. Nature Reviews Molecular Cell Biology 8: 185-194,;2007

1%t) A special vesicular pathway is responsible
for transporting the caveolin scaffolds to the
PM, where the cavins associate with them (in
the form of large 60S complexes, Hayer et al., 2010).

Caveolar carriers fuse directly with the PM in a
process that requires the SNARE protein

syntaxin-6.

2") In addition, caveolin can be transported to
the PM by other carriers.

Many caveolin mutants that have been
associated with disease conditions accumulate
in the Golgi complex and are not transported
to the PM efficiently (as indicated by mutant
caveolin (red) in the figure).

/




Bloyéveon pikpoormAaiou

I

XoAnotepdAn
l AMNAETISPA0ELG OAYOUEPOUG UE OAYOUEPES

\/? ~ 14-16 povopepn

T

Movopepég ormAativng-1

oupyla TV pikpoommAalwv. (Amo Razani kar ouv., 2002).

-

(L o

Eikdvar 2.11. Arieikdvion Tov oNyopepiopod TG ommhaivig:1 kar g Bioyéveang v pikpoommhalay. Zto enimebo tov EA n om-
M1 uloTerton opio-ohyopiepiopd kai kdBe ohiyopepés epiéyer 14-16 popia. Ta ohiyopepr autd QVTIMIPOCWTEVOLY TIG Aertoup-
VIKEG HOVADEC ouykpdTNONG Tav pikpoormAalev. Ta opio-ohiyopepr] uplotaviar éva Selrepo otadio ohiyopepiopod katd ) peta-
$opd Toug oty mMhaopank uepBpdvn, mBavév oto TGN, oxnpatiCovtag éva extetapevo dikTue 0To KATw HEPOg TG TAAOHATIKA
uepBpévne. To Siktuo autd priopel va Spdoer GuvepyaTik He T XOAOTEPOAY, TIpOKAADVTAS Trapapop@aon TG pepbpavng ko dn-

/




Caveolin biosynthesis and trafficking to the plasma membrane

MikpoormAato

x AlaAuTr ormAativn

Suokeur Golgi A MepBpavikr ormAativn
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2rtnAaiivec (Caveolins)

(Once properly formed) caveolae in the PM are stable structures in which neither the
caveolins nor the cavins undergo rapk@noven

Caveolae can be activated and undergo endocytic internalization and there is evidence that
they can participate in cycles of fusion and fission with the PM

Cholesterol is not only needed for assembly of caveolae but also for stability

Cavins also contribute to the stability of caveolae as down-regulation of cavin-1 shortens the
half-life of CAV1.

CAV1 was degraded very slowly, but turnover could be accelerated by compromising
caveolae assembly.

Under normal conditions, CAV1 in the plasma membrane is localized in caveolae without a
detectable free pool.

- /




4 , _
2rtnAaiivec (Caveolins)

Y€ oUVONKeC OTIWC:

1. AmootaBepomnoinon pikpoomnnAaiwv MM ny. Siapécou anwAelag cavin-1

2. Alotapaxn cuykpotnong pkpoomnAaiwv oe Golgi (ry. éMewpn xoAnotepoAne i cavin-1)

= Ta pkpoonnAata xwpilovral/katoppEouv o cUUTTAOKO 8S Ta omola EVOOKUTTOPWVOVTaL
ota npwipa evéoowpata (EE)

CAV1is found in late endosomes (LE) and lysosomes where it is degraded.
Targeting of the unassembled CAV1 to the degradative pathway required ubiquitination and
the endosomal sorting complex required for transport (ESCRT) machinery for inclusion

into intralumenal vesicles in endosomes

Y€ QUTEC TIG TTEPUTTWOELG Ttapatnpeital dwaxvon tng CAV1 (free CAV1) otnv MM, peiwon tou
xpovou {wn¢ (36h to 14h) kot avénon tov puOUOL avakUKAWONG TS MPWTELVNC.

- /
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Model of caveolae disassembly and degradation of Caveolin 1(CAV1)

u %rgcaveolar L
scaffold
flat caveolar
caveola S \_/4

Dissociation of caveolar
scaffolds (70S) into 8S
caveolar complexes

P

0 =
EEM

Ubiquitin, Hrs, and Tsg101
(ESCRT)-dependent targeting
of CAV1 to intralumenal vesicles

Endocytosis with

’o" Release
.\0 o of cavin-1

Caveolar

endocytosis COF’I

ARF1

IW‘

RAB7

caveolin
oligomeric complex (8S)

W, cavin-1
cholesterol
@  ubiquitin

Exposure to acidic pH
and degradation
of CAV1

Hayer et al., J Cell Biology 191(3):615-629, 2010

-

s

caveolins as cargo /

Rab4/11 .

RAB5
EEA1

neutral

lumenal pH

acidic

Caveolae disassembly: involves the release of
cavin-1 from an intact caveola followed by
dissociation of the destabilized 70S caveolar
scaffold into 8S caveolar complexes.

This may occur in EE after caveolar endocytosis
or in the PM, from where disassembled CAV1 is
delivered to EE as endocytic cargo.

Unassembled CAV1 may also arise when
assembly of caveolar scaffolds in the Golgi is
compromised and CAV1 arrives in the PM in the
form of 85 complexes.

In endosomes, the ubiquitinated 8S caveolar
complexes are recognized by the ESCRT

machinery and targeted to ILV facing the lumen.

Upon lysis of ILV in LYS, CAV1 is exposed to the
acidic vacuolar pH and degraded by proteolytic

cleavage.




/ > UVOTTTLKAL:

H onnAaiivn-1:

a) cuVOEETOL LOXUPA LE TN XOANOTEPOAN Kal YAuKoodLyyoAutidia

B) artoKTA TAALTIKEG OUAOEG

V) apKeL yLot oXNUATIONO pikpooTtnAaiwv (vs. -2) (oe ouykekpiuéveg moodTTe...)

= oL A2 MMM kat Golgi LoxupormoloUvtal oo ToV OALYOUEPLOMO TNG oTtnAaiivng
—>Baowkn povada: 16UePEC (oligomerization domain (aa61-101)

=0 oAlyopepLopog otabepomnoleital amo aAANAeTOpACELS MPWTEIVNG- MPWTEIVNG KoL
npwTteivng-Auidia

O oxNUATIOUOG pLkpooTinAaiwy EEKVAEL oTn ouokeun Golgi pe To oXNUATIOMO TIEPLOXWV
NMAOVCLWV 0€ XOANoTEPOAN/YAUKOOPLYYOALTILSLa/SM OTLC OTTOLEC EVOWHATWVOVTAL N
ontnAaivn-1 kot aAAeg mpwteiveg. AkoAouBei petakivnon otnv MM

Ta pikpoorinAoLla otabepomolouvtol amo Tov OALYOUEPLOO ortnAativng-1 (H ornAativn-2
XPELAeTaL TNV -1 yLol EVOWHATWoN ota pikpoomAata) KOLL LLOG opddac BondnTtikwv SopLKwvV
TMPWTEIVWV TNC olkoyeveLlag tng ¢pAotiAAivng.

Auudiako neptBailov: touldxlotov 40% XOANOTEPOAN YLO VAL OXNUATLOTOUV oTtaBepd

LLKpooTtnAQLL
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There are caveolin-1 scaffolds structurally and functionally distinct from caveolae

1. caveolar Caveolin 1
2. Non-caveolar caveolin-1 scaffolds (low expression of caveolin-1-stable oligomerized caveolin 1

microdomains-15 molecules)
3. Single caveolin-1 molecules

Non-caveolar

Cavl scaffold Caveolar

Cavl (
Inc

P. Nassoy and C. Lamaze. Stressing caveolae new role in cell mechanics.
Trends in Cell Biology 22(7):381; 2012
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role of non-caveolar Caveolin-1?7??
Cavin-1 association with Caveolin 1 is required for assembling caveolae. WHY????

Model organisms like Caenorhabditis elegans and cells like leukocytes or neurons,
express caveolins (and/or caveolin 1-interacting proteins) but are unable to form
caveolae invaginations

These data support a model in which:
caveolins might play a role outside of caveolae

non-caveolar and caveolar caveolin-1 have distinct functions
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Cavins

recently identified family of four cytosolic proteins with related function and sequence
homology-MW 31-47 kDa

interact with caveolin 1

constitute large, heteroligomeric complexes that associate with and stabilize assembled
caveolar scaffolds at the PM

Under-expression of Cavins leads to caveolar disassembly and caveolin 1 degradation




(| Cavins

adapter proteins

cavin-1 (polymerase transcript release factor, PTRF)-expressed in muscle and non-muscle tissues
cavin-2 (serum deprivation protein response, SDPR)

cavin-3 (srd-related gene product that binds to c-kinase, SRBC)
cavin-4 (muscle-restricted coiled-coil protein, MURC)

important in regulating:
1. caveolin expression

2. caveolar morphology
3. and probably caveolae-dependent signaling

pathways

Cavin 1

Cavin 2

Cavin 3

Cavin 4

1 Coiled-coil domain

M — (— o
— e— ( D

1

Mcmbranepssociation 390

425

—
Y
=

1

O 0

1. Hetero-oligomers of the caveolar coat proteins, Caveolin 1 and -2 and homo-
oligomers of Caveolin-1 crossing the inner leaflet of plasma membrane are responsible
for creating a structure or backbone of caveolae.

2. The adapter proteins of caveolae, cavins provide the scaffold, determine shape, and
k regulate internalization/budding of caveolae

364

Nature Reviews | Molecular Cell Biology

/
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Kowég 1ddtntec:

LIDomains: protein-protein interactions
targeting proteins towards proteolytic degradation (PEST domains)

LPhosphorylated on multiple sites

UBinding to PS (like caveolins...)

c Couled conl domam Membrane assocuatnon

Cavin 1 ~<=:—=:r—_-—ic

425

Cavin 2 (:_::C:
Cavin 3 O G —

1 364

Cavin 4 Comm— )

Nature Reviews | Molecular Cell Biology
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7‘* Cav-1 homooligomers

AL Cav-1/Cav-2 heterooligomers

® cavin-1

O cavin-2

O cavin-3

Directional movement
along microtubules

Cavin-1: a new scaffold for caveolae

Cavin-1 is a soluble protein which is recruited to caveolae
by caveolins as a scaffold stabilizing the caveolae unit

Nuclear localization signals-Transcription factor

Required for caveolae formation (caveolae marker?)

Absence of cavin-1: loss of morphologically distinct caveolae,
reduced protein expression and stability of all 3 caveolins (no
alteration in mRNA levels), increased mobility of caveolin-1
(released from PM-internalization-degradation)

Cavin-1: associated with PM caveolae-NOT with non-caveolar
caveolins. 1:1 in caveolae with caveolin-1 (cholesterol-dependent
manner)

Cavin-2 and cavin-1 interact with each other

(Sowa G. Frontiers in Physiology 2012; Briand et al., Biochimie 93:71, 2011)
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‘A Cav-1 homooligomers

A" Cav-1/Cav-2 heterooligomers
® cavin-1
O cavin-2
O cavin-3

Directional movement
along microtubules

Cavin-2: generating caveolae curvature?

Cavin-2 promotes recruitment of cavin-1 to caveolae

cavin-2 downregulation: loss of cavin-1 and caveolin
expression- limits caveolae formation = cavin-1, cavin-
2 and caveolin-1 are functionally inter-dependent

Cavin-2 is thought to be a necessary component for
inducing membrane-curvature of caveolae — the
membrane-curvature component of caveolae

Overexpression of cavin-2: elongated caveolar

morphology

( Sowa G. Frontiers in Physiology 201 2)




Cavins

Cavin-3: regulator of the caveolar endocytic pathway?

Cavin-3 associates with Caveolin-1 upon caveolae
X internalization to form vesicles and its absence
markedly reduces intracellular Cav-1 traffic along
microtubules.

involved in coupling caveolae to the intracellular
transport machinery

The human CAVIN3 gene is situated in a tumor suppressor
region and is inactivated in breast and lungs cancers

'A* Cav-1 homooligomers

ﬁ Cav-1/Cav-2 heterooligomers

L cavin-1
0] cavin-2

O cavin-3

—

(Sowa G. Frontiers in

kPhysiology 2012)

Directional movement
along microtubules
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Cavin-4: the muscle-restricted cavin

Cavin-4: specific expression in cardiac and muscle tissues (parallels caveolin-3 expression)
Important in muscle biogenesis, associated with cardiac dysfunction

New potential candidate for muscle-related caveolinopathies

Interacts with cavin-2

all cavin members have been identified to localize to PM caveolae
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Cavins

The cavin oligomeric complex

Multimeric protein complex containing all cavin members: detected in PM and cytosol

In PM: associates with caveolins

Model: pre-assembled complexes of cavin proteins in the cytosol are recruited to PM

caveolae (PS binding in common with caveolins??)

the presence of the cavin complex might serve as an adapter platform for
mediating or regulating many signaling pathways in caveolae




/Cavins

functionality of caveolae

Overexpression of individual cavin members alters caveolae biogenesis, morphology or
dynamics suggesting that the stoichiometry between cavins could determine the

Cavin-2 Cavin-3

Cavin-1

Formation of
caveolae

Deformation of Regulation of caveolae budding
Caveolae and/or movement of cavicles

\ (elongated caveolae) along microtubules

<ne cavin COmp/e)(

PTRF/cavin-1
SDPR/cavin-2
SRBC/cavin-3

‘X“ Caveolin

Microtubules

MURC/cavin-4
(muscle-specific component)

K (Briand et al., Biochimie 93:71, 2011)

Cavin-1 is recruited by caveolins
to PM caveolar domains and is
required for caveolae formation.

Cavin-2 alone does not increase
caveolae number but induces
changes in caveolae morphology.

Cavin-3 still associates with
caveolin upon caveolae budding to
form vesicles and its absence
markedly impairs intracellular
caveolin-1 traffic along
microtubules
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interdependency between caveolins and cavins for their respective expression:
» caveolin-1 null mice = drastically reduced levels of cavin expression
» Cavin deletion=> reduced caveolin-1 protein expression.

in cells with cavins, caveolins induce caveola formation efficiently (caveolins are

sequestered into caveolae).
expression of caveolins in cells lacking cavins results in a large pool of non-caveolar

caveolin

in the absence of or if the ratio of caveolin to cavin is high caveolin can be targeted
through non-caveolar pathways to endosomes and then lysosomes

The importance of such a mechanism is illustrated by the disrupted relationship between
caveolae and caveolins in prostate cancer

RG Parton & MA. del Pozo. Nature Reviews Molecular Cell Biology 14:98-112; 2013

-



http://www.nature.com/nrm/journal/v14/n2/full/nrm3512.html
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1. EGw'tEpiKEUO'I‘] (endo- and transcytosis)
2. Metaywyn cUatoc
3. Opolootaoia Kat petadopd XoAnoTEPOANG

4. AoOEvelec-OyKOYEVEDN (pathogen entry)

knockout mouse and small interfering RNA approaches
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MOAYAEITOYPIIKA: Aettoupyieg mov dtadpEpouv avaloya e KUTTAPLKO TUTIO Kol
KUTTOPLKEG OVAVKEC
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Transcytosis ER/Golgi )

Certain molecules have been shown to be predominantly endocytosed via
caveolae and not clathrin-coated vesicles.

Depending on the cell type, caveolae can deliver their contents to the ER/Golgi
compartments or to the abluminal side of a cell.
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Arrival of extracellular
signal

Downstream Downstream

signaling signaling
Caveolin
Cholesterol

E@“°""3

Lipid-modified signaling
modkecule (e.g. C-src)

Receptor (e.g. Receptor
tyrosine kinase)

Caveolae are now thought to act as
signalosomes, or entities in which signal
transduction events can take place efficiently.

A higher level of regulatory complexity is

provided by the caveolins where signaling

molecules can be bound until extracellular
ligands relieve them of inhibition.

Here, the dynamic regulation of a receptor tyrosine kinase
(e.g. EGF receptor) and a lipid-modified kinase (e.g. the src-

tyrosine kinase) in caveolae are shown.




@HDL @LDL

Wcoated

/ J pits
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Intracellular cholesterol is thought to be transported to plasma membrane
caveolae via a golgi-independent caveolin-mediated route.

Caveolae then can deliver the membrane cholesterol to the bulk plasma
membrane or to cholesterol-transporters such as HDL particles
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Caveolae have now emerged as vital plasma membrane sensors that can respond to
plasma membrane stresses and remodel the extracellular environment

Parton RG, del Pozo MA
4 Caveolae as plasma membrane sensors, protectors and organizers.
Nat Rev Mol Cell Biol. 14(2):98-112; 2013

caveolae seem to be directly involved in the cell response to mechanical stress:
primary cell response to an acute mechanical stress occurs through the rapid
flattening of caveolae into the plasma membrane
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AELTOUPYLEG ULKPOOTINAULWV

LJAwakuttdpwon

UAve€aptntn ano kAaBpivn evéokutwon (odyyohuntidia/tosiveg, GPI-proteins, toi, Baktripia)

EKAeKkTIKN PooAnYn HEOW pLKpooTinAaiwv:
urtodoxeac doAkol oé€oc, toivn XoAEpag,
Toélvn teTdvou, aAKaAlkn pwodataon

SV40, E.coli: tpocAapBavovtal amnod Y nou
Bplokovtal ota pkpoomnAaLa
(LkpooTnAalocwpaToL)

EvéokUtwon Sltapgoou pikpoomnAaiwv/AZy:

1. Aev eaptatal oo kKAabpivn

EvaiocOntn otn cuykévipwon xoAnotepoAng (puBuiletal anod onnAativn)
E€aptatat ano tn duvapivn

Kuotibla cuykekplpévng popdoloyilag/Autidiakng ocuotacng

Evepyormoleital ano yeyovota LLETaYywWYNC onpatog (ota kuTTapa mou ekppalouvv
omnAativn)

e e
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Caveola
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U Caveolin I

GPI-anchored proteins
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Stimulated by cholestercl
glycosphingelipids, SV40
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M Caveolin oligomer | Gt camnpla &R

Nature Reviews | Molecular Cell Biology

PM.

anchored proteins are predominantly internalized through this pathway

-
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kinases (eg. Src kinases).

™~

Caveolae carrying cholera-toxin-
binding subunit (CTxB) and SV40 can
bud into the cell in a process that is
regulated by dynamin, PKC and Tyr

Endocytic caveolar carriers fuse

with

1. the caveosome or
2. the early endosome
3. backto the PM

Caveosomes: non-endosomal
(???), non-Lys compartment

From the caveosome, SV40 is transported to the ER and recycling endocytic caveolar carriers carry caveolin back to the
CTxB is transported to the Golgi complex, possibly through early endosomes.

In cells with or without caveolae there is at least one other main endocytic pathway that involves clathrin- (and
caveolin)-independent carriers (CLICs), which can endocytose the same surface markers into endosomes. GPI-

Parton & Simons. Nature Reviews Molecular Cell Biology 8:185-194; 2007 /
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Caveosomes

AEN eival opyikd evéoowpata (????27??7):

Oubétepo pH

InnAativn-1

Xwpic deikteg early endosomal antigen 1 (EEA1) and
transferrin receptor

MikpoomnAatocwporta: oToaOpag ouvinéng
HLKpooTtnAaiiwy TTou €xouv armokomnet ano tnv MM n
O€on dwaoyng??

“caveosomes” previously described as independent
organelles distinct from endosomes, actually
correspond to late endosomal compartments modified
by the accumulation of overexpressed CAV1 awaiting
degradation.

Hayer et al., J Cell Biology 191(3):615-629, 2010
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. ® Razani et al., Pharmacological Reviews 54(3):431, ZOOA
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@ Potocyiosis
.., .' '.; ® "l!'.—.’.:‘-i ‘.'l"'-i-
Tra.rﬁt:ﬂ - J h " a @
/ opp SGTF Gop GTP \ & I 1 i
Vesicle fusion machinery ~ D¥namin GTP Caveoale vesicular trafficking

oy Present (VAMP, SNAP, g1c.)  Dydrolysis

&
g ool to caveosome I ‘ T Caveolae mediate the selective
. . L — uptake and transport of several
/@ R — L E—— - lecul . .
r— e molecules via transcytosis,
c ® o - endocytosis, and potocytosis
YOS OITE \'-..H -..:_—_:
- -
¥
Transeyiosis 1o abluminal Endoplismic Reticulum

Flasma membrane

Transcytosis: transport of proteins from the one side of the cell (eg. endothelial) to the other.

Caveolae-mediated endocytosis: (distinct from that of clathrin-coated pits), caveolae bud off from the PM
and fuse with various intracellular compartments. Possible transport routes include the caveolae-
caveosome-ER pathway.

Potocytosis: caveolae mediate the uptake of small solutes (<1 kDa) by pinching off but remaining
associated with the plasma membrane.

Classic vesicular transport molecular machinery requirements: dynamin, VAMP, SNAP-25, the SNARE
@mplex, and GTP hydrolysis



http://pharmrev.aspetjournals.org/content/54/3/431/F6.large.jpg
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EkAekTikA mpooAnyn HEow
HIKpOoOoTtNAQLiWV KOl TTOTOKUTTAPWON:
urtodox£ag oAlkol o€€og

Potocytosis:

»Evéokuttapwon He tn peocoAdpnon Y
»Mikpad popia (. Brtapiveg, Lovta)
petadépovrat SLUUECOU TWV

Fig. 1. A model for recepeoe-mediated potocytosis of folate. Caveole contain HikpoorinAaiwyv tn¢ MM ameuBeiog oto
receptors that bind folate when the compartment is open (A). The caveols  cyt

e o o e ol 1 e o the recehor (G The igh > T0L MiKpOOTHiA GG TP AEVOULY
:::nmim offn:mgu;:-ad in the m mma m'h: ouv6£6£u:éva uE TV MM kata tn
polyghutamated in the cytopkism 10 retain the vitamin within the cell (D). The  HETAPOPA TWV HOPLWV
caveola reopens 1o imitiate another round of folate uptake (E).

Science 24 January 1992: Vol. 255 no. 5043 pp. 410-411
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/ Carver LA & Schnitzer JE, Nature Reviews Cancer 3, 571-581; 2003
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1. Eowtepikevon

™

caveolae vesicular endocytic pathway vs.
clathrin-coated vesicle pathway

Endocytosis carried out by clathrin-coated pits:

v after budding from the PM the vesicle sheds its
clathrin coat before delivering its protein cargo to
tubular endosomes that are marked by early
endosomal antigen 1 (EEA1) and transferrin receptor
(TR).

v'In this acidic environment, ligands are dissociated
from their receptors and protein sorting occurs to
determine the subsequent intracellular route of the
internalized vesicular contents.

v'The proteins might be recycled back to the PM or can
be transported to Lys via the late endosomes for
degradation.




/ Carver LA & Schnitzer JE, Nature Reviews Cancer 3, 571-581; 2003 \

Clathrin-coated
vesicie

(-3

Clathrin

4 Povio

1. Eowtepikevon

caveolae vesicular endocytic pathway vs.
clathrin-coated vesicle pathway

caveolin-coated vesicles machinery:

Within 15-30 minutes, caveolar cargo can be delivered to
distinctive spherical vacuolar endosomal-like

compartments (TfR-negative) for ultimate delivery to late
endosomes and, presumably, lysosomes for degradation.

Viruses such as SV40 are internalized by caveolae using a
slower mechanism (2—-3 hours) to EEA1-negative, TfR-
negative compartments called caveosomes, then are
subsequently transported to the ER

Caveolae could traffic directly to the ER or Golgi

Caveolin-1 is transported from the Golgi to the PM.



http://www.nature.com/nrc/journal/v3/n8/full/nrc1146.html
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AeLToupyleC pLkpooTtnAaiwy

ALohOPETIKA EVOOKUTTAPLKA LLOVOTIATLOL OTOXEUONC CUVOETWV:

» Etepoyévela Ay otnv NMM

» MNpoogAkuon popilwv ota pikpoomAata/AZx

» Antopovwon/dtodoyn AUtidlwv- MPwTEIVWY o€ SLOLDOPETLKEC TIEPLOXEG
» \€LTOUPYLKO SLoxwpLlopo MpwTeivwy Kat Autdiwv (AZx-associated) oe
StadopeTikd KuoTidLaL

210 KOl OTLG HLKpooTINAQLwY UTIAPYXOUV OAa T amapaitnTa

oTOLXELO LNXOLVIOUOU QTTOKOTING KAl oUVTNENC KUOTLOLWV: Suvapivn, SNARES kAt
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AeLToupyleC pLkpooTtnAaiwy

Ev600nAlaka kuttapa

Ta pkpoomnAoia oxnpati{ovv mapodika KavaAla dLapéecou tou cyt

ALOKUTTAPWON PECW EAEYXOUEVNC NUL-ATIOKOTIN G Kol oUVTNENC XWPLg OTE va
OLITOKOTITOVTOL OO TN HEUBPAVN Kal va oxnUaTilouVv TPayUaTIKA KuoTidla

1

eSS )
soo o oo el

Gl

Extravascular
Space
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™
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Oplopoc kat Mopdoloyia
Originally regarded as fixation artifacts of electron microscopy

Identified in the 1950s by electron microscopists (Eichi Yamada and George Palade) investigating cellular
ultrastructure, caveolae appear as “smooth” uncoated pits or vesicles at the PM, typically observed using
conventional resin-embedded techniques

Morphological variants of caveolae:

2. Trancellular channel

3. Traditional caveolae

4. PM vesicles (mAipwg eyKo?mu)uéva-static)

5. vesiculo-vacuolar organelle (a grapelike

cluster of interconnected caveolae and |
s

ﬁ/

0 o
o
Nucleus

k(Cohen et al., Physiological Reviews 84:1341, 2004) /

vacuoles)
6) cavicles (mobile, internalized caveolae not
associated with the PM)

7) a caveosome (a slow moving, irregularly
shaped, cytoplasmic organelle)

Golgi, dark blue; endoplasmic reticulum,

yellow




" Aettoupyleg pkpoomnAaiwy A

JUYKEVTPWON LLIKpooTtnAaiwyV: o€ TteploXeg MM pe peyaAa mood aKTivng otov
KUTTOPLKO OKEAETO

JuumAoko ortnAativng-pAapivng:
I s

AR \m ss l il
UUuyuuY

i r“:”;”*zr“r*‘*tr“
s
‘efs\“ﬂ | o “5“; i

LPuBpuiZel aAAnAerdpaoelc pikpoomnAaiwv LE OKEAETO
LEAEyxeL B€on pikpoomnAaiwv otnv MM 1 oto Cyt
LEAEyxeTaL amo p-Tyr TG omnAaLivng

Vhaa Ecwtepikevon LkpooTtnAaiwv SLEUKOAUVETOL aTTO;

. Awdomnacn SIKTUoU WIdLlwWV aKTivnc
Il. DdwodopuAiwon (KIVACEC 1] AVAOTOAELC

i dwodataocwv)
Eikéva 2.7. Anieikdvion tng oxéong pikpoomnAaiov-8iktdo vi- 1. A)\}\n)\eniépaon UTmAali-VﬂC HE Y Hstad)spé IJ-EVnC
diwv aktivng, n obvéeon twv omoiwv emtuyydvetal péow tng ’
¢ihapivng. (Amé van Deurs kai ouv., 2003). ouv O-l'ac

TUvdeon SV4A0 os MNMM: (*) petaywyn onupoatoc Tyr-Kinase, Staomnaon SIKTUoU aKTivng, TPOOEAKUON
duvapivng Il o B€oelc ecwtepikevong

MpooAnwn aABouptivng: aAAnAenidpaocn ortnAaivng pe gp60 (Y) (kUTTapa xwpic omnAativn dev
Qtpoo?\au[?)dvouv aABoupivn) /
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H

Qotooo: ta pikpoornAoia AEN gival KUpLeg BEoELC ECWTEPLKEVONC MOPLWV (t1/2 omnhaivng oe
HLKpooTtHAaLa)

Kupiwc otaBepéc pepuPpavikeég SopECG pe SUVOLKO EcWTEPiIKEVONG Ttou evepyoroteitat MONO o€
OUYKEKPLUEVEG OUVONKEG

TWV pKkpoomnAaiwv otnv MM pewwvovtog TRV Lkavotnta evEoKUTWON G TOUG

™~

AeLToupyleC pLkpooTtnAaiwy

ontnAativn AEN 6pa w¢ kKUpLog mapayovtag eykOAnwong tne MM aAld wc otabepormontng

Caveolin-1 is a negative regulator of the budding of caveolar invaginations, and caveolin-

specific signaling events.

1-expressing stable cell surface caveolae can become endocytosis-competent after
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2. Metaywyn orjpotog

1)
< o
Arrival of extracellular
signal
o
/ LY
Downstream Downstream
signaling signaling
Caveolin
Cholesterol

T
S
I

Lipid-modified signaling
mokecule {(e.g. C-src)

Receptor (e.g. Receptor
tyrosine kinase)




e

™~

AELTOUPYLEG LKPOOTINAQILWY  [2:Mexevovi shuetes

r‘Cav-l
rCav-Z

@ cavin-1
cavin-2

(Sowa G. Frontiers in Physiology 2012)

-

I. MepLéxouv popla PETAYWYNE ONUOTOC
(EKAEKTIKH ZYNAEZH)

Il. ApouV WG KEVTPOL OPYAVWONG LETAYWYNC-
SlapEPLOMATOTIONON LOVOTIATLWY

lll. Zuykévtpwon = emnikolvwvia
HNXQVLIopOG puBuiong

IV. Alatapaxn onnAativng = NaBoloyia

Examples of signaling proteins localized in endothelial cell caveolae

Several signaling molecules were localized in endothelial caveolae and interact with Cav-1 including:

eNOS, RTK (e.g., VEGF Receptor 2), GPRC (e.g., Bradykinin Receptor 2, Endothelin Receptor, Muscarinic Receptor),
heterotrimeric G protein subunits (e.g., Gq), TGF-beta Receptors | and Il, calcium channels (e.g., TRPC1 and 4,

TRPVA4).

E¢cLOIlkeEUpEVO «OopyaVIOLA» HETAYWYNS OAUOTOC
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AELTOUPYLEG LKPOOTINAQILWY  [2:Mexevovi shuetes

EKAEKTIKN) cUVOEON MTPWTEIVWV: (OUXVA) ATILOLAKEG TPOTIOTIOLOELG (LLUPLOTIKES, TOALLTIKEC,
TIPEVUALKEG opadeg oe pwteiveg)-Select signalling molecules concentrate in caveolae

AAANAentiOpacn ontnAolivnc LE HopLa LETOywync cnuatoc: cuvdeon KAl dpaoctikotnto:

2rnAaiivn-1

1 82 101 178

The signaling molecules are bound to (
the caveolin scaffolding domain of D EWKASFTTFTVTKYWEYR
caveolin-1

(IkpiwpaTikf mepioxr)

® X ® XXXX0 XX ® (MoriBo uroypagrg omnAativng)
[ Caveolin scafforlding domain (CSD Baoikd/apwuatikd aa): recognizes a hydrophobic caveolin-binding
motif present in most signaling molecules shown to interact with caveolin-1 -Apeon duvatotnta
aAAnAenidpaong pe tn HeUPpavn (CBM; OXXXXDOXXD and OXDOXXXXD, where @ represents an aromatic aa)

U The scaffolding domain serves a dual role:

(1) anchor holding various proteins within caveolae

(2) regulatory element capable of either inhibiting or enhancing a given protein's signaling activity
(H-Ras, kwvdioeg Tyr owkoyévetag Src, PKC, eNOS, mapepmosilet udpdAuon GTP Twv ETEPOTPLUEPWV TPWTEWVWY G KAT)

CSD of caveolin-1 and -3

CSD of caveolin-2 is inactive

- /
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A\ELTOUPVYLEC ULKPOOTINAOLLWY [2:Mewavovi ofiwatos |

ZrmnAativn-1

82 101 178

p BT S

DGIWKASFTTFTVTKYWFYR (IkpiwpaTikh Teploxr)

® X & XXXX0 XX & (MoriBo umoypa@nig ormAaiivng)

AN
/ NN

190 200 350 358 425 432 898 905 522 529
FTFKDLYFKMF FSAAPFSGW WSFGILLY WSYGVTVW WAYGVLLY

Eixéva 2.15. ANnhemdpdoeig tng CSD pe Tig mepioxég alnhenibpaong popiwy petaywyhg oApatog. TG MEPICOOTEPES TIEPITITE-
oeig n alnAenidpaon avtr mapepmodiler ) petaywyr ofpatog. (Amé Razani kar ovv., 2002).
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eNOS ev60OnAlaKkwv KUTTApwv

AyyeloyEveaon, XaAdpwaon ayyeiwy, dlamepatotnta

A\ELTOUPYLEC LIKPOOTINAOLWVY

Evepyoroinon

Ca2+
P Brpa 1

(((((((

KaApodouAivn .

Apyivivn KitpouAivn
0, NO

Brua 3

Eikéva 2.16. Mikpoorjhaia kai petaywyr ofjpatog eNOS. Zto Brjpa 1, n odvdeon tng ommhaiivng (Cav-1) pe v eNOS mapepmodi-
el ) petaywyn ofpatog. Lo Bipa 2, n) evepyorioinon Tou ay®vioT KivnTorolel Tnv eiopor] 16viwv acBeaTiou ta otoia ouvdEo-
vIai Kai eVEpyoTiolovv tnv kaApodouvAivn. 1o Brpa 3, n evepyorompévn anéd ta 16vta aoBeotiov kaApodouvlivn ouvdéetar otnv
eNOS, mapepmodiCer tn odvbeon g eNOS pe T ormAaiivy kar podyer Ty mapaywyr} Tov vitpikoh povoseidiov. 1o Bipa 4, n

onnhaiivn ouvbéetal aAr pe tv eNOS kai €101 ohokAnpdvetar o KOkAoG. (ATd Razani kai ouv., 2002).

N

\

2. Metaywyn orjpotog

AkuAiwon eNOS= petakivnon
oe A2x NMM k Golgi

Y& oUvdeon (mapepumodion
Sdpaonc) N oxt (BEATotn
Sdpaon) pe tn omnAativn (CSD
caveolin-1) + u6podofn meploxn
ouvdeong eNOS)

Mutated eNOS domain: oxL
ouvdeon pe caveolin-1 aAAd
duoLoloyikn evepyotnta eNOS
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~ O COOOOOOOOOOOOOOOO0000O0 Persistently inactive

pd
@)

Uncoupling
with CAV1
scaffold peptices

QOOCOOOOOCOO000O0O0C

Activated

0000000

e

Carver LA & Schnitzer JE. Nature Reviews Cancer 3,
k 571-581; 2003

XXX
OO0 :.ﬂwr_r'x'é
]

mechano-stimulation

XOOOO0O000000
OOOOC OO0
— &= 2
i

Nature Reviews | Cancer

AELTOUPYLEG ULKPOOTINAQLLWY [2:Memayevi sfparos

Caveolin-1 functions as an inhibitory clamp that inhibits select signalling proteins such as eNOS

stimulation, eNOS dissociates from

that correspond in sequence to the CAV1

\

Following ligand- or mechano-

CAV1, allowing accessibility to co-
activators, such as calmodulin (CaM) and
HSP90 to produce nitric oxide (NO)

Signalling can be inhibited by peptides
scaffolding domain which binds the

signalling molecules and maintains them
in a permanent 'off' state.

Mimetic peptides illustrated that the
interaction of eNOS with Caveolin 1
CSD resulted in eNOS inactivation in
vivo

/
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AELTOUPYLEG ULKPOOTINAQLLWY [2:Memayevi sfparos

Movornartt peTaywync onpotog Ras-p42/44 MAP Kivaong

Evepyormoleital oTnv KUTTOPLK €TLPAVELA KoL TEPUATI{EL OTOV TTUPrVA

Evepyonoinon povonartiol cuvodeletal anod apvntiki puOuLon ékdppacng yovidiou
onnAaivnc-1

AU¢non twv emunedwv onnAativng-1: mopepmodilel TO LOVOTIATL LETAYWYNG GHLOTOG

Melwaon cuykévtpwaong XoAnotepoAng NMM: peiwon aplBuol Y Kivdong ota
MHIKpooTtAAaLo Kol pUBLLLON METAYWYAC CAMUOTOC OTO KUTTAPLKA ETLPAVELA OF
nupnva
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AELTOUPYLEG ULKPOOTINAQLLWY [2:Memayevi sfparos

ZTLG MEPLOOOTEPEC MEPUNTWOELS N aAANAenidpaon mapeUnodilel tn SpaoTikotnTa
TOAAWV HOPLWV HETAYWYNS OAHOTOC

“TLalyKOGLOG» TTAPEUMOSLOTAG KLVOLOWV

\ Evepyomoinon pHovomatiov

H napeundodion aipetal = avgnon tadoong onpatog

KE&
_—

—
MoAAot Y petatonilovtal ota UKPOoTtHAQLO LETA
TNV EVEPYOTIOLNGN (y. M2-HouoKapwikoc Y aketuhoxohivic) gg

"ZUVOMIAIQ" ]
Hopiwv ™ KaBodikol

\ TEAROTAC

B

/
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AELTOUPYLEG LKPOOTINAQILWY  [2:Mexevovi shuetes

CSD is supposed to form an in-plane amphipathic helix buried within the membrane

in assembled caveolae

Proposal: the binding of signaling molecules to CSD in caveolae would result in

inactivation, whereas binding to non-caveolar caveolin-1 CSD would activate signaling

Key: (‘ A’\ Caveolini/inactivating CSD FA"Y’A“ Caveolin1 scaffold

(- N Caveolini/activating CSD - Cavint

. B3

Non-caveolar &
Cav1 scaffold Caveolar
Cavil Cla
indep
endo
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A\ELTOUPYLEC LLKPOOTINAOILWY [ 2:Metaywyi ofiuatos

Otk pUOMLON

IR (insulin receptor)

PDGFR untodoyxéag

H xoAnotepoAn sival amapaitntn yia tn c0levén tov PDGFR e TOL UTTOOTPWHATA TOU Kol
AAAQ HOPLaL LETAYWYNRG ONUATOC TTOU BploKovTal oTa ptKpooTtiHAoLOL

Autidio: oxnuatilovv Kpiwpa mou MPoKaAEl opyAvwon Hoplwv HETAYWYAS ONHOTOC Kol
eAEYXEL TIC aAANAeTdpAoeLg TouC e Tov PDGFR

ZrinAativn: dtatnpet to Autdlako kplwpa
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3. Opolootaoia Ko
petadopd xoAnotepPOAng

@HDL @LDL

Wwated

/A { pits

J @
\

Intracellular cholesterol is thought to be transported to plasma membrane
caveolae via a golgi-independent caveolin-mediated route.
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/\E LTOU pv LEq MLKpOGT[r]}\aLwV 3. Opoloctacio Kat

petadopda XoAnotePOANG

Intracellular free cholesterol:

1. externally (from LDL (kupiwc) by either receptor-mediated endocytosis (clathrin) or by membrane
loading)

2. de novo synthesis

3. HDL entrance (Ayotepo) (SR-B1-pikpoomiAaio)

4 LDL particles are large with a cone that is rich in
o cholesterol esters. Their protein coat is composed
; predominantly of APOB-100.

S
Phospholipids 22%
Free cholesterol 8%

o . HDL particles are similar and their protein coat
contains a number of different apolipoproteins.

o] Triglycerides 5% 2
Cholesterol esters 20%.0
> 0

C-li

Phospholipids 30%
Free cholesterol 8%

YA. loannou

C-l C-li

K Nature Reviews | Molecular Gell s.o.;g, Nature Reviews Molecular Cell Biology 2:657-668; 2001

/
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/\E LTOU pv Leq uLKpOO'T[r]}\aLwV 3. Opoloctacio Kat

petadopda XoAnotePOANG

1. Caveolin-1 binds cholesterol in the
ER and transport it to caveolae at the
PM

cholesterol can either be effluxed to
extracellular lipoproteins (namely HDL)
or be siphoned into the PM bulk
plasma membrane.

2. Caveolin-1 can then retreat to the
ER/Golgi compartments and repeat

this transport cycle.
Endoplasmic reticulum

. 0 0N

Nucleus

(Pharmacological Reviews 54(3):431, 2002)




HDL LDL ;\?\

LDL receptor

Nature Reviews | Molecular Cell Biol
YA. loannou ) - -

Nature Reviews Molecular Cell Biology 2:657-
668; 2001

N

3. Opolootaoia Ko

@ , ,
/\ELTOUPYLEC ULKPOOTINAOLWY  |pewadopd xohnorepsing

LDL-R pathway

»endocytosis of the LDL particles in clathrin-coated pits
»cholesterol is released into the endosomal-lysosomal
system

»Niemann—Pick C 1 (NPC1), NPC2 and MLN64 (malignancy
antigen 64): mediate cholesterol exit from the endosomal
system and its eventual transport to the PM.

Caveolins (???) are thought to facilitate cholesterol
movement to the PM where an ABC-type PM transporter
(ABCA1) can facilitate its efflux onto HDL particles (ATP-

dependent).

Excess cholesterol can be transported from the PM to the
ER where acyl-coenzyme A:cholesterol acetyltransferase
(ACAT) facilitates esterification of cholesterol for storage in
lipid droplets in the cytosol.

Cholesterol transport to the mitochondria or peroxisomes is not
shown.

/




~

a , , j
A\ELTOU PYLEC IJ-leOO'T[I'])\OLLu)V 3. OporocTasia kat

petadopda XoAnotePOANG

E[ﬂux Caveolin-1-Mediated Apolipoprotein A- Membrane
Binding Sites Are Not Required for Cholesterol Efflux

Le Lay S, Rodriguez M, Jessup W, Rentero C, Li Q, Cartland
S Grewal T, Gaus K - PLoS ONE (2011)

apoA-l

ol membrane domains other
than caveolae regulate
ABCAl-mediated
cholesterol efflux

A. High-capacity apoA-I binding sites preferentially form at the raft/non-raft border where disordered
lipid packing creates space for the insertion of apoA-I's amphipathic a-helices between the
phospholipids polar head groups.

B. apoA-lI may bind with high capacity to caveolae at the PM. ApoA-Il bound at the caveolae neck is
targeted for internalization and degradation (dashed arrow) and is not required for lipid efflux (grey

arrow)
C. Stimulation of ABCA1 translocase activity by apoA-I facilitates efflux (solid black arrow)

/
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3. Opolootaoia Ko \
petadopd XoAnotePOANG

Cholesterol is taken up from both
HDL LDL receptors and apoA/HDL

© receptors (SR-BI) in caveolin-rich
domains (SR-BI + gkpon).

Late endosomes mediate this
transfer to the mitochondria via
the activities of NPC-1 and
possibly the StAR-like protein
MLN64.

Y.
e
endosome_
= /V,oc
\_/ /

M‘/V&, U18666A

Acyl-CoA:cholesterol acyltransferase (ACAT) converts free cholesterol derived from organelles (e.g.,
endosomes and endoplasmic reticulum (ER)) to the cholesterol esters that represent the predominant
components of lipid droplets.

High-flux mitochondrial cholesterol trafficking, a specialized function of the adrenal cortex
kColin Jefcoate. J Clin Invest. 110(7):881-890; 2002



http://www.jci.org/articles/view/16771
http://www.jci.org/articles/view/16771
http://www.jci.org/articles/view/16771
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/\E LTOU pv Leq uleOO'T[r])\aLwV 3. Opoloctacio Kat

petadopda XoAnotePOANG

~

Ekpon XOAnGTEPOANC

1. AmnAn éwdxvon Stapéocou pepPPavnG (Babuiswon cuykévipwong HETOED KUTTAPLKAS empAveLac-
e€wkKutTApPLOU uéoou)

2. Npwrteivec-petadopeic MM-Xwpig katavaAwon evépyesiag (SR-Bl/pikpooniAaia,
envedpidla-yovadec-Yrnodoxéag HDL: petadopd xoAnotepoAng amo MM o HDL)

3. MNpwrteivec-petadopeic- Me katavalwon evépyetag (ABC-oxnuatiopog HDL ano Apo-
Al-Evavtia otn Babuidwon cuykévipwonc)

Ewtopon XoAnGTEPOANC

1. LDL-R (Kupiwcg): o€ KOAUUEVEC ECOXEC —> EVOOOWHATA (Stohoyr) mpwteiviv kot Auusiwv) —> o)
MM (ry. unodoyeic) Kal B) AucoowWHOTA (petapolopds kat petadopd oe dMeg Boelg)

2. HDL-SR-B1 in caveolae: SR-B1 urtobdoxéac HDL-EkAektikn/Taxutatn npocAnyn
XOANOTEPOANC/E0TEPWV XOANOTEPOANG UE UN-KUOTLOLAKO NXOVIOUO

Arntovoia LDL-R: untepgékdpaon SR-B1 kot petadopd otepoAwv ano HDL/LDL oto kuttOpo

-




3. Opolootaoia Ko

/ I I
/\E (TOU pv LE q ule OO0Tt I’] }\OL LWV petadopd XoAnotePOANG

RG Parton & MA. del Pozo. Nature Reviews Molecular Cell Biology 14:98-112; 2013

';Cholesterol Plasma membrane |

A
s 48 (111

|
: Palmitoylation

Scaffolding Intermembrane
N domain domain C

Nature Reviews | Molecular Cell Biology

JTOL LLLKPOOTINAQILOL CUYKEVTPWVOVTOL TIPWTEIVEC TTOU CUUHETEXOUV O€ petadopa
XOANOTEPOANG, EOTEPWV XOANotePOANG KAl Aumapwv o€Ewv

(omnAawivn, CD36, FAT: fatty acid translocase cuvd€ovtal pe ta Autapd of€a KoL Ta
HETAPEPOUV OTO cyt)

H ontnAaiivn dtadpapatilel onpavtikd poAo oTnv EVOOKUTTAPLO Kol
gfwkuttapla petadopd Autidiwv:




3. Opolootaoia Ko

/ I I
/\E (TOU pv LE q ule OO0Tt I’] }\OL LWV petadopd XoAnotePOANG

_— Metadopa '
oD VEOOXNHUOTL{OUEVNC
. . ??E%‘ XoAnotepoAng otnv NV
" Sesal™ OUUITAOKO XOANOTEPOANG-

ontnAaitivng-1 kot AAAwv cuvodwv

NMPWTEIVWV. «XUOoKEUN LETAdOPACH-
OXI AMAH NPQTEINH METAQOPAZ:
- ENAOKYTTAPIO AINIAIAKO

/ ZOMATIAIO (pstadopd AMrmidiwv

LETAEV 0pyavidlwV —avtiotowo
AUTOTIPWTEIVWV TAACHOTOG TIOU HETAdPEPOUV

'''''''

Endoplasmic reticulum

AUTiS1a HETOED TwV LOTWV)

Nucleus

Kpiotpo poho yla petadopd: ol 3 Boeig maAputidiwong ontnAativing (ektog anoé otabepomnoinon mpwreivng
ot pepBpavn)

vPnAn ékdppaon ontnAativng os Autokuttapa: oxetiletal pe evéokuttapikn /e€wkuttapikn petadopa
Artdiwy

k RG Parton & MA. del Pozo. Nature Reviews Molecular Cell Biology 14:98-112; 2013 /
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petadopda XoAnotePOANG

~

Ix£on ontnAoitivne 1-xoAnotePOANC:

KaBodikn puBuion onnAativng (dnuoupyiag pikpoomnAaiwv) = peiwon ekpong
XOAnoTEPOANG

Ynepékdppaon onnAativng = avénon ekpong XoAnotepPOAng + avénon % XoAnotepOAng
O£ ULKpooTinAaL

lvoBAdoteg + LDL = avénon mRNA omnAativng
Ta enineda tng onnAativng 1 mpocapuolovtol petaypodikd o Stakupavoelg eAeUBepnc

KUTTAPLKNC XOANOTEPOANC HECW 2 pUOLOTIKWV oToYElwV oTtEPOANG (SRES) mou
Bplokovtol otov mpoaywyEa ornAotivng 1

-




3. Opolootaocia Ko
pHetadopd XoAnoTePOANG

Autidloka otayovidla

are now considered as actual cellular organelles (diameter < 1-100 um)

Lipid Droplets arise from the ER

(I'Iporswéusvo apBpo: Farese, R. & Walther, T. Lipid Droplets
Finally Get a Little RESPECT. Cell 139:855; 2009)

(Farese & Walther Cell 139:855; 2009)

are involved in membrane biogenesis and "trafficking" of membranes to different
locations in the cell

- /




Autidloka otayovidla

3. Opolootaocia Ko
pHetadopd XoAnoTePOANG

are now considered as actual cellular organelles (diameter < 1-100 um)

+*Energy storage
+* ATtoOnKn oKWV VALKWV BLOAOYLKWV HEUPPAVWY

*»Compartmentalizing lipids in cells-buffer cells from
the toxic effects of excessive amounts of lipid

s¢involved in intracellular protein metabolism: LDs
might serve as platforms for the deposition and
degradation of some proteins by the proteasome

(Farese & Walther Cell 139:855; 2009)
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Autidloka otayovidla

3. Opolootaocia Ko
pHetadopd XoAnoTePOANG

Bplokovtal oTo IEPLOCOTEPA EUKAPUWTLKA KUTTAPA (OXL LOVo ota AutokutTopa)

in adipocytes: very big-they take up almost all of the available space-they are used for

energy storage

In other cells: small-they are used mostly for membrane biogenesis and energy mobilization

Electron microscopy of brown adipose
tissue (BAT).Ultra-thin section of a tissue
fragment showing the main constituents of
a BAT cell. Large lipid droplets (Ld) are
present, surrounded by mitochondria (M).
The endoplasmic reticulum (arrows) can be
seen all over the cytosol, but mainly close
to mitochondria. N, nucleus. Bar=1 um.

de Meis L, Ketzer LA, da Costa RM, de Andrade IR, Benchimol M - PLoS ONE (2010)




3. Opolootaoia Ko

14 14
AutdLaka otoyovioLo Hetadopd YoAnaTePGANG
Zyotaon:
Cholesterol Llpld Droplet

1. Kevrpwkad: ovdetepa Amidia (tpryAukepibia/eotépeg Sterofs —— T —_—

XOAI] O'TEpéAI’]C) P:;snpol;::/i:rd \ @ oo ) acyltransferases
2. Nepwdpépera: povootifada dwodoAumidiwv (PC, PE mostly- \‘A,“*’x | %perilipin

oo EA) k 4 )J TAGs - Covalent lipid anchor

2 s
npwrteiveg (attached perilipins, ADRP-adipocyte ¢ Stemc'EEste,S 3 protein
differentiation-related protein, Acyl CoA synthetases and 7 g,_,o,,:@
endoplagmic Eo o 09 v
acyltransferase) Eepl 3“ S W\ \\\\

mitochondria

(Farese & Walther Cell 139:855; 2009)

Structurally similar to plasma lipoproteins,

which are secreted from cells and transport ll.;‘jp‘,’,:cg;hd,'ib
lipids through the aqueous circulation to 2o fS i
different regions of the body “‘ A -3

Often found in close proximity or attachment to “
mit, ER and peroxisomes i
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kBIOCHEMISTRY— Dr Jakubowski-Chapter 1-Lipid structure-B, Lipids in water /




3. Opolootaoia Ko

AutdLoka octoyovidia HETadopd XoANGTEPGANG

Autokuttapo: Mammals have two types of adipocytes, white and brown, but their anatomy
and physiology is different. White adipocytes store lipids, and brown adipocytes burn
them to produce heat

npocAnyPn/amnobrikeuon Autapwyv ofEwV w¢ TPLYAUKEPLSLA

TIEPLEXOUV TO PEYAAUTEPO aplOuo pkpoomnAaiwv/smnineda onnAativng-1, 2
onnAativn-1: kUpLa Mpwteivn cuvdeong pe ta Aumopd oéa

YV V

Y€ KATIOLEC TIEPLUTTWOELG Ol OTtNACLIVEG
kateuBUvovtal ota AutiSiakd otayovidia (avtl ©
yta to EA)?? (mUAeg mpooAnync/uetadopdg '
Amapwv o€Ewv ota otayovidla?)
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A

caveolae seem to be directly involved in the cell response to mechanical stress:
primary cell response to an acute mechanical stress occurs through the rapid
flattening of caveolae into the plasma membrane
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Regulators of cell mechanics

mechanosensors and mechanotransducers that respond immediately to mechanical stress
by reversible flattening (“opwlovtionoinon») into the PM

caveolar disassembly/reassembly cycles induced by membrane tension variations at the
surface of the cell under physiological and pathological conditions

It is certainly no coincidence that caveolae were first observed in cell types that are
constantly exposed to mechanical constraints:

v'the flat monolayer of endothelial cells

v'epithelium cells of the gall bladder

v'adipocytes

v'muscle cells

P. Nassoy and C. Lamaze. Stressing caveolae new role in cell mechanics.
Trends in Cell Biology 22(7):381; 2012

-
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1. The first implication of caveolae in cell mechanics: flattened caveolae in frog skeletal
fibers after mechanical elongation (pulhunty et al., 1975)

2. chronic and repetitive shear stress applied to the PM increases the number of caveolae
by several fold (Park etal., 1998; Boyd et al., 2003)

3. shear flow at the surface of endothelial cells = increase of caveolar density AND
activation of endothelial nitric oxide synthase (eNOS) and MAPK

Plasma membrane tension: a force per unit length (usually in mN/m) or, equivalently, an energy per unit area
(in mJ/m2) that represents the amount of energy required to form the closed cellular interface between cell
interior and exterior. It has two components: the in-plane tension in the lipid bilayer and the adhesion energy
between the membrane and the underlying cytoskeleton.
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JUAAOYLOTLKA:

In vivo, cells are challenged under physiological and pathological situations by various stresses
(volume changes and stretching): stretching by more than 30% in cell length or swelling as large as
20% in volume are commonly reported

Eyyeveic pnxavikég dLotnteg MM + duvapiko eAaotikotntog MM (to avoid lysis) + mechanosensitive
mechanisms to regulate membrane tension

1. Corrugations (auvhakwoelg) or folds at the cell surface: serve as a reserve of membrane to avert any
increase in membrane tension. Nonetheless, such smoothing of the plasma membrane is generally not desired
because it implies membrane-to-cytoskeleton detachment which inevitably leads to alteration of the dynamics
of major cellular functions (e.g., motility and endocytosis)

2. Surface area homeostasis: High tensions = favor recruitment of membrane to the surface via
exocytosis. Low tensions = increase the endocytic rate to retrieve excess membrane. These
mechanisms (requiring synthesis, transport and fusion of vesicles from the Golgi to the cell surface) are
consistent with the characteristic time of membrane tension relaxation = 10 min.

However, in contrast to neurons (lack caveolae) endothelial and muscle cells exhibit negligible
membrane tension sensitivity to osmotic swelling and stretching
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Instantaneous (within less than 30 s membrane tension buffering: ATP and actin-independent
flattening of caveolae.

complete and rapid disassembly of the caveolar structure by free diffusion of caveolins in the PM.
Afterwards: increased caveolin-1 synthesis

On the removal of the mechanical stress, the initial density of the caveolae is recovered, suggesting
that the process is reversible. Pacsin-2 (caveolae biogenesis) invaginates flat Caveolin 1 domains
into budded caveolae at the PM

Disassembly: passive, driven by the mechanical state of the membrane
Reassembly: ATP- and actin-dependent.

Acute osmotic shock or stretching = decrease in the number of caveolae at the PM
On acute mechanical stress caveolae flatten out in the PM to provide additional membrane and buffer membrane
tension.

Chronic shear stress = increase in the number of caveolae at the PM by several-fold
It is possible that the endosomal and Golgi pools of Cavl are used

-
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Asttoupylkotnto pnyoviopnou caveolar flattening:

UProvides additional membrane for buffering surface area changes induced by mechanical
stress

(1Dissociation of cavin-1 from caveolin-1 = free diffusing caveolin-1 at the inner
monolayer = signaling (eg. caveolar CSD interaction with eNOS = inactivation vs. interaction with non-

caveolar CSD = activation)

Uredistribution of glycosphingolipids at the PM = modulation of stretch-induced signaling

(JRelease and activation of transcription factors (endothelial cells: shear stress can activate
transcription factors such as AP-1, NF-kB, Sp-1 and Egr-1, which in turn induces genes encoding factors that modulate

vascular structure and function)

(JRelease of cavin-1: Cavin-1 was initially named Pol | and transcript release factor (PTRF)
and was found to increase ribosomal gene transcription. Cavin-1 release from caveolae
could therefore modulate cell signaling through cytosolic interactions, or nuclear
translocation and gene activation. Chronic shear stress (increase in the number of caveolae)
may be associated with cavin-1-dependent nuclear gene activation and caveolin-1 synthesis

- /
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4. mechanosensors

Under resting conditions, caveolae are mostly

budded at the PM

Mechanical stress: Caveolar flattening

Steady state Mechanical stress
Stretching
ATP dependent Swelling
Caieala il Bk Caveola
= 2 flattening
ATP independent
pE—
ﬂ G
/ ~ 7
/ G | Free
M R 4 Cavi %{ ‘C>Mjgé’w‘
Non-caveolar & ?{— . @ ‘|
Cav1 scaffold Caveolar 3
Cavl Clathrin- = a2
independent ’} | Free @
endocytosis - 2 \L/A Cavin
. ( Rec | \ -
R Y ycling ,,:4 ®
endosome
? —J)
n::'/ f’i} L
)= ysosome
LI Yty o (A
C_9 @ Vo>
Golgi e ( AN
= Late \\”W )
) A,,) endosome A
?
NICEnE Wm\ Gene transcription
activation
Key: r A"\ CaveolinifinactivatingCSD "T' ™ Caveolin1 scaffold
Signaling event
(' N Caveolini/activating CSD - Cavint

-

Release of Cavl and Cavin-1 from the caveolar
structure (increased amount of freely diffusing Cavl
and Cavin-1 at the PM)

On the removal of the force, Cavin-1 and Cavl
rapidly reassemble into caveolae (ATP-dependent)
Non-caveolar Cavl is internalized (Clathrin-
independent- To LE/lys or recycling endosomes)
released Cavins activate cellular processes to
induce caveolar biogenesis (increasing membrane
reservoir size)

P. Nassoy and C. Lamaze. Trends in Cell Biology 22(7):381; 2012
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mechanical stress could not flatten more than 40-50% of caveolae in endothelial cells

Probably:
1. caveolae are present in a large excess

2. Mechanical stress solicits only a particular population of caveolae. No direct evidence

has documented the existence of molecularly distinct subpopulations of caveolae.
Nevertheless, 1) live cell imaging has revealed kinetically different pools of caveolae. 2) EHD2 and pascsin-2 partially
localize with caveolae...
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CANCER: It is likely that the mechano-dependent cycle of caveolar disassembly/reassembly will
be affected in cellular microenvironments with increased membrane tension and rigidity such as
those experienced by cancer and stromal cells during tumor mass progression .

However, the role of caveolae in mechanical force buffering and mechanotransduction in solid tumors has not
been studied.

Pulmonary hypertension and bladder smooth muscle hypertrophy: defects in
Caveolin 1 and Cavin-1 described in the endothelial and muscle cells of these patients
will lead to impaired caveola-mediated responses to mechanical stress.
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Many signaling molecules and signaling cascades are regulated by an interaction with the
caveolins = numerous disease processes may be affected by ablation or mutation of these
proteins.

Studies in caveolin-deficient mlce”have implicated these structures in a host of diseases

including: CLOCUBSES T R ED e

Wdiabetes HEALTHCARE Il\'l'(l(-L\'(.E\II&

Hcancer |)|A\B TES
o -

Ucardiovascular disease
UAtherosclerosis
Upulmonary fibrosis (formatlon or development of excess flbrous connective tissue in the lungs)
Ua variety of degenerative muscular dystrophies

NELLITUST

SIEALTIL TREATNENT 3%

-

(Although mice deficient for caveolae are viable)

Mutations in caveolins and cavins are associated with various diseases in human:
O skeletal muscle dystrophies

Wcardiac abnormalities

ULipodystrophies

W Cancer

-
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Caveolin-1 is an essential regulator of eNOS (endothelial nitric oxide synthase) and its
disruption leads to endothelial dysfunction which initiates a range of cardiovascular and
pulmonary disorders

cytokine signal transducer gp130 (glycoprotein 130) (signaling receptor sequestered in caveolae) is
mediator of chronic inflammation during atherogenesis

Williams JJ, Palmer TM.
Cavin-1: caveolae-dependent signalling and cardiovascular disease
Biochem Soc Trans. 42(2):284-8; 2014.
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Muscle and adipose tissue pathologies

Caveolae seem to be important for normal muscle physiology

**Involvement of caveolin 3 (CAV3) in various types of human muscle dystrophies: long established.
s¢*cavin 1 mutations also result in muscular dystrophies (Cavin 1 is also expressed in muscle cells)

*»*The interaction of cavin 1 and caveolin 3 with the membrane repair proteins mitsugumin 53 (MG53)
and dysferlin, respectively, may have a role in muscle homeostasis.

Muscular Dystrophy-Related Proteins

o

collagen VI

Mutations in human caveolin 3 or cavin 1 also result “**=“™ > i UinchCHD

in human cardiomyopathies, such as long-QT syndrome Bystrophin- a (ainin 2 s
Glycoprotein S ober Wrbrgopdone B

Mutations in human caveolin 1 and cavin 1 result in Complex (D6C) Rl cho & On A

‘ A

= LGMDEL.2K 2M 2N 20

lipodystrophy, demonstrating the importance of

dysrr-oglycons
caveolae in human adipose tissue

J'|R Emery-Dreifuss)

f{dysferlin
(| Mryashi myopathy
A LGMDZB

Most Muscular dystrophies-associated caveolin-3 S U e b S

mutants are retained at the Golgi complex = no . dvgu':gph-" ' ::sn;d >
in 4 chenne- i nked E
formation of functional caveolae at PM e proteing

KRG Parton & MA. del Pozo. Nature Reviews Molecular Cell Biology 14:98-112; 2013 /
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A multistep genetic and epigenetic disease that results from the progressive
accumulation of mutations which either inactivate tumour suppressor genes or activate
dominant proto-oncogenes

These aberrant events free cells from proliferative control and allow primary tumour
formation.

The initial tumour growth is followed by
metastatic spread, and ultimately, metastases
that are resistant to conventional therapies
and represent the major cause of death from
cancer

-
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Caveolin-1 (CAV1) is involved in cancer progression- However, the role of caveolae remains
unclear, with studies reporting both oncogenic and tumor suppressor functions within a
particular tumor type. KatootoA£og oykwv??

A) Asdougva yio OyKOKATOOTAATIK 6pAcn ortnAduvwy

1. OyKOYeVAC LETAOYNUATIOUOC KUTTAPLKWY OELPWV = Heiwaon MIP omtnAativng-anwAeLa
HLIKpooTinAaiwy

2. Cav-1, cav-2 genes: o€ EPLOXN YEVWHATOG (D7S522 locus ) TTOU XAVETOL TTOAU CUXVA O€ LETAOTATIKOUG
KapKivoug

3. Katd tnv oykoyEveon (oe apketoug tumoug): LELWHEVN Ekdpaon omnAativng-1

4. Caveolin-1 deficiency: leads to increased proliferation, tumorigenesis and metastasis

Small cell lung cancers have reduced levels of caveolin-1

5. ‘Exkdpaon onnAativng-1 o€ KOPKWVLKA KUTTAPO = avaoTpodr] ApKETWY KOPKLVIKWV XOPOKTNPLOTIKWY

6. H €kdpaon tng omnAativng-1 pelwveTal KaTa tn SLAPKELD TOU KUTTAPLKOU KUKAOU-YTiepEkdpaon:
napepnodileL tn pitwon = APNHTIKOZ PYOMIZTHE KYTTAPIKOY KYKAOY

QoTto00: otoxeuon XAUNANC Ekdpaonc omnAativng Sev apKel yLot oXNUATIOUO OYKWV

RG Parton & MA. del Pozo. Nature Reviews Molecular Cell Biology 14:98-112; 2013
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Caveolin-1 expression is regulated at the post-transcriptional level in a differential
manner by ROS species and subsequent proteasome-mediated degradation
[Luanpitpong et al. Regulation of lung cancer cell migration and invasion by reactive oxygen species and
Caveolin-1. J Biol Chem 285(50): 38832-40; 2010].

To what extent this might be a relevant mechanism in the tumor environment remains to be established

: ja
/ ) o = b ‘\ 1
-

3 .;a
o I 36 )
In summary, a variety of mechanisms have been NI/
described that may contribute to loss of Caveolin-1
without implicating the need for mutations. In
conjunction, these posit Caveolin-1 as a non-

conventional tumor suppressor protein.

\
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B) Asdopéva yia petaotatikn §pdacn onnAatvwyv

more advanced or metastatic tumours have Cavl activation

Cavlis commonly up-regulated in several advanced epithelial tumours including prostate,
kidney, breast and bladder carcinomas and brain tumours

tumour promoting role for caveolin 1??? (has been described in melanoma and prostate
cancer-breast cancer)

Caveolin 1 is also important for remodeling of the tumor microenvironment which facilitates

local invasion and distant metastasis.

Tumor tissue often exhibits enhanced rigidity in comparison to the surrounding tissue.

Due to both 1) increased rigidity of the stromal microenvironment (e.g., fibroblasts, blood vessels,
extracellular matrix) and 2) intrinscic increase in membrane tension in tumor cells

Moreover, presence of the protein in tumors has been associated with poorer patient
prognosis.

k RG Parton & MA. del Pozo. Nature Reviews Molecular Cell Biology 14:98-112; 2013/
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In fact, the expression of Caveolin 1 in human cancer cell lines and tumor samples seems to
depend on tumor type and stage

H avantuén avOeKTKOTNTOG OE KUTTOPOTOELKA C YT O T O X I C

dbappoka oxetiletal pe avénuevn Ekppaon
omnAativnc-1 HANDLE

WITH
CARE

this “switch” in function can occur within the same cell

Studies related to caveolin-1 (and a few other select molecules) are beginning to alter the

classic view suggesting that cancer originates as the consequence of mutations in
either oncogenes or tumor suppressors.

In doing so, they are likely also to alter how we go about treating the disease.

™~
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a Cell culture
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Transformed cultured cells are marked by a loss of caveolin-1 (CAV1) expression and
decreased caveolar (blue) density, leading to rapid, unregulated growth and anchorage-

independent growth.

Re-establishment of CAV1 expression: reversal of the transformed phenotype,
apparently restoring normal cell growth, caveolar density and anchorage-dependent

growth.

KCarver LA & Schnitzer JE, Nature Reviews Cancer 3, 571-581; 2003
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Normal tissue

Tumour tissue
T Malignant versus Benign Tumors
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Nature Reviews | Cancer

In vivo, the relationship of CAV1 and caveolae to tumour initiation and progression is more complex.

In the initial stages, tissue cells can undergo oncogenic transformation. The resulting decrease in

caveolin 1 expression can confer a growth advantage to these abnormal cells, allowing them to undergo
rapid expansion.

In later stages, CAV1 expression might be re-induced, conferring a survival benefit by suppressing
apoptosis and allowing acquisition of multidrug resistance (MDR). These traits aid in metastatic spread
of the disease by enhancing the ability of the cells to survive in new environments

k Carver LA & Schnitzer JE, Nature Reviews Cancer 3, 571-581; 2003 /
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»Caveolin 1 interacts with a series of molecules/receptors which do not specifically
function in caveolae, but which regulate initial steps of cells transformation as well as
their metastatic potential

(growth factors, cytokines, Rho-GTPases (cell movement, migration), integrins (remodelling of
ECM), eNOS (neo-angiogenesis, vascular growth, oxidative stress) etc...

**Cavl expression in the tumour stromal cells (stromal Cav1): promoting tumour
progression and metastasis (through tumour cells interactions with the microenvironment and

mechanical remodeling of the ECM around the tumour)

stromal Cavl is a regulator of matrix-dependent cell behaviour (ability to facilitate
invasion and metastatic potential)

Goetz et al., Biomechanical remodeling of the microenvironment by stromal caveolin-1
favors tumor invasion and metastasis. Cell 146:148-63, 2011

- /
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CANCER

Cavin family members seem to behave as tumour suppressors

Cavin 3 is lost in breast and lung tumours
Cavin 1 and cavin 2 are also absent in breast tumour samples
cavin 1 expression is increased in senescent human fibroblasts

RG Parton & MA. del Pozo. Nature Reviews Molecular Cell Biology 14:98-112; 2013
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MwpoonnAaia (caveolae)

MoAUAELTOUPYLKA EVOOKUTTOPLKA «opyavidia» (doun- Asttoupyla??) mou amoteAlolvtal
arno onnAativeg, cavins kat cholesterol-rich membrane.

2taBfepsc (long-lived) Soueg pepBpavng

ovaloya e TG avAyKeC Tou Kuttapou (clathrin-independent endocytosis, cholesterol
transport, mechanosensing and signal transduction)

Caveolae provide an environment where multiple receptor signalling components are
sequestered, clustered and compartmentalized for efficient signal transduction

AlakUpLovon AELTOUPYLKOTNTOG TIPOLOVTOC TOU XPOVOU OE £VAV KUTTAPLKO TUTIO

Aev £xouv navta tov idlo poAo og KABe XpovikR oTyHR-Oladikaoia-KuTTapLlkoUug TUTToOUG
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MwpoonnAaia (caveolae)

Caveolae at the plasma membrane can be removed by endocytosis to regulate their
surface density or can be disassembled and their structural components degraded.

Coat proteins, called cavins, work together with caveolins to regulate the formation of
caveolae but also have the potential to dynamically transmit signals that originate in
caveolae to various cellular destinations.

The importance of caveolae as protective elements in the plasma membrane, and as
membrane organizers and sensors, is highlighted by links between caveolae dysfunction
and human diseases, including muscular dystrophies and cancer

lipid rafts and caveolae reveal that there is much more
to be learned about the structure and function of the
cell membrane




