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Abstract

Caveolae are involved in several physiological roles of importance to human health. Genome-wide
association studies have indicated a caveolin-1/2 (Cavl/Cav2) relation to heart rate and atrial
fibrillation, an electrophysiological process. When applying effect sizes and frequencies in variants
of the Cavl/Cav2 genomic region, the UK Biobank evaluates atrial fibrillation as the most important,
hitherto discovered population measure of their variation. A model of caveolae is presented in this
outlook that takes into account the previous work on protein modelling, electron cryomicroscopy
and protein isolation of caveolae, primarily from an animal source, and suggests, that the wealth of
tissue-culture data is not always consistent with claims on the characterization of caveolae from
plasmalemmal-vesicle-enriched lung endothelia. Caveolae are covered by an abundant associated
coat-like structure containing prevalent Cavl and reggie-1/flotillin-2 (Flot2) that range from 8:1 —
15:1 in protein stoichiometry. Flot2 may have a vault-shaped structure that covers the flask-shaped
invagination since a highly significant structural similarity of reggie-1/flotillin-2 to the major vault
protein (MVP) is elucidated.

A geometric model of a caveola

Ever since the discovery of caveolin (Glenney & Soppet 1992) the structure of caveolins has not been
solved. Structural proposals have been made (Fig. 1 A). The here suggested model of a caveola is drawn
to scale (magnification approx. 420'000): The edges could be covered by ESA/reggie/flotillin (yellow)
(flotillin was quantified relative to caveolin in stoichiometry) and drawn with average diameter at
expected or shorter length and caveolin is covering a part of each face. The caveolin density would
amount to a concentration of 10 mmole/l in the plane of the membrane bilayer considering its 4 nm
size in the membrane normal direction. At this concentration, an average cell would contain
approximately 30 million caveolae if equivalent at this level. In extension, it seems likely that caveolin
is 5'000-fold more concentrated in the membrane bilayer than the average 63 nm? cellular protein in
the cytoplasm and since the protein is not very abundant, the number of caveolae per cell is
correspondingly smaller. A thermodynamic solution would predict that at this concentration, a AG®
(Gibbs free energy) of low -1.3 kcal/mole in the binding reaction could generate an equilibrium
distribution of 50% monomers and dimers each of encaged caveolins. This suggests that membrane
reactions are strongly driven towards association of integral- or also membrane-associated proteins
and afford particular attention to the low-affinity solution biochemistry of protein detergent extracts.
Moreover, it has been estimated in a geometric model that at the size of 10 um distance of diffusion
to encounter another molecule, assuming the circular dimerization interface of 1 nm in radius, caveolin
would benefit from combined diffusion at the membrane interface and within the cytoplasm to meet,
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should soluble molecules exist (Adam & Delbriick 1968) (Fig. 1 B). Likely this is only to occur, if the
diffusion constants within the membrane and cytoplasm vary by only a factor of 950 (see old data)
which had not been explored in detail. Of course, in biogenesis caveolin has been shown to be
translated at the ER (endoplasmic reticulum) and subsequently is to multimerize on its way to the cell
surface; secretion of the protein has also been found. It is of note, that the reaction interface for
dimerization and higher order oligomerization of caveolin is small compared to soluble factors since
the protein is restricted in its degrees of rotational freedom within the membrane. It is likely that one
or another surface accessible structural feature of caveolins takes part in oligomerization that does not
require large tertiary structural stabilization. This notion is maintained due to the solubility of caveolin-
1 (Cavl) which is known to be resistant to various detergents, forms soluble oligomers early in the
secretory pathway as shown by Kurzchalia and colleagues, and is resistant to SDS (sodium dodecyl
sulfate) and likely urea in oligomerization in SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
assaying or is easily found to renature from urea in the presence of SDS (unpublished observation).
The view of Lisanti and co-workers on the oligomer-oligomer interactions that would be referring to
later, multiple oligomer formation and/or multimerization and involving the C-terminal residues, could
equally apply to initial oligomerization as shown; related to this mechanism, the predicted membrane
domain would be involved in hetero-oligomerization as shown in Cavl and caveolin-2 (Cav2) (Das et
al. 1999). In this model, caveolin is graphed as two nonamers (green) with approximately 2 nm
protrusion from the membrane bilayer (light blue) (Fig. 1 A). Contacts between nonamers are occurring
at the perimeter of the disk-shaped structure, homophilic interactions of secondary structural
elements in nonamer formation are likely to form in the central disk area, and are stabilized by long
chain fatty acylation (Monier et al. 1996). The caveolin-scaffolding domain in the molecular model
would not fold into an a-helical structure as presumed (Fernandez et al. 2002) but rather be extended
in structure proximal to the a-helical domain that includes part of the CRAC (cholesterol recognition
amino-acid consensus) motif, likely consistent with this observation (Hoop et al. 2012). See Seminar
(Fiedler 2018) for a drawing how the scaffolding stretch would be closely apposed to the more distal
membrane span in the proposed structural model.
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Fig. 1 A Model of a Caveola
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Models of diffusion predict roles of membrane-anchored supercomplexes

It is here assumed that molecules are distributed uniformely between two concentric
spheres with radii @ and b. In three dimensions the outer surface of the sphere (green)
adsorbs molecules on first contact, the outer sphere reflects molecules (light blue).

The new diffusion constant is measured in the two-dimensional model when molecules
encounter the equatorial plane (dark blue). The target area (green) would represent

b complexed caveolin molecules tethered to other caveolins or interacting molecules that
l would be stably positioned.
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Fig. 1 B Geometric Model of Diffusion
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Fig. 1 C Structural Model of Caveolin-1



Model of reggie-1 - the Major Vault Protein (MVP) p100 and SPFH-domain were compared

Prob E-value P-value Score ss Cols Query HMM Template HMM
Flofillin 2; BAND 7 domain 99.8 4.3E-20 2.2E-24 203.8 6.9 143 17-178 1-143 (143)
PH stomatin; archaea 99.7 1.6E-15 8.3E-20 161.4 15.6 188 37-266 1-188 (188)
MVP (major vault protein) 99.6 26E-11 14E-15 1222 27 365 1-408 456-861 (861)
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Fig. 1 D Model of Reggie-1/Flotillin-2

Figure 1: A geometric model of a caveola. (A) Dodecahedral examples of a caveola cage. Previously, caveolae have been
described with a “spiral-shaped” coat of unknown function and composition. Protein evidence, obtained by purification of
plasmalemmal vesicles “caveolae” with immunoisolation supports and specific anti-caveolin-1a antibodies, indicates that a
major part of caveolae is constituted by two proteins, caveolin-1a and ESA/reggie-1/flotillin-2. The protein model is drawn
to scale using volumetric data of cavl and flot2 protein models. The dodecahedral vesicular morphology has been suggested
by structural analysis of Stoeber et al. (Stoeber et al. 2016). The overall composition was, however, not analyzed in this study.
Three different views are shown, two of which are rotated by 20° and 40° each. Reggie/flotillin is colored in yellow, the
caveolin disk in green. (B) A geometric model of diffusion suggests, that soluble caveolin molecules that may occur in the
cytoplasm, would collide and complex with pre-existing membrane-bound molecules more often, if colliding first with the
membrane and then forming complexes of caveolin-1 oligomers, or the like. (C) The structural model of caveolin-1 is shown
in a sketch with similar dimensions to the nonamer analyzed in Whiteley et al. (Whiteley et al. 2012). The dodecahedral
structure is plotted in dimensions that match the size of caveolin and alternative stoichiometry is utilized to visualize single
nonamer caveolin-disks per face of the dodecahedron. Although protein density of caveolin-1 has been determined by high-
resolution light microscopy, the density of ESA/reggie-1/flotillin-2 has not been analyzed. Caveolin density in cellular
membranes (Khater et al. 2018) would pin-point towards the model shown in (A) harboring two caveolin-1/caveolin-2 disks
per vesicle dodecahedral face. Caveolin-1 would form approximately 76% of the nonamer with presumably 24% of other
caveolins (caveolin-2) and 16 nonamers would cover 8 faces of the dodecahedron, whereas 4 faces would form the
diaphragmal area. Alternatively, if only one face of the dodecahedron would constitute or generate the diaphragmal or
diaphragm-free attachment with the plasma membrane, only 56% of each nonamer would consist of caveolin-1 whereas the
rest would be constituted by other proteins in the here suggested face-nonamer stoichiometry. (D) The reggie-1/flottilin-2
protein from rat (also named ESA) was modelled (see (Fiser & Sali 2003)) and found to match an elongated shaped protein,
the Major-Vault Protein (MVP) (Anderson et al. 2007). MVP is found to oligomerize to a 48 dimeric-protein containing particle
of unknown function, the major vault particle that is found in the cytoplasm. It may bear similarity in shape and possibly
assembly properties to ESA/reggie-1/flotillin-2. For direct comparison to the result previously obtained (Fiedler 2008b), the
scores for human reggie-1 are indicated in the panel and presented as Supplementary Fig.1.

None of these working hypotheses have been confirmed by detailed structural data, yet, a caveolin-3
(Cav3) nonamer has been described by Kitmitto and colleagues (Whiteley et al. 2012) (see Fig. 1 C). In
2008 it was found that caveolin-1 has a distinct structural similarity (by a Hidden Markov Model
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comparison HHpred) to PITPa (phosphatidyl-inositol transfer protein a) which would suggest lipid-
binding functions of Cavl, and would leave room for speculation about its enzymatic role and substrate
channeling of fatty acyls/lipids/cholesterol (Fiedler 2008a). Furthermore, similarly shaped particles of
Cavl and the cavin-1 (PTRF) were also characterized (Stoeber et al. 2016) and have inspired the
drawing of the dodecahedron above, however, the high-resolution architecture and molecular
composition is yet not fully understood. Modeling of Cavl-associated proteins or their homologues is
leading to interesting results (Fig. 1 D). The putative homology of reggie-1/flotillin-2 to the major vault
protein (MVP) summarized in (Fiedler 2008b) suggests in this way that caveolae could be covered by a
shell of reggie/flotillin filaments that sterically mold the flask-shaped caveolae.

Immunoisolation data

The sparsity of reggie/flotillin relative to Cavl in my immunoisolation, would suggest that not the full
surface is covered as shown (Figs. 1 A, 2 C, 2 F) since the model volume would account for only
approximately one fourteenth of the entire vesicle coat. The shell of the vesicle is predicted to be filled
by a-helical reggie/flotillin molecules with an approximate diameter of 1.6 nm and is graphed in the
appropriate relative size and stoichiometry to Cavl or Cavl bound to Cav2. Unless the immunoisolation
was inefficient in retaining the molecule on the vesicle and it was set free, only a “porous” cage of
reggie/flotillin proteins would sculpt and bind to the caveolar surface; this has been envisioned to
present a homologous reaction to the molding of the barrel structure formed by the major vault
protein (Fig. 1 D) but may not occur without the co-factors that have lately been described, the cavin
proteins that have been identified in myc-transformed cells (Hill et al. 2012). These proteins could,
however, not be characterized in our high-resolution immunoisolation from rat lung endothelia
(Chatenay-Rivauday et al. 2004) and it remains speculative as to the abundance of cavin proteins in
caveolae in different organs. Despite a demonstrated role of cavin proteins in shaping the caveolae
(Hill et al. 2008) a function in lipid metabolism or signaling may be suggested in lipidomics (see
lipidgenie.com).

Lisanti and co-workers had previously shown the interaction of Cavl and reggies/flotillins, others had
denied the existence of hetero-oligomers of these factors since they had conducted interaction
analyses (binding to a post-nuclear supernatant) using green fluorescent protein (GFP)-reggie/flotillin
(Ludwig et al. 2010) and isolated low amounts of Cavl. For unbiased observers, it was thus impossible
to judge the required geometry of interactions for membrane- or membrane-associated-proteins since
reggie/flotillin was tagged with GFP in the latter experiment and Cav1l would, moreover, interact within
the membrane bilayer or in its vicinity. Appreciable quantities of both, Cavl and actin were found to
interact with GFP-reggie/flotillin following a first detergent wash with Triton, and it was yet not
practicable to differentiate the different modalities in this series of experimental treatments (raft
isolation or low-affinity interaction).

This leaves the possibility that true interactions of low-affinity that occur within or close to the plane
of the plasma membrane have been found, that may, since Cavl was abundant in isolated vesicles and
included very little Cav2 similar to apical trans-Golgi network-derived vesicles from kidney epithelial
cells of dog (MDCK) (Scheiffele et al. 1998), form a coat of Cavl and reggies/flotillins in apical
endothelial caveolae from rat lung (see also caveolae in Cavl and Cav2-/- mice (Drab et al. 2001; Razani
& Lisanti 2001; Razani et al. 2002a, Razani et al. 2002b)). The abundance of Cavl had not been
generalized to other Golgi-derived carrier vesicles. In our experiments using plasma membrane
isolated by the established silica method, we had found that 6 and 8% of reggie-1/flotillin-2 and reggie-
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2/flotillin-1, respectively, would specifically bind to caveolin-1la in immunoprecipitates which is,
considering that reggies/flotillins localize also to non-caveolar microdomains, a substantial quantity
(Chatenay-Rivauday et al. 2004).

Expression level of RNAs

The protein and RNA expression has today been followed-up at present high single-cellular resolution.
Results from an analysis of more than 100'000 cells from 20 different mouse organs suggest the very
abundant expression of Cavl and Cav2 in endothelial cells. The cells here were scrutinized by single-
cell RNA sequencing (mean expression data) (Schaum et al. 2018) and are summarized in the
Supplement (Supplementary Table 1). Clustering in 10 groups by five genes suffices to sub-group most
endothelia into two heterogeneous groups, cardiac muscle cells, B and T cells; skeletal muscle cells
were not included. The heart smooth muscle cells may include "cardiac muscle" which according to
historical knowledge are similar to cardiac type at the root of the pulmonary artery and vein and are
shown to express some Cav3 and, as expected, Cavl and 2. This is just noted since expression data
harbor many unknowns but surprisingly a wealth of knowledge interpreted in an elaborate way.

Consistent with these findings it has been found that endothelial lineages (venous and capillary
endothelial cells) are expressing Cavl and Cav2 and can be modeled in a pseudotime trajectory, these
lineages included lymphatic endothelial, arterial endothelial and endocardial cells (Cao et al. 2019). In
the latter study Tbx5, a T-box transcription factor known to be involved in heart development (see
(Moskowitz et al. 2007)), was found to delineate development of the endocard as well and it may be,
that Cavl/Cav2 expression is intricately involved in regulating mechanosignaling and adhesion
processes since this is, furthermore, found in cardiomyocytes. Both cell types, endocardial cells and
myocytes, may be involved in conduction cell biogenesis found at later stages, and these circumstances
had explained the atrial conduction defects associated with Cavl/Cav2 (Ellinor et al. 2012; Holm et al.
2010; Vatta et al. 2006) without providing further mechanistic knowledge.
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Lipid desaturases: FADS1/2 reactions
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Fig. 2 B Omega Fatty Acid Biosynthesis

Caveolae: Pleiotropic effects arise in lipid metabolism and signaling
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Fig. 2 C Extended Roles of Caveolae in Signaling



Prostaglandin biosynthesis: Catalytic turnover
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Overlap of loci of caveolins and apolipoprotein A 4 with standard lipid traits
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Stoichiometry of the caveolae molecular coat
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Fig. 2 F Caveolae and Possible Relation to Reggies

Figure 2: Desaturation and a role of caveolae. Desaturation reactions involve enzymes interacting with cytochromes or not
requiring the interacting co-factors (A). For illustration, the omega-3/-6 fatty-acid (B) and link to eicosanoid (prostaglandins,
leukotrienes, thromboxanes) biosynthetic pathways are shown. To demonstrate the role of caveolae in lipid signaling some
known factors (not all from identical cell types) are summarized in (C); the multitude of findings on caveolae signaling through
the cell cytoplasm are not described in this Outlook. It should be of note, that not all subunits of ectopic ATP-synthase have
been determined. The biosynthesis of prostaglandins, leukotrienes and thromboxane from intermediates (arachidonic acid
(AA) etc.) is shown in (D). A twist to Cavl function has been discovered with its role in cholesterol efflux from cells that had
been described by Fielding et al. and could relate to the novel caveolin interaction with ApoA 4 (apolipoprotein A4) (E). A
genome-wide association study (GWAS) result is shown for the comparison of caveolins with ApoA 4 (Willer et al. 2013). (G)
Results obtained by immunoisolation were quantified with the Origin software statistics and a gaussian mixture model to
show the abundance and stoichiometry in caveolin-1 (Cav1), ESA/reggie-1/flotillin-2 (Flot2) and B-actin (Actb).

Caveolae are proposed to be involved in fatty-acid desaturation

Lipid and fatty-acid desaturation is involved in, for example, omega-3 and -6 fatty-acid biosynthesis,
some of these are produced in low amounts in humans and are taken up from a nutritive source (Fig.
2 A). In this reaction precursors are converted to A5, A6-, A9-CoA-acyls and other chains by elongation
and to cholesterol and plasmalogens. Therein, phospholipids are also purportedly converted to more
saturated acyl-chain containing lipids. A soluble fatty acid desaturase (FADS3) had been described that
is localized to cyto- and exoplasmic structures (Blanchard et al. 2014) in addition to the more classical
FADS1/2. With respect to the more ancient reggie/flotillin proteins that are even predicted to form
large macromolecular complexes in bacteria, Riento et al. have analyzed sphingolipids in Flot1-/- and
Flot1/2-/- knockout mice (Riento et al. 2018) and found the interesting interaction of sphingosine-1-
phosphate levels in various tissues. The bacterial association of reggie/flotillin orthologues (or
homologues) in specialized domains had been shown in this recent work (Garcia-Fernandez et al.
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2017). This could relate to lipid signaling or metabolism and would be similar to caveolae and raft
functions in eukaryotes. Lipid bodies are furthermore suggested to be involved in this reaction in higher
organisms (Ostermevyer et al. 2004). Fig. 2 B illustrates the omega-3/-6 fatty-acid and link to eicosanoid
(prostaglandins, leukotrienes, thromboxanes) biosynthetic pathways. Surprisingly, coupling-factor 6
(CF6; gene name Atp5pf) of ectopic plasma-membrane ATP synthase is involved in regulation of
prostacyclin biosynthesis (Osanai et al. 2001) and caveolin-2 has been found to co-localize with
secreted phospholipase A; (sPLA;) in several cell types (Murakami et al. 1999) linking the enzymatic
roles of ectopic ATP synthase to vasoregulation. The former study showed that intravenous injection
of recombinant CF6 protein in rats increased blood pressure dose-dependently within seconds and
lasted for minutes. Although this demonstration of blood pressure regulation by ectopic ATP synthase
was a convincing argument for the involvement of the prostacyclin signaling reaction, the kinetics of
its desensitization remained unexplored. It is known from some in vitro assays that include
pharmacologically triggered vasoregulation, and adenosine-receptors of the P2X class. This scenario
may for example, also point towards the short half-life of the lipidic signaling mediator in the work of
Osanai et al. of approximately 2 min and the intricate regulation of cytoplasmic reactions. Further, this
may allude to rapid pH changes and adjustments in the proposed ATP hydrolysis reaction (surmised
technically for the results (Martinez et al. 2003)) which occurs locally by surface diffusion by hops of
protons from interacting groups to interacting groups as well as rather slow, by diffusion from one side
of a cell to the opposite membrane within the time of a few minutes.

When it comes to the role of HDL (see Fig. 2 E), it would be of interest to further elucidate the intricate
relation to phospholipases that are sometimes anchored to the cellular bilayer, bound to lipoprotein
particles or found as soluble proteins. A study of Bousserouel et al. recently established a link of
cytosolic and secreted phospholipase activities by applying arachidonyl trifluoromethyl ketone
(AACOCFs3), since in the presence of IL1B and AACOCFs, sPLA; activity in smooth muscle cells was
strongly diminished (Bousserouel et al. 2003). Further functional cross-talk of these phospholipases
had been shown by Balsinde et al. in macrophages (Balsinde et al. 1998). For a review on sPLA;s, the
insight of which could be combined with these findings of Osanai et al., including the metabolic and
inflammatory isoform in particular, see (Murakami et al. 2015).

To demonstrate the role of caveolae in lipid signaling some known factors (not all from identical cell
types) are summarized in (Fig. 2 C). The biosynthesis of prostaglandins, leukotrienes and thromboxane
from intermediates (arachidonic acid (AA) etc.) is shown in (Fig. 2 D). A twist to Cav1 function has been
discovered with its role in cholesterol efflux from cells that had been described by the Fieldings
(Fielding & Fielding 2000) and could relate to the novel caveolin interaction with ApoA 4
(apolipoprotein A4) that we had described in exceptional technical conditions and shown in several
seminars (Fig. 2 E); this experiment has been carried through in a series of experiments similar to the
published work (Chatenay-Rivauday et al. 2004) back in 1999 and was utilizing the buffer conditions of
40 mM octyl-B-D-glucoside, EDTA, PBS, PMSF and protease inhibitors. The physiological role of these
findings has not been fully elucidated, the ApoA 4 protein we had found is specialized since the large
part of it is found as soluble protein in blood serum, wherein a monomer-dimer equilibrium exists
(Deng et al. 2012); it is of note that Cavl, 2 and 3 had previously not been found to associate with
standard lipid traits, the results of Willer et al. in a genome-wide association study (GWAS) are shown
for the comparison with ApoA 4 (Willer et al. 2013). The flotillin/reggie protein Flot1 that was abundant
on sucrose-gradients from detergent extracts of P1 lung membranes, obtained by lung perfusion, is
the flotillin/reggie protein that has shown significant differences in lipid traits in this GWAS in humans
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- Flot2, the abundant protein in caveolae, has not demonstrated this relationship. For our analysis
presented here and mentioned above (Fig. 1 A), results obtained by immunoisolation were quantified
with the Origin software statistics and a gaussian mixture model to show the abundance and
stoichiometry in caveolin-1, ESA/reggie-1/flotillin-2 and B-actin (Fig. 2 F). The stoichiometry could be
described with a ratio of 1 to 9 to 135 for -actin to reggies/flotillins to caveolin-1.

Liver apolipoproteins correlate with plasma lipid amounts
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Figure 3: Caveolae and indications for a function in specialized lipid metabolism and regulation. A recent study in lipidomics
demonstrated a connection of liver protein quantities of the apolipoprotein ApoA4 and plasma lysolipids that inversely
correlated (Parker et al. 2019). The graph shows the number of desaturated bonds in in the x-direction and biweight
midcorrelations in the y-direction. Separate data points are indicated with various coloring, Cyb5R3 is added for comparison
and is found to positively correlate with the quantities of triacylglycerides (highest correlating shown). Lipids in this analysis
included triacylglyceride (TG), free cholesterol (COH), cholesterol ester (CE), diacylglycerol (DG), sphingomyelin (SM),
ceramide (Cer), phosphatidylcholine (PC, phosphatidylethanolamine (PE), phosphatidylinositol (Pl), alkyl-phosphatidylcholine
(PC (0)) and lysophosphatidylcholine (LPC).

ATP synthase, its biosynthetic pathway and a role in vasosignaling?

Surprisingly, coupling-factor 6 of mitochondrial ATP synthase which is localized to the plasma
membrane has pointed towards a role of caveolae (see our Golgi and caveolae proteomics and
abstracts of 1999) in blood pressure regulation since injection of the factor into blood rapidly affected
the pressure (Osanai et al. 2001). Also here, lipids were implicated since the prostacylin signaling
reaction was altered. Consistent with above assumptions, studies in Cavl -/- mice have shown, that
both, the amount of desaturated phospholipids in embryonic fibroblasts and the amount of eicosanoid
release (prostaglandin E2 and LTB4) upon stimulation of macrophages in serum-free medium was
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reduced (Astudillo et al. 2011; Le Lay et al. 2009) which suggests that indeed Cav1l is involved in their
turnover and/or biosynthetic pathway. The relationship of prostacyclins to lipid desaturation is seen
in biochemical pathways and provided by correlative evidence. It may be of note, that the recent
analysis of plasma lipids and their comparison to liver proteomics has alluded to the interesting role of
apolipoprotein A4 (ApoA4) in plasma amounts of lysolipids (Parker et al. 2019) (Fig. 3). In this elaborate
study this finding has not been explained. Would it be a chance finding that desaturated lysolipids in
plasma inversely correlated with liver amounts of ApoA4 and not with quantities of other
apolipoproteins? The vote is still out and would cast a light on the true function of the ApoA4 that had
been little studied. Strikingly in this study, NADH-cytochrome b5 reductase (Cyb5R3) amounts
correlated positively (biweight midcorrelation) with the quantity of triacylglycerides (TGs) in plasma
and consistently demonstrated this behavior the more desaturated the TGs were (r (Bicor.,Desat.) =
0.383 [0.124-0.624], p=0.028, the highest correlating TG (Bicor.) is shown; g<0.05 for all indicated
proteins and lipids (others not shown). Although the function of Cyb5R3 in lipid metabolism was
thought to be established, more recent work has pointed towards its role in nitric-oxide signaling (see
below) (Straub et al. 2012). Yet, the role of the previously identified Cavl-associated HDL (high-density
lipoprotein), found to be secreted from pancreatic acinar cells (Liu et al. 1999) had not been clarified,
and may be intricately related to a role of both, Cavl and Cyb5R3, in lipid metabolism and/or signaling.

Let's return to the basic proteome to determine and discuss caveolae functions: Just as annexin 6,
today established to be involved in mechanotransduction in sensory neurons in mouse, the annexin 5
that we described to be abundant in rat caveolae (see Fig. 2 C and 5 B), may be involved in
mechanosignaling in the blood vascular endothelia (Raouf et al. 2018). The role of caveolae in
trafficking had not been convincingly demonstrated: Whereas uptake of SV40 virus involved caveolar
vesicles (visualized by GFP-tagging of Cavl) (Pelkmans et al. 2001), it was also found, that the uptake
implicates turnover of the GFP-tagged caveolin protein and degradation in the endosomal pathway
(Hayer et al. 2010). For caveolae in endothelia, Cavl was required in hydrostatic pressure-mediated
junctional protection in mouse myocardial endothelial cells, and the protein kinase C activator PMA
(phorbol myristate) showed dependence on Cavl for upregulation of permeability (dextran flow)
(Miller-Marschhausen et al. 2008; Waschke et al. 2006). In microvascular beds in mice, the
permeability found in brain, is proposed to involve authentic caveolae as transcellular carriers. Yet, in
the latter experiments a characterization of the identity of all types of plasmalemmal vesicles had not
been carried through and conclusions of the study were based on a double-mutant background. It
could not be excluded that an interplay of Cavl and Mfsda2 (major facilitator super family domain
containing 2a), a lysolipid transporter studied in these Cavl-/-, Mfsda2-/- mice, may affect the
regulation of protein kinase C (Andreone et al. 2017; Sando & Chertihin 1996). Overall, the interesting
study suggested an intricate role of lysolipids in caveolae function but it may be too early to pinpoint
towards the exact interplay, and functions of cholesterol and GM1 in caveolae dynamics had not been
clarified until recently (Hubert et al. 2020) and would now strikingly indicate the caveolar role of the
lipid-cell surface buffer and not of a transport vehicle.

The actin cytoskeleton had been described in the substance exchange across the endothelial cell layer
and was found to be involved (Waschke et al. 2004). Furthermore, hypotheses describing caveolae
function have been based on lipid raft isolation and analysis of protein content in numerous other
studies. Yet, the lipid raft isolation technique that was used, usually allowed to assign factors to a
subcellular localization by selecting for a property of density and/or detergent-insolubility only and
could thus not suit the unequivocal localization to caveolae. With respect to the signaling role of
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caveolae, it is well established that trimeric G(q) protein subunits are equally enriched in caveolae
immunoisolates than ESA/reggie-1/flotillin-2 prepared from rat lung plasmalemma similarly to our
procedure (Fiedler 2012; Oh & Schnitzer 2001). This is found, when converting the enrichment
quantification to numbers comparable to the way of the analysis of ESA/reggie-1/flotillin-2 enrichment
in caveolae.

The "non-conventional" insertion of ATP synthase at the ER, or scission of mitochondrial vesicles
(coupled to further membrane fission and/or fusion and diffusion events and possibly topology
inversion) followed by membrane transport and secretion, may be a proof of a signaling pathway at
the plasma membrane that had not been discussed in previous work. ATP synthase could serve the
extracellular ATP biosynthesis in caveolae with functions in paracrine and/or autocrine signaling
(Chatenay-Rivauday et al. 2004; Fiedler 2002). ATP synthase at the cell surface, also named an
ectoenzyme, was surprisingly shown to indeed produce ATP from ADP despite the possible absence of
the complete mitochondrial eukaryotic respiratory chain as the driving force. The components of the
respiratory chain may, however, provide a source of additional factors since it was itself recently shown
to be functional within exosomes which are extracellular vesicles (Bruschi et al. 2016). Moreover,
others have described ATP synthase as an apolipoproteinA 1 binding protein or to be involved in
mechanosignaling in line with the proposed function as an "autacoid synthase" (Martinez et al. 2003;
Yamamoto et al. 2007).

Genetic evidence for a role of caveolin-1/2 in cardiac disease

Genetics and system-wide interactome analysis of caveolin-1/2 has allowed to conclude that caveolae
must be involved in mechanisms that pertain to physiological dysregulation in atrial fibrillation and
blood pressure (see references within) (Ellinor et al. 2012) (Figs. 4 C-E). The population attributable
score (Fig. 4 A) can interestingly be generated from UK Biobank data, and confirms recent genetic
evidence that Cavl is involved in forming a risk (benefit at higher expression levels) for atrial fibrillation
and flutter from GWAS results (rs55883210 and linked rs10271007, Table 1). This score is similar to
relative risk versus attributable risk which is a parameter used in epidemiology, and may be utilized to
describe the importance of GWAS data in a population-wide sense. Top 10 scores are shown from n =
40 that were selected (p = 2.3 E-20to 7.0 E-11). It is assumed, that single or multiple categorical values,
as indicated in Biobank, are similarly processed and results would suggest that caveolin-1/2 variants
have a population-wide effect. That result has to be compared to the impact of the over 100 human
genes with variants suggested to play a role (Roselli et al. 2018) and would be an interesting study in
itself.

Putative genetic evidence for a causal association of blood pressure and atrial fibrillation and flutter, a
relation that is described in medical statistics, is provided in Fig. 4 B. MR (Mendelian Randomization)
Egger regression with MR-Base (Hemani et al. 2018) and other tests were used to demonstrate the link
by using SNPs of several studies with 46 and 94 SNPs in the exposure and outcome group, respectively,
using the SNP pruning option due to linkage disequilibrium. The p = 0.02 suggests that the sample size
should, yet, be elevated to clearly demonstrate the small beta with little intercept value.
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Figure 4: Genetics and System-Wide Interactome of Atrial Fibrillation and Blood Pressure. The population attributable score
(A) (similar to relative risk versus attributable risk) can be generated from UK Biobank data, and confirms recent genetic
evidence that Cavl is involved in forming a risk (benefit at higher expression levels) for atrial fibrillation and flutter from
GWAS results (rs55883210 and linked rs10271007). Top 10 scores are shown from n = 40 that were selected (p = 2.3 E-20 to
7.0 E-11). Putative genetic evidence for a causal association of blood pressure and atrial fibrillation and flutter (B). MR
(Mendelian Randomization) Egger regression with MR-Base and other tests were used to demonstrate the link by using SNPs
of several studies with 46 and 94 SNPs in the exposure and outcome group, respectively, using the SNP pruning option due
to linkage disequilibrium. Number of cases 5669 and controls 457341 showed the p=0.02, the sample size should, yet, be
elevated to clearly demonstrate the small beta with little intercept value (see MR-Base from http://www.mrbase.org)
(Hemani et al. 2018). Network for ICD10 148 and Systolic Blood Pressure from PSICQUIC (IMEX data: ClueGO graph) with
important nodes (C). The gene ontology (GO) of the protein-protein etc. interaction network includes 7712 terms in the
complete listing from Homo sapiens (D). In this network, the top-scoring 45 GO-Terms (P-Value) were evaluated for gene
occurrence and listed in this simple wordle style (E). (F) Tentative Assignment of Gene Ontology Terms to the Retrieved
Protein Network (PSICQUIC) from UK Biobank 148 Entries: Atrial Fibrillation and Flutter.

The network for ICD10 148 (Atrial Fibrillation and Flutter) and Systolic Blood Pressure was graphed from
PSICQUIC with important nodes (Fig. 4 C). Next to caveolar roles, a multitude of physiological functions
have been found to be associated evaluating biochemical data as shown here. Heart morphogenesis,
cardiocyte differentiation, muscle contraction and regulation of protein phosphorylation are just some
of the terms that are important. The gene ontology (GO) of the protein-protein etc. interaction
network includes 7712 terms in the complete listing from Homo sapiens (Fig. 4 D) and is shown as an
overview. In this network, the top-scoring 45 GO-Terms (P-Value) were evaluated for gene occurrence
and listed also in this simple wordle style (Fig. 4 E). Several good reviews have recently come to similar
conclusions. As a further test to provide insight to the complex network of proteins and regulation in
atrial fibrillation only (Fig. 4 F) the gene ontology terms were assigned to the protein network
(PSICQUIC) from UK Biobank 148 entries. This network alone is listing the most important functions
that range from intercellular tight-junction assembly, mesenchymal and stem cell differentiation, axo-
dendritic protein transport, membrane repolarization and regulation of the toll-like receptor signaling
among other functions. Caveolae and a relation to T-tubules and the sarcolemma are also indicated.

SNP Pos (hg19) Al* A2* Trait Source Beta P N

rs55883210 chr7:116160524 A G Atrial fibrillation and flutter UKBB 0.001898 1.82e-13 337199
rs10271007 chr7:116145849 A G Atrial fibrillation and flutter UKBB -0.001840 9.36e-13 337199
rs10271007 chr7:116145849 A G Systolic blood pressure UKBB 0.011700 2.00e-06 317754
rs55883210 chr7:116160524 A G Systolic blood pressure UKBB -0.011520 2.93e-06 317754
rs55883210 chr7:116160524 A G Self-reported atrial fibrillation ~ UKBB 0.001001 3.33e-06 337159
rs10271007 chr7:116145849 A G Self-reported atrial fibrillation ~ UKBB -0.000961 8.04e-06 337159

* The minor allele is reflected in Al in one and A2 in the other SNP, the effect of each is similar; modified from PhenoScanner
(Staley et al. 2016).
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Table 1: Traits in Cav2/Cavl SNPs. The caveolin SNPs shown here do not follow the MR Egger trend, by demonstrating
increased systolic blood pressure and lower observed atrial fibrillation. Altered lipoprotein-profiles discovered in cavl -/- mice
had not been confirmed in current GWAS data.

Caveolin-1 in cell cultures of primary type may seldomly localize to mature focal adhesions
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Fig. 5 A Caveolae in Transformed and Primary Cultured Cells

The interplay of caveolae and maturation of focal contacts has not been clarified but may
include membrane- as well as protein turnover
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Integrin codes are redescribed in the expression analysis
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Transcytosis follows a major route that had not been considered by supporters of the

caveolae- «vesicle-transcytosis»
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Figure 5: Role of caveolae in cell migration. Early indications on the role of caveolin-1 in integrin functions (Wary et al. 1996)
(A) have been confirmed in transformed cultured and partially confirmed in primary cultured mammalian cell types. The
antibodies against the caveolin-1 “signature-epitope” and 14 N-terminal caveolin-1a residues, described in our reports
(Chatenay-Rivauday et al. 2004; Kuzmenko et al. 2004), were used for labelling of primary cultured cells (CPAE, calf pulmonary
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artery endothelial cells) and transformed SVEC4-10 (mouse lymphoid endothelial) cells (O’Connell & Edidin 1990). (B) Force-
responsive and force-sensitive proteins may be internalized at focal contacts: Model of caveolin internalization or endocytosis
that contributes to caveolae turnover and is related to the cytoskeleton and focal contact maturations. The PV-1 protein of
endothelial diaphragms was identified by Stan et al. as one of the first plasmalemmal (caveolae) proteins in addition to the
marker caveolin-1 (Stan et al. 1999) and is shown at the diaphragm. (C) Integrins apparently form a “code” for different cell
types. The grouping due to different integrin expression can be visualized with TreeView (http://jtreeview.sourceforge.net)
in Cluster 3.0 (software package from M. de Hoon). Data were from Cao et al. (Cao et al. 2019). (D) Although the relationship
of caveolae to transcytosis and endocytosis has been emphasized by several researchers, we had not found convincing
evidence for a high-capacity exchange via caveolae across the endothelial cell layer. Current models predict a role of clathrin-
coated vesicles in endocytosis coupled to bidirectional release of endocytosed proteins or envision macrophagocytic
processes in the uptake of substances and release to the interstitium, the tissue side. We had also predicted, given the non-
automatized tissue-culturing that was available back in 1998, that a diffusion pathway of substances coupled to a surface
receptor, would allow exchange of materials across the cell layer. Kuzmenko et al. found, that the diffusion pathways could
not outcompete the high-capacity endosomal transfer but were also not affected in a similar way by temperature (Kuzmenko
et al. 2004). ECM: Extracellular matrix, TJ: Tight-junction.

Our discovery of Cav1l in the nucleus of transformed SVEC4-10 cells (mouse) may today be understood
in the context of nuclear targeting or regulation upon known "conformational switching" of protein
substrates upon force impact at matured focal adhesions, and regulation of transcription (see focal-
contact type labeling Fig. 5 A, Fig. 5 B) (Kwon et al. 2011; Sanna et al. 2007). Interestingly, further
evaluations have shown that focal adhesion integrins can be used to demonstrate the integrin codes
by the latest study on expression levels. This study had been conducted with 56 mouse cell lineages
which had been captured by single-cell RNA sequencing (Fig. 5 C) (Cao et al. 2019). The role of caveolin-
1 established in integrin-signaling or -interaction would now pertain also to cell adhesion or even to
the definition of cell identities. Endothelial cells can be grouped by hierarchical re-clustering into a
lineage including 6 branches derived in this post-processing. The role of caveolae, implicated in tumor
development, had been widely discussed and may be related to the signaling function and
microenvironment in tumor tissues that may or may not be reproducible (Goetz et al. 2011; Sheen et
al. 2019). A role in tumor suppression was described in transgenic mice (Williams et al. 2003), but a
role as suppressor had also remained controversial and may be related to cell migration (Zhang et al.
2000).

Finally, the research in my laboratory has also shown that transcytosis in lymph vascular endothelia
can occur by basic mechanisms such as membrane diffusion of receptors (Kuzmenko et al. 2004). This
receptor-mediated pathway had not been described by other researchers in this area (Fig. 5 D), but
would include routes that had previously been named "paracellular" transport via junctions or
fenestrae. Indeed, one or several trans-endothelial routes (via lysosomes) described in this work may
today be used as clinically important transvascular treatment pathways (Johnsen et al. 2017).
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Proposed function of encoded proteins in cells of blood vascular endothelia
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Fig. 6 C Functions in Endothelia

Figure 6: Outlook on caveolae role. (A) The proteome of caveolae from lung endothelia of R. norvegicus suggested to us, that
few very abundant proteins would be found in addition to the coat protein caveolin-1. Only reggie-1/flotillin-2 (Volonte et al.
1999) was found as a major second component. Functions that include HDL binding of ATP synthase, the ectoenzyme likely
found in caveolae and localized to the plasma membrane, and further signaling mechanisms involving ATP and CaZ* are
indicated. The NO signaling pathway found by Straub et al. (Straub et al. 2012) and likely related to our finding of cytochrome
b5 reductase (Cyb5R3) bound to caveolin-1 is presented and drawn in the inset. Tensegrity of the cells and signaling across
the layer is described and may related to caveolin in focal contacts or caveolae themselves. (B) Specialization of different
endothelial cell types has recently been analyzed. The single-cell RNA sequencing resulted in the surprising discovery of (at
least) 12 cell sub-groups with one “artery shear stress” and NADH cytochrome b5 reductase and the P2Y2-receptor as cellular
markers in brain (Kalucka et al. 2020). Fatty-acid desaturase (FADS3) was for example found in muscle and lung in arteries.
Other examples of top 50 markers found include Cav1 (testis and liver) , MT-ATP6 (small intestine Madcam1* cells), Mfsd2a
(testis and brain), PLVAP (PV-1; small intestine, liver, lung, kidney, heart and extensor digitorum longus / soleus musculi and
testis), P2ry1 (brain and kidney glomeruli), P2ry6 (small intestine), Entpd1 (small intestine, heart, liver and musculus extensor
digitorum longus), NOS2 ((angiogenic) kidney), Anxal (heart), Anxa5 (spleen), Cyb5r3 (brain, colon and testis) and also Cyb5a
(testis). (C) Known functions of indicated proteins are listed and discussed in relation to the results of Kalucka et al. (Kalucka
et al. 2020).

Views on caveolae

A current view on the caveolae signaling that may prevail in many vascular beds is summarized in this
overview (Fig. 6 A). The role of NADH-cytochrome b5 reductase (Cyb5R3) in vasosignaling was begun
to be clarified in the last years (Straub et al. 2012). Likely pulmonary hypertension in lung involves the
same signaling mechanisms and it may implicate caveolae in this signaling axis (Alvarez et al. 2017).
Neurovascular coupling, that could involve lipids and has recently been demonstrated in brain
arteriolar vessels in mice, is shown to be also independent of endothelial nitric oxide synthase (eNOS)
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and required, you may have guessed, Cavl (Chow et al. 2020). Our biochemical analysis not only
provided an idea on the proteins involved in vasocoupling, but also the recent single-cell RNA
sequencing analysis (Fig. 6 B, Fig. 6 C) (Kalucka et al. 2020). Here, the top 50 class of markers for the
defined shear stress arteries included the Cyb5R3 protein. The knowledge on details of assembly of
the supramolecular complex of eNOS, Cavl, Cyb5R3 and a-hemoglobin and its enzymology require
further interesting studies i.e. on electron-transfer mechanisms. The enigmatic circumstance, that
eNOS is proposed to involve 1% NADPH molecules in NO synthesis and implicates inter-protomer as
well as inter-domain electron transfer, and a new supermolecular pathway of Cyb5R3-derived
"electron channeling" in the nitrate pathway, could be integrated into the overall scheme of the
reaction. Not all caveolae may be active in a particular, pre-determined signaling pathway. Finally, a
recent whole exome sequence analysis speaks for the role of caveolae and caveolins (Cavl/Cav2) in
(for the coding DNA region) diastolic blood pressure, systolic (brachial) blood pressure, pulse rate,
electrocardiogram phase time, and HDL cholesterol among other health parameters and inferred
phenotypes that have been studied (Cirulli & Washington 2019). Today's knowledge on presumed
cytoplasmic oscillators that may couple to signaling reactions, and tissue behavior that is determined
by autocrine, paracrine and junctional signal transmission that may lead to bifurcations in single cell
behaviors, necessitates single cell analyses before the elucidated composite sequence and order of
molecular reactions can be firmly established.
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Supplementary Table 1: The heart smooth muscle cells may include "cardiac muscle" which according to historical knowledge
are similar to cardiac type at the root of the pulmonary artery and vein. Clustering in 10 groups by five genes suffices to sub-

group most endothelia into two heterogeneous groups, cardiac muscle cells, B and T cells; skeletal muscle cells were not
included. QuickCluster was used at p<0.05 to generate 10 groups.
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