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Introduction
Caveolae are 50–80-nm bulb-shaped plasma membrane (PM) 
microdomains enriched in cholesterol and glycosphingolipids 
(Ortegren et al., 2004). Many studies have implicated caveolin-1 
(CAV1), the major structural protein of caveolae (Rothberg  
et al., 1992), in the regulation of key cellular signaling cascades. 
EGF-mediated activation of the MAPK cascade is dependent on 
CAV1 expression (Engelman et al., 1998; Galbiati et al., 1998) 
and CAV1 is known to regulate Src-family kinases, receptor ty-
rosine kinases, and eNOS (García-Cardeña et al., 1996; Li et al., 
1996; Couet et al., 1997). One hypothesis for these diverse reg-
ulatory effects is that direct binding of CAV1 inhibits the activity 

of the cognate signaling molecule (García-Cardeña et al., 1996; 
Couet et al., 1997). However, the predicted extensive enrich-
ment of this large set of signaling molecules within caveolae by 
this mechanism has not been validated by EM analysis (Prior  
et al., 2003a; Hancock and Prior, 2005; Plowman et al., 2005). 
Furthermore, a recent structural analysis of proposed interact-
ing signaling proteins showed that the putative binding motif 
for CAV1 is inaccessible such that CAV1 could not function as 
a direct allosteric regulator (Collins et al., 2012). Thus, CAV1 
and caveolae likely regulate cellular signaling cascades by an 
alternate mechanism.

Loss of CAV1 has diverse consequences for membrane 
organization and dynamics. Mobility of lipid components is al-
tered dependent on CAV1 expression, ordered domains are less 
abundant, and accelerated endocytosis has been observed in  
caveolin-deficient cells (Gaus et al., 2006; Hernández-Deviez  
et al., 2008; Hoffmann et al., 2010). CAV1 can bind cholesterol 
and cholesterol depletion affects both CAV1 expression and the 

The molecular mechanisms whereby caveolae exert 
control over cellular signaling have to date remained 
elusive. We have therefore explored the role caveo-

lae play in modulating Ras signaling. Lipidomic and gene 
array analyses revealed that caveolin-1 (CAV1) deficiency 
results in altered cellular lipid composition, and plasma 
membrane (PM) phosphatidylserine distribution. These 
changes correlated with increased K-Ras expression and 
extensive isoform-specific perturbation of Ras spatial or-
ganization: in CAV1-deficient cells K-RasG12V nano-
clustering and MAPK activation were enhanced, whereas 

GTP-dependent lateral segregation of H-Ras was abolished 
resulting in compromised signal output from H-RasG12V 
nanoclusters. These changes in Ras nanoclustering were 
phenocopied by the down-regulation of Cavin1, another 
crucial caveolar structural component, and by acute loss 
of caveolae in response to increased osmotic pressure. 
Thus, we postulate that caveolae remotely regulate Ras 
nanoclustering and signal transduction by controlling PM 
organization. Similarly, caveolae transduce mechanical 
stress into PM lipid alterations that, in turn, modulate Ras 
PM organization.
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Figure 1.  CAV1 deficiency impairs glycosphingolipid and glycerolipid synthesis, levels, and distribution. (A) Lipid metabolism gene pathways affected by 
CAV1 deficiency in MEFs (adapted from Kyoto Encyclopedia of Genes and Genomes; http://www.genome.jp/kegg). (B) Reduced expression of Ppap2A, 
B3GNT5, and Siat9 in CAV1/ MEFs (n = 5). (C) siRNA-CAV1 knockdown in AML12 hepatocytes decreased Siat9 and Ppap2A expression (n = 4).  
(D, left) Heat-plot representing global changes to lipid species (decreased lipids colored blue and increased lipids colored yellow) in CAV1/ MEFs relative to 
the average value obtained from CAV1+/+ MEFs. Values are relative to internal standards and the total amount of lipids: heat plots are represented as a ratio 
of log (KO/WT). (Right) Expanded heat-plot representing lipid species that were significantly affected (P < 0.05) in the CAV1/ MEFs relative to CAV1+/+ 
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nanoclustering is inhibited, or nanocluster structure is perturbed 
(Plowman et al., 2005; Tian et al., 2007; Cho et al., 2012; Zhou 
et al., 2012; van der Hoeven et al., 2013).

Previous work has shown that expression of dominant- 
negative or mutant CAV1 proteins selectively abrogate H-Ras but 
not K-Ras signal transmission (Roy et al., 1999; Carozzi et al., 
2002). In the present study we have examined the consequences 
of loss of caveolae on specific Ras signaling pathways using 
CAV1/ cells, cells with down-regulated CAV1 and Cavin1/
polymerase transcript release factor (an essential structural com-
ponent of caveolae) or an acute loss of caveolae by modulating 
cellular osmotic pressure. Using a range of techniques we now 
show that loss of caveolae perturbs Ras organization at the PM in 
an isoform-specific manner. We postulate that these changes are a 
direct result of alterations in the lipid profile and lipid organiza-
tion of the PM as determined by comparative lipidomic profiling, 
by EM spatial analysis, and by fluorescence lifetime imaging mi-
croscopy combined with fluorescence resonance energy transfer 
(FLIM-FRET). These findings have wide-ranging implications 
for the role of CAV1 and caveolae in the control of PM lipid or-
ganization and in operation of lipid-based signaling assemblies. 
In addition, for the first time these studies link the lipid regulatory 
roles of caveolae with their mechanosensing activity.

Results
CAV1 deficiency is associated with 
changes in membrane lipid composition  
and organization
Signaling through H- and K-Ras isoforms is differentially sen-
sitive to cholesterol depletion (Roy et al., 1999; Prior et al., 
2001; Prior et al., 2003a). Cells transformed by either K-Ras or 
H-Ras also show altered ganglioside levels (Suzuki et al., 1989) 
and oncogenic K-Ras activity can be regulated by the levels of 
PM PS (Cho et al., 2012; van der Hoeven et al., 2013). We have 
previously analyzed changes in the expression of genes associ-
ated with lipid regulation comparing CAV1+/+ and CAV1/ 
mouse embryonic fibroblasts (MEFs). Our analysis showed the 
most significantly deregulated pathways were glycosphingo-
lipid (GSL) and sphingolipid (SL) metabolism (Fernández-Rojo 
et al., 2013). CAV1 deficiency led to decreased expression of 
Fut2 and B3Gnt5 that participate in glycosphingolipid biosyn-
thesis (Marcos et al., 2008; Magalhães et al., 2009), ST3Gal5 
(also known as Siat9 or GM3 synthase) involved in ganglioside 
biosynthesis (Yamashita et al., 2003), and Ppap2A (also known 
as Lpp1) that functions in sphingolipid, glycerolipid, and glyc-
erophospholipid metabolism (Fernández-Rojo et al., 2013; the 

structural integrity of caveolae (Rothberg et al., 1992; Murata  
et al., 1995; Ortegren et al., 2004). Other studies have linked 
specific lipid species to CAV1. Expression of the ganglioside 
monosialodihexosylganglioside (GM3) synthase causes up- 
regulation of CAV1 (Prinetti et al., 2010), and CAV1 localization 
to the PM can be altered by addition of exogenous GM3 (Wang  
et al., 2002). These data suggest that caveolae may function as 
liquid-ordered storage centers that sequester specific lipids and 
control key membrane properties such as fluidity (Parton and 
Simons, 2007). In this context, given that lipid-based sorting is 
a fundamental principle underlying the organization of the cell 
surface that is especially relevant to the assembly of functional 
signaling complexes (Lingwood and Simons, 2010), caveolae 
may regulate signal transmission by controlling the lipid com-
position of the PM.

To further elucidate the role of caveolae in signal transduc-
tion we have combined loss or down-regulation of key caveolar 
components with an analysis of Ras signal transmission. H-, N-, 
and K-Ras are lipid-anchored GTPases that operate as molecular 
switches to regulate cell growth, proliferation, and differentia-
tion (Hancock, 2003). The nanoscale spatial organization of Ras 
on the PM is essential for effective signal transmission. Specifi-
cally, Ras proteins are distributed heterogeneously over the PM 
in a combination of immobile nanoclusters and freely diffusing 
monomers (Hancock and Parton, 2005). A nanocluster com-
prises 7 Ras proteins, has a radius of 9 nm, and an estimated 
lifetime of 0.5–1 s (Murakoshi et al., 2004; Plowman et al., 
2005). The term nanocluster captures the concept that Ras 
proteins drive the formation of their cognate nanoscale envi-
ronments. Key Ras determinants for nanocluster formation in-
clude the C-terminal membrane anchor, the hyper-variable linker 
region adjacent to the anchor, and G-domain activation state 
(Rotblat et al., 2004; Abankwa et al., 2007, 2008; Gorfe et al., 
2007). In consequence, H- and K-Ras assemble into spatially 
nonoverlapping nanoclusters with further lateral segregation 
into nonoverlapping GDP and GTP nanoclusters (Prior et al., 
2003a; Plowman et al., 2005, 2008; Roy et al., 2005; Zhou et al., 
2012). H-Ras associates with cholesterol-dependent nanoclus-
ters on the inner leaflet of the PM when in an inactive GDP-bound 
state and, upon GTP loading, switches to cholesterol-insensitive 
nanodomains; K-Ras occupies cholesterol-insensitive nano
clusters in both GTP- and GDP-bound states that have been 
closely linked with phosphatidylserine (PS; Cho et al., 2012; 
van der Hoeven et al., 2013). Ras.GTP nanoclusters are the sole 
sites of effector recruitment and activation on the PM (Hibino  
et al., 2003; Murakoshi et al., 2004; Tian et al., 2007; Plowman 
et al., 2008), such that Ras signal transmission is abrogated if  

MEFs (n = 6). The double asterisk denotes lipid species with a P-value < 0.01. (E) Ratio of abundance of PC to PE between CAV1+/+ MEFs and CAV1/ 
MEFs (n = 6). In B, C, and E the data represent the mean ± SEM, and for B–E statistical significance was determined by two-tailed Student’s t test analyses. 
*, P < 0.05; **, P < 0.01; ***, P < 0.001. (F) Western blot demonstrating CAV1 protein levels between lentiviral shRNA-scrambled control BHK cells 
and shRNA-CAV1 knockdown BHK cells. (G) Down-regulation of CAV1 (red line) results in increased nanoclustering of PS (mRFP-LactC2) in BHK cells (Cont 
represents shScrambled—black line; n = 11 for control and n = 19 for CAV1-kd). Univariate analysis of spatial point patterns was conducted and statistical 
significance was determined by bootstrap analysis (P = 0.001). 99% confidence interval (C.I., light blue line) represents the threshold value at which sets of 
spatial point patterns are clustered. (H) Quantification of amount of gold labeling per 1 µm2; equivalent levels of mRFP-LactC2 were observed on PM lawns 
derived from control and CAV1-kd BHK cells. (I) FLIM-FRET images of Cont and CAV1-kd BHK cells expressing either GFP-LactC2 alone or GFP-LactC2 and 
RFP-LactC2. (J) Quantification demonstrating an increase in the nanoclustering of PS represented by a significant reduction in GFP lifetime in CAV1-kd cells. 
The data are averaged (±SEM) from at least 60 whole-cell GFP lifetimes and statistical significance was determined using one-way ANOVA. Bar, 20 µm.
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et al., 2013). In CAV1-kd cells the extent of PS clustering was 
dramatically increased (Fig. 1 G) without altering the level of 
mRFP-LactC2 at the PM (Fig. 1 H). These observations were 
confirmed by FLIM-FRET analysis of BHK cells cotransfected 
with GFP and RFP-tagged LactC2. The significant reduction in 
GFP lifetime in the CAV1-kd cells is indicative of a closer spa-
tial relationship between differentially tagged LactC2 fusion 
proteins and therefore increased nanoclustering. This suggests 
that while the PS content of the inner leaflet is unchanged by 
CAV1 depletion, a substantial reorganization of PS domains oc-
curs. Therefore, CAV1 modulates cellular glycosphingolipid, 
sphingolipid, and glycerophospholipid metabolism resulting in 
profound effects on cellular lipid content, and regulates the spa-
tial organization of lipid species on the inner leaflet of the PM.

Down-regulation of CAV1 causes  
an extensive reorganization of  
Ras nanoclusters
Given that Ras nanoclusters are transient, lipid-based assemblies, 
the observed changes in the lipid composition and organization of 
the PM induced by CAV1 loss would be expected to have signifi-
cant consequences for Ras spatial organization. We therefore 
surveyed the distribution of different Ras isoforms using PM 
sheets prepared from K-Ras–expressing control (shScrambled) 
and CAV1-kd BHK cells. We observed major differences in Ras 
nanoclustering dependent on CAV1 expression. Clustering of 
GFP-tK (the minimal membrane anchor of K-Ras) was signifi-
cantly higher in CAV1-kd cells compared with control cells. This 
effect was rescued by caveolin-3 (CAV3) expression (Fig. 2 A). 
These observations were confirmed with FLIM-FRET analysis—
a significant reduction in the GFP lifetime of CAV1-kd cells ex-
pressing GFP- and RFP-tagged tK was observed when compared 
with control cells (Fig. 2 B). Identical results were observed with 
the nanoclustering of GFP-K-RasG12V (K-Ras.GTP; Fig. 2, C 
and D) and full-length GFP-K-RasWT (K-Ras.GDP; Fig. S2 A).

Changes to H-Ras spatial organization were more extensive. 
Clustering of GFP-tH (the minimal membrane anchor of H-Ras) 
was significantly lower in CAV1-kd cells compared with control 
cells (Fig. 3 A). This reduction in nanoclustering was rescued by 
expressing CAV3-mHA (Fig. 3 A). Mirroring this observation, 
full-length GFP-H-RasWT (H-Ras.GDP) clustering was abrogated 
in CAV1-kd cells and rescued by CAV3 co-expression (Fig. S2 B). 
In contrast, no differences were observed to the nanoclustering pro-
files of control and CAV1-kd BHK cells expressing GFP-H-Ras.
GTP (H-RasG12V; Fig. 3 B). To analyze if loss of CAV1 affects 
the lateral segregation of H-Ras, bivariate analysis of the co-
clustering between H-Ras.GDP (tH) and H-Ras.GTP and FLIM-
FRET was undertaken. Bivariate analysis measures the extent of 
colocalization of two different spatial point pattern populations (the 
Lbiv(r)-r value directly correlates with the extent of co-clustering—
at values greater than 1 the two different populations can be said to 
co-cluster). In WT cells H-Ras.GTP and H-Ras.GDP/RFP-tH lat-
erally segregate into spatially nonoverlapping nanoclusters (Fig. 3, 
C and E). In contrast, extensive colocalization of GFP-H-Ras.GTP 
and RFP-tH was identified in CAV1-kd cells, indicating that H-Ras 
GTP-dependent segregation fails in the PM of CAV1-kd cells (Fig. 3,  
C and E). Furthermore, this effect was mimicked by depletion of 

role of these genes in lipid metabolism is depicted in Fig. 1 A; 
Pyne et al., 2004). We confirmed reduced expression of B3Gnt5, 
Siat9, and Ppap2A in CAV1/ MEFs by qRT-PCR (Fig. 1 B). 
Reduced Siat9 and Ppap2A expression was also recapitulated 
by transient siRNA-CAV1 knockdown (kd) in alpha mouse liver 
12 (AML12) hepatocytes (Fig. 1 C).

To determine if these deregulated genes resulted in down-
stream changes to the cellular lipid profile, systematic high per-
formance liquid chromatography (HPLC) and quantitative mass 
spectrometry (MS)–based analysis was performed comparing 
CAV1+/+ and CAV1/ MEFs. Our results demonstrated that 
GM3 cellular content was significantly lower in CAV1/ MEFs 
(0.00322 ± 0.00024; mean ± SEM; values are relative to internal 
standards and total lipids from whole-cell preparations) than in 
CAV1+/+ MEFs (0.00522 ± 0.00043; mean ± SEM, P < 0.005; 
Fig. 1 D and Fig. S1 A). GM3 is the major glycosphingolipid 
species in mammalian cells and the precursor of other minor 
glycosphingolipid species (Sandhoff and Kolter, 2003), and ac-
cordingly, the total glycosphingolipid content was also reduced 
in CAV1/ MEFs (Fig. S1 B). Reduced GM3 cell content was 
accompanied by significant changes in specific but not in total 
cellular GM3 precursor levels, such as ceramides and monohexo-
syl ceramide species (glucosyl and lactosylceramides; Fig. 1 D). 
Lipidomic analysis also showed that CAV1/ MEFs had altera-
tions in glycerophospholipids, with a higher phosphatidylcho-
line (PC)/phosphatidylethanolamine (PE) ratio compared with 
CAV1+/+ MEFs (Fig. 1, D and E; Fig. S1, B–D). CAV1/ MEFs 
showed reduced levels of most PE species, a significant increase 
in three PC species, and a significant increase in specific long-
chain PS species (Fig. 1 D and Fig. S1 D). Cholesterol levels 
were unchanged between CAV1+/+ and CAV1/ MEFs.

In view of the altered lipid profile of the CAV1/ cells 
and the role of specific lipids in K-Ras membrane targeting and 
activity (Cho et al., 2012), we next investigated whether loss of 
CAV1 also affected the spatial distribution of PS at the PM. To 
do this we performed univariate spatial point pattern Ripley’s 
K-function analysis on immunogold-labeled PM sheets; how-
ever, as MEFs are unsuitable for the preparation of PM lawns 
for spatial point pattern analyses, we generated stable shRNA-
lentiviral (Sigma-Aldrich) knockdowns of CAV1 in the best 
characterized cell system for this approach—baby hamster kid-
ney (BHK) cells. The CAV1-kd BHK cells demonstrated a sig-
nificant reduction, 80%, in the level of CAV1 protein (Fig. 1 F). 
Ripley’s K-function spatial point pattern analysis of PS was 
performed with control (shScrambled) and CAV1-kd BHK cells 
expressing mRFP-LactC2—a molecular probe that specifically 
associates with PS domains on the inner leaflet of the PM (Fairn 
et al., 2011; Kay et al., 2012). This analysis involves digitizing 
the spatial distributions of gold particles in a given region of in-
terest (1 µm2 of PM lawn) into a set of x and y coordinates. 
These positions are then analyzed relative to one another over  
a given radius and compared with distributions expected for 
complete spatial randomness (where L(r)-r = 0). An L(r)-r value 
above the 99% confidence interval demonstrates a nonrandom 
clustered distribution. Consistent with previous results, in wild-
type (WT) cells we observed a nonrandom, clustered distribu-
tion of PS (Fairn et al., 2011; Cho et al., 2012; van der Hoeven 

http://www.jcb.org/cgi/content/full/jcb.201307055/DC1
http://www.jcb.org/cgi/content/full/jcb.201307055/DC1
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Figure 2.  Caveolin is essential for the regulation of K-Ras nanoclustering on the PM. (A) PM sheets were prepared from cells expressing GFP-tK cotrans-
fected with a control plasmid (empty vector, pC1) or CAV3-mHA (n = 11, n = 12, and n = 12 for control, CAV1-kd, and CAV1-kd + CAV3-mHA, respec-
tively) and univariate spatial point pattern analysis. The nanoclustering of GFP-tK was increased in CAV1-kd cells compared with control, an effect that 
was rescued by expression of CAV3-mHA. (B) FLIM-FRET analysis of GFP-tK also demonstrated a significant increase in nanoclustering of tK in CAV1-kd 
cells compared with control. Bars, 20 µm. (C) GFP-K-RasG12V nanoclustering was similarly increased in CAV1-kd cells and was partially rescued toward 
control nanoclustering levels by CAV3-mHA expression (n = 9, n = 11, and n = 12 for control, CAV1-kd, and CAV1-kd + CAV3-mHA, respectively).  
(D) Increased nanoclustering of K-RasG12V was confirmed by FLIM-FRET analysis. Bars, 20 µm. Statistical significance was determined by bootstrap analy-
sis for A and C (*, P < 0.05; ***, P < 0.001) and by one-way ANOVA for B and D.
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Figure 3.  Caveolin is essential for the correct lateral segregation of H-Ras on the PM. PM sheets were prepared from cells expressing (A) GFP-tH or  
(B) GFP-H-RasG12V cotransfected with pC1 or CAV3-mHA (n = 12, n = 10, and n = 11 for control, CAV1-kd, and CAV1-kd + CAV3-mHA, respectively). 
(A) A significant decrease in nanoclustering of GFP-tH was observed in CAV1-kd cells when compared with control cells—an effect that was rescued by the 
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Caveolae-dependent reorganization of  
Ras nanoclustering
Previous work has shown that Cavin1 is a critical structural 
component of caveolae (Hill et al., 2008). Knockdown of 
Cavin1 was performed to determine if the reorganization of Ras 
was a result of a specific loss of CAV1 or due to the loss of  

PM cholesterol levels as significant co-clustering was observed  
between RFP-tH and GFP-H-RasG12V after MCD treatment 
(Fig. 3, D and E). No colocalization was observed in untreated 
control cells nor those administered with CD (Fig. 3 D). Together 
the results show that K-Ras nanoclustering is enhanced but H-Ras 
nanocluster formation is compromised in CAV1-deficient cells.

expression of CAV3-mHA. (B) Control and CAV1-kd cells expressing GFP-H-RasG12V demonstrated similar nanoclustering levels (n = 15, n = 10, and  
n = 12 for control, CAV1-kd, and CAV1-kd + CAV3-mHA, respectively). (C) Bivariate analysis of immunogold-labeled spatial point patterns of control and 
CAV1-kd cells cotransfected with RFP-tH and GFP-H-RasG12V. A significant increase in co-clustering was observed between tH and H-RasG12V in CAV1-kd 
cells compared with control (n = 13), indicating a disruption to the lateral segregation of H-Ras in the absence of CAV1. (D) Treatment of wild-type BHK 
cells with MCD expressing RFP-tH and GFP-H-RasG12V significantly increased the colocalization between tH and H-Ras.GTP (n = 12 for untreated control, 
n = 14 for MCD treatment, and n = 15 for CD treatment). (E) FLIM-FRET analysis confirming an increase in colocalization between tH and H-RasG12V 
in CAV1-kd BHK cells and a specific reduction in GFP lifetime in control cells after MCD treatment. Bars, 20 µm. Statistical significance was determined 
by bootstrap analyses (*, P < 0.05; ***, P < 0.001) for A–D and one-way ANOVA for E.

 

Figure 4.  Down-regulation of Cavin1 reorganizes Ras isoforms similar to CAV1-kd. (A) Western blot analysis demonstrating significant knockdown 
of Cavin1 by shRNA-Cavin1 transient transfection. shCavin1 resulted in a slight decrease in CAV1 protein levels; to rescue total caveolin levels back 
toward control levels, CAV3-mHA was expressed. (B) Loss of Cavin1 resulted in a demonstrable reduction in caveolae at the PM by electron microscopy.  
(Left) Quantification of caveolae numbers per micrometer of PM from BHK cells (n = 3). (Right) Representative electron micrographs from cells stained 
with ruthenium red and prepared as described in Materials and methods. Black arrowheads denote caveolae. Bars, 500 nm. Statistical significance was 
determined by two-tailed Student’s t tests. (C) Increased nanoclustering of GFP-tK was observed in Cavin1-kd cells when comparing scrambled control 
to Cavin1-kd. No rescue was observed upon expression of CAV3-mHA (n = 8, n = 12, and n = 11 for control, shCavin1, and shCavin1 + CAV3-mHA, 
respectively). (D) Conversely, GFP-tH nanoclustering was reduced by Cavin1 down-regulation. Expression of CAV3-mHA did not return the nanoclustering 
of shCavin1 back to control levels (n = 12, n = 11, and n = 13 for control, shCavin1, and shCavin1 + CAV3-mHA, respectively). Statistical significance 
was determined by bootstrap analysis. *, P < 0.05; ***, P < 0.001.
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Figure 5.  Loss of caveolae by modulation of cellular osmotic pressure results in similar reorganization of Ras isoforms at the PM. (A) Wild-type BHK cells 
were subjected to iso-osmotic, hypo-osmotic, and isotonic conditions and assayed for density of caveolae by electron microscopy. (Left) Quantification 
of caveolae numbers per micrometer of PM from BHK cells (n = 3). (Right) representative electron micrographs from cells stained with ruthenium red and 
prepared as described in Materials and methods. Black arrowheads denote caveolae. Bars, 500 nm. (B, top left) Increased nanoclustering of GFP-tK was 
observed in cells treated with hypo-osmotic medium (n = 13) when compared with DMEM (n = 14). No differences were observed when cells were sub-
jected to isotonic medium (n = 20). (Top right) Quantification of the average amount of labeling per 1 µm2 of PM lawns in cells transfected with GFP-tK. 
(Bottom left) FLIM-FRET images of BHK cells expressing tK and treated with different osmotic conditions. Bars, 20 µm. (Bottom right) A significant increase in 
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GFP-H-RasG12V demonstrated significantly lower ppERK lev-
els compared with control cells (Fig. 6, B and C). Conversely, 
GFP-K-RasG12V activation was enhanced in CAV1-kd cells 
compared with WT (Fig. 6, B and C). To confirm that these 
changes in MAPK signaling were a direct result of a loss of 
CAV1/caveolae, we assayed the activation of ppERK in CAV1-
kd BHK cells after expression of CAV3-mHA. In accordance 
with the above data, we observed a significant reduction in 
ppERK in CAV3-mHA–rescued K-RasG12V–expressing cells 
and a concurrent increase in ppERK in CAV3-mHA–rescued 
H-RasG12V–expressing cells (compared with empty vector  
control-transfected CAV1-kd cells; Fig. S4, A and B). Thus, we  
observe concordant changes between enhanced K-Ras.GTP 
nanoclustering and enhanced K-Ras signal transmission and 
impaired H-Ras.GTP nanocluster lateral segregation and abro-
gated H-Ras signal transmission.

Furthermore, to determine if these effects were specifi-
cally at the level of Ras or independent of Ras, we assayed the 
activation of the epidermal growth factor receptor (EGFR) in 
response to EGF stimulation. No significant differences were 
observed to the phosphorylation of EGFR between control and 
CAV1-kd BHK cells (Fig. S4 C).

Acute cholesterol depletion abrogates 
MAPK activation in WT but not  
CAV1/ MEFs
We have previously noted an increase in K-Ras gene expression in 
CAV1/ mice (Fernández-Rojo et al., 2013); thus, we assayed  
K-Ras protein levels in CAV1/ MEFs. Expression was signifi-
cantly higher compared with WT MEFs (Fig. 7 A), suggesting that 
Ras signaling in CAV1/ MEFs may be largely driven by K-Ras 
as both the protein level is elevated and nanoclustering is enhanced 
in cells with abrogated CAV1 levels. We have shown previously that 
K-Ras signal transmission is unaffected by cholesterol depletion, 
whereas signaling by other Ras isoforms is cholesterol sensitive 
(Roy et al., 1999, 2005; Prior et al., 2001). Therefore, we compared 
CAV1+/+ and CAV1/ MEFs for activation of the MAP kinase 
pathway in response to serum stimulation under normal and 
cholesterol-depleted conditions. Cells were cultured overnight in 
the absence of serum and stimulated with 10% fetal calf serum. 
The kinetics and extent of activation of MEK, ERK, and Akt 
were similar between CAV1+/+ and CAV1/ MEFs (Fig. 7, B and 
C). Treatment of CAV1+/+ MEFs with MCD abrogated serum-
stimulated activation of MEK, ERK, and Akt. In contrast, serum-
induced phosphorylation of MEK and ERK in the CAV1/ MEFs 
was unaffected by MCD and Akt was partially reduced (Fig. 7, B 
and C). Consistent with previous studies (Frank et al., 2006), cho-
lesterol levels, before and after MCD treatment, were equivalent 

caveolae in CAV1-kd cells. A 60% reduction in Cavin1 was 
observed upon shRNA knockdown, correlating with only a 15% 
reduction in CAV1 (normalized to actin levels; Fig. 4 A) and 
corresponded to an 50% loss of caveolae from the PM by EM 
(n = 3; Fig. 4 B). Strikingly, similar results were observed be-
tween CAV1-kd and Cavin1-kd cells; a loss of Cavin1 resulted 
in a significant increase in the nanoclustering of GFP-tK (Fig. 4 C) 
and a significant decrease in the nanoclustering of GFP-tH 
compared with scrambled control cells (Fig. 4 D). As Cavin1 
knockdown slightly reduced CAV1 protein levels, we investi-
gated whether CAV3 expression would rescue the effect of loss 
of Cavin1; no effect was observed on the nanoclustering of 
GFP-tK or GFP-tH with expression of CAV3-mHA (Fig. 4, C 
and D). This suggests that loss of caveolae affects the spatial  
organization of Ras at the PM.

As a further test of this hypothesis we perturbed caveolae 
acutely using hypo-osmotic media to mechanically flatten caveo-
lae (Sinha et al., 2011). Three experimental conditions were com-
pared, iso-osmotic (DMEM; 320 mOsm), hypo-osmotic (90% 
H2O with 10% DMEM; 32 mOsm), and isotonic (10% DMEM 
with sorbitol and H2O). Hypo-osmotic treatment caused 66% 
reduction in caveolar density (Fig. 5 A). Clustering analysis using 
both Ripley K-function spatial point patterns and FLIM-FRET  
on live cells after hypo-osmotic treatment demonstrated altered 
nanoclustering of GFP-tH and GFP-tK in a manner that recapitu-
lated the effect of loss of CAV1 and/or Cavin1—namely, a signif-
icant increase in the nanoclustering of GFP-tK (Fig. 5 B) and a 
reduction in the level of nanoclustering of GFP-tH (Fig. 5 C). 
Strikingly, CAV1-kd cells did not show the same changes in iso-
form-specific Ras nanoclustering as judged by FLIM-FRET analy
sis (Fig. S3 C). These data suggest that loss of caveolae, and not 
caveolin, per se, alter the distribution of Ras proteins, in an iso-
form-specific manner, on the inner leaflet of the PM.

Loss of CAV1 has differential effects on  
H-Ras and K-Ras signaling
The formation of Ras.GTP nanoclusters is essential for signal 
transmission from the PM. We therefore explored whether sig-
naling through H-Ras and K-Ras was differentially sensitive to 
the loss of CAV1. CAV1/ and CAV1+/+ MEFs were infected 
with GFP-H-RasG12V or GFP-K-RasG12V lentiviruses and 
assayed for MAPK activation 3 d later. MAPK activation by 
GFP-H-RasG12V was inhibited and MAPK activation by GFP-
K-RasG12V was enhanced in CAV1/ MEFs compared with 
WT MEFs (Fig. 6 A). To further characterize these alterations in 
cell signaling, control and CAV1-kd BHK cells were transiently 
transfected with either GFP-H-RasG12V or GFP-K-RasG12V 
and assayed for MAPK activation. CAV1-kd cells expressing 

the nanoclustering of tK was observed under hypo-osmotic conditions, indicated by a significant reduction in GFP lifetime (P = 0.04). (C, top left) Decreased 
nanoclustering of GFP-tH was observed in cells treated with hypo-osmotic medium (n = 11) when compared with DMEM (n = 14). No change to the levels 
of nanoclustering was observed in cells treated with isotonic medium (n = 14). (Top right) Quantification of the average amount of labeling per 1 µm2 of 
PM lawns in cells transfected with GFP-tH. Although a reduction in the total GFP-tH labeling at the PM was observed, these changes in nanoclustering were 
independent of this decrease, as selection of equivalently labeled spatial point patterns (comparing DMEM to control) demonstrated similar deviations in 
nanoclustering (Fig. S3, A and B). (Bottom left) FLIM-FRET images of tH-expressing BHK cells under various osmotic conditions. Bars, 20 µm. (Bottom right) 
A significant increase in GFP lifetime was observed in tH-expressing hypo-osmotic–treated BHK cells, indicating a reduction in nanoclustering. Statistical 
significance was determined by two-tailed Student’s t tests in A, bootstrap analyses in the top left panels of B and C, and one-way ANOVA in the bottom 
right panels of B and C. *, P < 0.05; ***, P < 0.001.
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that now seems unlikely (Collins et al., 2012). A role, however, 
for caveolae as more general regulators of PM structure and func-
tion has received less attention. Through the use of a range of 
techniques, including EM, signaling assays, lipidomics, FLIM-
FRET, and gene expression analysis we now show that loss or 
reduced levels of CAV1/Cavin1/caveolae have profound implica-
tions for PM organization. These effects include a major shift in 
the cellular lipid profile, a change in sensitivity to cholesterol per-
turbation, increased clustering of PS, and significant changes to 
the operation of Ras signaling pathways.

The most significantly deregulated cellular pathways in 
CAV1/ MEFs were involved in glycosphingolipid (GSL) and 
sphingolipid (SL) metabolism. Key genes affected included  
ST3Gal5 (Siat9 or GM3 synthase) and Ppap2A (Lpp1), changes 

between CAV1+/+ and CAV1/ cells (Fig. 7 D). Adenoviral re-
expression of CAV1 into CAV1/ MEFs rescued sensitivity to 
cholesterol depletion (Fig. 8, A and B). Similarly, acute choles-
terol depletion with MCD inhibited EGF-stimulated MAPK 
activation in control BHK cells but not CAV1-kd cells (Fig. S5). 
Thus, loss of CAV1 expression renders agonist-stimulated 
MAPK activation insensitive to cholesterol depletion, an effect 
that is likely mediated by a switch to K-Ras signaling.

Discussion
Caveolins, crucial structural proteins of caveolae, have been 
widely proposed to maintain signaling proteins in inactive confor-
mations through direct protein–protein interactions, a hypothesis 

Figure 6.  Differential sensitivity of H-Ras and 
K-Ras signaling to caveolin loss. (A) Quanti-
fication of Western blots of CAV1/ MEFs 
showing enhanced ERK phosphorylation 
from lentivirus-mediated expression of GFP-
K-RasG12V (compared with WT expressing 
K-RasG12V, P = 0.049) but reduced signal 
output from H-RasG12V (compared with WT 
expressing H-RasG12V, P = 0.0069; n = 4). 
Quantification was normalized to GFP levels 
and performed as described in Abankwa  
et al. (2008). Statistical significance was deter-
mined by two-tailed Student’s t tests. (B) West-
ern blot analysis of BHK cells transfected with 
activated Ras isoforms, GFP-H-RasG12V and 
GFP-K-RasG12V, showing differential and op-
posing activation of the MAP kinase pathway 
in response to the expression of each construct 
(n = 4). (C) Quantification indicates that a loss 
of CAV1 results in a significant reduction in 
MAP kinase signaling through H-Ras and a 
concurrent increase in K-Ras–mediated MAP 
kinase signaling (independently compared 
with scrambled controls). Statistical signifi-
cance was determined by two-tailed Student’s 
t test analyses.

http://www.jcb.org/cgi/content/full/jcb.201307055/DC1
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cellular GM3 precursor levels. Strengthening the links between 
GM3 and CAV1, comparative lipidomic studies have shown 
that GM3 is enriched in caveolae (Ortegren et al., 2004), and 
expression of GM3 synthase (SAT-1) up-regulates of CAV1  

that were cell autonomous and recapitulated in knockdown 
cells. These changes correlated with widespread alterations to 
the cellular lipid profile including a significant decrease in total 
GM3 content and significant alterations in specific, but not total, 

Figure 7.  Cholesterol depletion in MEFs causes 
loss of MAP kinase activation in WT but not 
CAV1/ cells. (A) Western blot analysis of K-Ras 
in MEFs demonstrates an approximately four-
fold increase in protein level that translates into 
downstream up-regulation of MAPK signaling in 
CAV1/ cells. Statistical significance was deter-
mined by two-tailed Student’s t test analysis. *, 
P < 0.05 (n = 3). (B) MEFs were serum starved 
overnight, treated with 2% MCD for 30 min, 
and stimulated with 10% FCS for various times. 
CAV1+/+ and CAV1/ MEFs respond to serum 
stimulation in a similar manner. Cholesterol deple-
tion before serum stimulation inhibited phosphory-
lation of pMEK, ppERK, and pAkt in CAV1+/+ 
MEFs but not in CAV1/ MEFs (n = 3). (C) Ac-
tivation profiles of CAV1+/+ and CAV1/ MEFs 
after serum stimulation with or without cholesterol 
depletion. (D) Cholesterol levels are equivalent be-
tween untreated and cholesterol-depleted CAV1+/+ 
and CAV1/ cells (n = 3).
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expression (Prinetti et al., 2010). This is consistent with the re-
ciprocal result observed here; CAV1 deficiency reduces GM3 
levels. Experiments in Siat9/ (GM3 synthase knock-out) 
MEFs demonstrated a reduction in GM3 directly correlated 
with increased cell motility and an up-regulation of the Ras/
Raf/MAP kinase pathway (Hashiramoto et al., 2006). Although 
it has been shown that different phospholipids differentially  
affect H-Ras and K-Ras (Kuroda et al., 1996), GM3 has been 
postulated as a key regulator for cellular signaling pathways, 
including those mediated by Ras proteins (Garofalo et al., 
2002). Although the lipidomics performed in this study com-
prised a whole-cell analysis of differentially affected lipid spe-
cies comparing CAV1+/+ to CAV1/ MEFs and not specific 
isolations of PMs from these two cell types, it is necessary to 
consider the dynamics of PM turnover. Previous work has indi-
cated a turnover rate for the whole PM at 20 min (Hao and 
Maxfield, 2000). This suggests that any proportional whole-cell 
change in specific lipid species will likely be reflected in pro-
portional changes to all membranes in a closed dynamic system. 
Regardless, it is increasingly apparent that the function of the 
PM requires hundreds of different lipids, not to simply function 
as a solvent in which membrane proteins are dissolved, but to 
allow formation of distinct dynamic assemblies required for 
specific signaling events, to maintain and adjust the fluidity of 
the PM for spatial control, and to regulate numerous other cru-
cial cellular processes. The global changes in cellular lipids de-
scribed here presumably reflect the need to maintain the functional 
organization of the cell surface despite the loss of caveolae.

The assembly of Ras nanoclusters involves interactions 
between membrane-binding elements on Ras, specific lipids of 
the PM, an intact actin cytoskeleton, and the recruitment of cy-
tosolic protein scaffolds (Prior et al., 2003a; Rotblat et al., 2004; 
Plowman et al., 2005; Gorfe et al., 2007; Belanis et al., 2008). 
Perturbations of the lipid content would be expected to influence 
Ras nanocluster assembly. Furthermore, because each Ras iso-
form has a different lipid anchor and different hyper-variable flank-
ing region that participates in membrane interactions (Hancock, 
2003), the consequence of changes to PM lipid composition 
would be expected to differentially affect nanoclustering by dif-
ferent Ras isoforms. We therefore propose that the changes in 
cellular lipid composition and in PM lipid organization that fol-
low from caveolae/CAV1 loss are directly responsible for the 
profound changes in Ras nanoclustering that we report here. 
Using both immunoEM and FLIM-FRET methods, and despite 
the inherent differences in respective resolutions of these tech-
niques (10 nm for immunoEM and 50 nm for FLIM-FRET), 
we consistently observed an increase in K-Ras nanoclustering 
upon loss of caveolae/CAV1 and an increase in clustering of PS. 
The PS content of the inner leaflet contributes significantly to 
the electronegative -potential that provides membrane affinity 
for polybasic domain-anchored proteins such as K-Ras. Deplet-
ing the inner leaflet of PS reduces the total amount of K-Ras lo-
calized to the PM and also impairs K-Ras nanoclustering (Cho 
et al., 2012). There are many links between PM PS and caveolar 
function that raise the possibility that PS is a key element in  
caveolar formation (Parton and del Pozo, 2013). Enrichment of 
PS on the cytoplasmic face of caveolae has been reported (Fairn 

Figure 8.  Re-expression of CAV1 rescues sensitivity to cholesterol deple-
tion in CAV1/ MEFs. (A) Adenoviral expression of CAV1 in CAV1/ 
MEFs rescues the sensitivity of the MAPK pathway signaling to cholesterol 
depletion. (B) Quantification of ppERK, pMEK, and pAkt levels in CAV1+/+, 
CAV1/, and CAV1/ expressing CAV1 MEFs (n = 3).
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2013), lend themselves to a hypothesis whereby an individual 
caveola may function as an organizational unit that can flatten 
into the PM and release specific lipids that modulate the local 
lipid environment to respond to changes in cellular stress. Cross 
talk between mechanosensitive caveolae and cellular lipids 
strengthens the proposed functional similarity to eisosomes in 
yeast in which eisosome mechanosensation is translated into al-
terations in glycosphingolipid metabolism as a protective mech-
anism (Berchtold et al., 2012; Parton and del Pozo, 2013). We 
suggest that the loss of CAV1/caveolae from the PM has wide-
reaching and dramatic effects on PM dynamics due to these 
lipid changes. This results in loss of specific lipid-based organi-
zation of signaling proteins and their function. In view of the 
dramatic effects on Ras isoform organization and activity de-
scribed here, we speculate that caveolae play a crucial and dy-
namic role in the lipid-based regulation of other key signaling 
pathways, and this mechanism underlies the widespread effects 
of caveolin loss on specific signaling events. In addition, these 
results demonstrate that mechanical alterations causing caveo-
lar disassembly can be transduced into lipid changes in the PM 
with resulting changes in signal transduction pathways, linking 
caveolar mechanosensing with lipid regulation.

Materials and methods
Cell culture, transfections, and lentiviral-mediated down-regulation  
of CAV1
MEFs were cultured in DMEM substituted with 10% fetal calf serum (FCS). 
BHK cells were cultured in DMEM substituted with 10% heat-inactivated 
serum supreme (HISS) and transfected with Lipofectamine 2000 (Invitrogen) 
as per the manufacturer’s instruction. Stable CAV1 knockdown BHK cell lines 
were developed using SHVRS MISSION shRNA lentiviral particles (Mission 
shRNA set; Sigma-Aldrich) against mouse caveolin-1 following the manufac-
turer’s protocols. Cells were selected using 1 µg/ml puromycin and pooled 
populations were used for experiments. CAV1 protein levels were deter-
mined by Western blot analysis using -CAV polyclonal antibody (BD).

Western blotting
WT and CAV1/ MEFs were serum starved overnight before stimulation with 
10% FCS for variable times (0–60 min). BHK cells were serum starved for 3 h 
before treatment with 1% methyl--cyclodextrin for 1 h. Varying concentrations 
(0–20 ng/ml) of EGF in serum-free DMEM was used to stimulate the MAPK 
pathway for 10 min. Cells were washed three times in cold phosphate-
buffered saline (PBS) and whole-cell lysates were produced (50 mM Tris, 
pH 7.5, 75 mM NaCl, 1% Nonidet P-40, plus protease inhibitors and phos-
phatase inhibitors [Roche]). 20 µg of protein was run on sodium dodecyl sul-
fate-PAGE (SDS-PAGE; 12% acrylamide) and immunoblotted with -ppERK 
antibody (Cell Signaling Technology), -caveolin (BD), -GFP (Roche), -tubulin 
(Sigma-Aldrich), and -cavin1 (Sigma-Aldrich). Band intensities were quanti-
fied using ImageJ (National Institutes of Health, Bethesda, MD).

Immunogold labeling of plasma membrane sheets and statistics
Immunogold labeling was performed exactly as described previously (Prior 
et al., 2003a,b; Plowman et al., 2005, 2008). In brief, PM lawns were 
generated, fixed (4% paraformaldehyde and 0.1% glutaraldehyde in 
KOAc buffer [25 mM Hepes, 115 mM KOAc, 2.5 mM MgCl2 at pH 7.4]) 
and immunolabeled with 5 nm directly conjugated -GFP antibody (rab-
bit). Imaging of PM lawns was performed on an electron microscope 
(model 1011; JEOL) at 100,000×, fitted with a 4K × 4K soft imaging cam-
era (Morada; Olympus) with twofold binning. 1-µm2 areas of PM lawn 
were selected and the position of each immunogold was digitized into a 
set of x and y coordinates using ImageJ. Univariate and bivariate spatial 
point pattern analyses were performed as described previously (Prior  
et al., 2003a; Plowman et al., 2005, 2008) and the statistical significance 
of differences between replicated point patterns was evaluated in boot-
strap tests constructed as described previously (Diggle et al., 2000; Plowman 
et al., 2005). The univariate L(r)-r curve is a graphical plot of the extent of 

et al., 2011), all four mammalian cavin proteins bind PS in vitro, 
and caveolin peptides modulate PS distribution in model sys-
tems (Wanaski et al., 2003). Reciprocally, we now show that ca-
veolae directly or indirectly influence noncaveolar pools of PS 
providing an explanation for increased clustering and activity of 
K-Ras. Because CAV1-depleted cells have increased cortical 
actin (Grande-García et al., 2007), this may also cooperate with 
changes in PS distribution to facilitate K-Ras nanoclustering. 
Changes to H-Ras spatial organization in CAV1-depleted cells 
were more complex. Clustering of GFP-tH and H-Ras.GDP, 
which form cholesterol-dependent nanoclusters, was inhibited; 
H-Ras.GTP nanoclusters formed but the composition was aber-
rant because they contained significant amounts of H-Ras.GDP. 
This spatial phenotype reflects a failure of efficient lateral seg-
regation where activation state of the G-domain reorganizes the 
interactions of the C-terminal anchor with the lipid bilayer to 
drive H-Ras.GDP and H-Ras.GTP into different, spatially non-
overlapping nanoclusters (Abankwa et al., 2007, 2008; Gorfe  
et al., 2007). We now show here that CAV1 depletion, which 
destabilizes H-Ras.GDP Lo domains, also promotes formation 
of mixed heterotypic clusters of H-Ras.GTP and H-Ras.GDP, 
which as in NSAID-treated cells (Zhou et al., 2012) are com-
promised for signal transmission. Previous work has demon-
strated the essential role of nanoscale clustering of H- and 
K-Ras for signaling function (Tian et al., 2007). The positive 
and negative changes to K- and H-Ras clustering in cells with 
decreased CAV1 therefore fully explain the concomitant en-
hanced MAPK activation by K-RasG12V (K-Ras.GTP) and 
impaired MAPK activation by H-RasG12V. In non-Ras trans-
formed CAV1-depleted cells these reciprocal changes in endog-
enous H-Ras and K-Ras activity result in a largely unchanged 
growth factor–stimulated MAP kinase activation profile. How-
ever, the EGF-MAPK signaling is rendered insensitive to cho-
lesterol depletion, as shown both in MEFs lacking CAV1 and BHK 
cells with reduced CAV1. The change in cholesterol sensitivity 
did not reflect alterations in the level of cholesterol depletion 
but is an interesting consequence of a shift to K-Ras–mediated 
signaling. The requirement for increased activity of the K-Ras 
pathway is also perhaps reflected in the up-regulation of K-Ras at 
the protein level in CAV1/ cells.

We have previously proposed that caveolae could act as 
a regulated store for specific lipids, which are highly concen-
trated in caveolae (Parton and Simons, 2007). Cells lacking ca-
veolae would lose this regulatory control over PM lipids. The 
change in lipid composition might explain the reported de-
crease in membrane order in CAV1/ cells (Gaus et al., 2006). 
Furthermore, the loss of caveolae from the PM and change in 
membrane order as cells lose contact with the substratum 
(Grande-García et al., 2007) may represent an acute manifesta-
tion of the loss of caveolae shown here. This hypothesis is given 
greater weight with our observation that hypo-osmotic treat-
ment, resulting in a rapid disassembly of caveolae, was causal 
in generating a similar nanoscale PM reorganization of H- and 
K-Ras as those generated by down-regulation of caveolar struc-
tural elements. These data, when combined with recent work 
showing shear stress induces dramatic and fast reduction in 
membrane order in endothelial cells (Yamamoto and Ando, 
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performed on the average of 3–6 independent assays using Student’s t test. 
Primer sequences can be provided on request.

Lipidomic analysis and lipid extraction
Lipids were extracted using a modified Bligh and Dyer protocol (Bligh and 
Dyer, 1959). The whole procedure was performed on ice and reagents 
were pre-chilled on ice before lipid extraction. In brief, cells (10-cm dish) 
were scraped in 400 µl methanol, collected, and 200 µl chloroform was 
added to obtain a chloroform/methanol ratio of 1:2. Samples were thor-
oughly vortexed three times for 1 min and incubated on ice for another  
4 min. Subsequently, 300 µl of chloroform and 200 µl of 1 M KCl were 
added, samples were vortexed three times for 30 s, and incubated on ice 
for 1 min. Finally, phases were separated by centrifuging samples for  
2 min at 9,000 rpm in a pre-chilled bench-top microcentrifuge. The organic 
phase was collected, transferred to a clean microcentrifuge tube, dried in 
a speed vacuum, and stored at 80°C.

Mass spectrometry analysis of lipid species
Mass spectrometry analysis was slightly modified from Chan et al. (2008). 
For quantitative analysis of glycerophospholipids and sphingolipids a high 
performance liquid chromatography (HPLC) mass spectrometry (MS) was 
used. Multiple reaction monitoring (MRM) measurements were performed 
on a triple quadrupole instrument (ABI 3200QT; Applied Biosystems) di-
rectly connected to the LC. The HPLC method was adapted from Pettitt et al. 
(2001). All samples were dissolved in chloroform/methanol (1:1, vol/vol) 
and spiked with a mixture of internal standards for each lipid class: dimy-
ristoyl-glycero-phosphoserine (DMPS); 1,2-dimyristoyl-glycero-3-phospho-
ethanolamine (DMPE); 1,2-dimyristoyl-glycero-3-phosphocholine (DMPC); 
1,2-dioctanoyl-glycero-3-phosphoinositol (C8PI); lauroyl sphingomyelin  
(L-SM); N-heptadecanoyl-d-erythro-sphingosine (C17 ceramide); and d-glu-
cosyl-1-1-N-octanoyl- d-erythro-sphingosine (C8 glucosyl ceramide 
(1:1:1:1:1:0.5:0.5, vol/vol; Avanti Polar Lipids, Inc.) were used to mea-
sure glycerophosphatidylserine, glycerophosphatidylethanolamine and 
plasmalogen-PE (pl-PE), glycerophosphatidylcholine and ePC, glycerophos-
phoinositols, sphingomyelin, and ceramide (Cer) and monohexosyl ce-
ramide (MonoHexCer), respectively. PS, PE, PI, and GM3 were measured 
in the negative ion mode whereas PC, SM, Cer, and MonoHexCer were 
analyzed in the positive ion mode. Signal intensities for each lipid species 
were extracted based on their retention time (PS, 5 min; PE, 1 min; PC,  
10 min; PI, 5 min; GM3, 5 min; SM, 10 min; Cer, 0.3 min; and MonoHexCer, 
4.5 min) and were converted to their level (moles) in each sample by nor-
malization to the appropriate internal standard. GM3 levels were normal-
ized using the PI internal standard. The final lipid molar fractions (the 
amount of each lipid was measured in moles and then converted to a frac-
tion of the total) of each sample were obtained by cross-normalizing the 
lipid level of each fraction measured (Chan et al., 2008) and a log-fold 
(KO/WT) ratio was calculated to present data in a heat plot.

Online supplemental material
Fig. S1 demonstrates that a loss of CAV1 results in dramatic changes to the 
abundance of a variety of different glycosphingolipid species and phospho-
lipid species in MEFs. Fig. S2 shows the consistent nature of loss of CAV1 on 
the nanoclustering of the different Ras isoforms, namely GFP-K-Ras (WT) 
nanoclustering is increased in CAV1-kd cells and GFP-H-Ras (WT) nanoclus-
tering is decreased. Fig. S3 demonstrates that the loss of labeling observed 
when GFP-tH–expressing cells are subjected to hypo-osmotic treatment is in-
dependent of the changes in nanoclustering and that CAV1-kd cells do not 
respond in a similar manner to hypo-osmotic treatment when compared with 
control cells. Fig. S4 shows rescue of CAV1-kd cells expressing either acti-
vated H-Ras or K-Ras with CAV3 expression restores MAPK signaling toward 
control cell levels. Fig. S5 demonstrates that CAV1-kd BHK cells are similarly 
insensitive to cholesterol depletion–mediated abrogation of the MAPK path-
way analogous to CAV1/ MEFs. Online supplemental material is available 
at http://www.jcb.org/cgi/content/full/jcb.201307055/DC1. Additional 
data are available in the JCB DataViewer at http://dx.doi.org/10.1083/
jcb.201307055.dv.
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cluster formation over a given radius, where the vertical axis represents the 
extent of clustering (L(r)-r values greater than 1 are said to be clustered, val-
ues between 1 and 1 are said to be in a state of complete spatial ran-
domness, and values less than 1 are said to be spatially dispersed) and 
the horizontal axis represents the radius of the nanocluster. The bivariate 
Lbiv(r)-r curve is a graphical representation of the extent of co-clustering be-
tween different populations of spatial point patterns over a given radius 
(Lbiv(r)-r values greater than 1 are indicative of two populations of spatial 
point patterns that co-cluster together, whereas values between 1 and 1 
are indicative of two populations of spatial point patterns arranged in a 
state of spatial randomness with respect to one another).

FLIM combined with FRET (FLIM-FRET)
FRET measurements based on fluorescence lifetime are advantageous over 
intensity-based FRET measurements because fluorescence lifetime is an in-
herent property of the fluorophore and is independent of excitation source, 
detection gain, optical loss, and variation in fluorophore concentrations. 
Fluorescence lifetime is also significantly less sensitive to donor/acceptor 
ratio (Zhou et al., 2010, 2012). In brief, 200,000 control or CAV1-kd 
BHK cells were seeded on glass coverslips placed in 6-well plates over-
night before transient transfection with either construct of GFP-tagged pro-
tein and empty vector (pC1) or constructs of GFP-tagged and RFP-tagged 
proteins. Cell fixation with 4% PFA and quenching with 50 mM NH4OH 
were performed 18 h after transfection. GFP in fixed cells was excited by 
a 3-W 497-nm sinusoidally simulated modulating light-emitting diode (LED) 
mounted on a FLIM unit (Lambert Instruments) attached a wide-field micro-
scope (Eclipse; Nikon). GFP excitation was achieved using a sinusoidally 
simulated modulating 3-W 497-nm LED at 40 MHz under epi-illumination 
via a 60× Plan-Apo/1.4 NA oil emersion lens, and images were acquired 
for 300 ms. Three individual experiments were conducted for each con-
dition. The whole-cell GFP lifetime values from at least 60 cells were im-
aged, pooled, and averaged, and statistical analysis was performed using 
one-way ANOVA and presented as mean ± SEM.

Electron microscopy and quantification of caveolae
Fixation, embedding, and sectioning were performed as follows. BHK cells 
were fixed with 2.5% glutaraldehyde containing 1 mg/ml of ruthenium red 
in 0.1 M cacodylate buffer (pH 7.4). Cells were post-fixed with 1% osmium 
tetroxide with 1 mg/ml of ruthenium red for 1 h at room temperature and 
serially dehydrated with ethanol. Cells were embedded in increasing ratios 
of LX-112 resin/ethanol to 100% resin, and polymerized overnight at 
60°C. Vertical ultrathin (60 nm) sections were cut on a microtome (model 
UC6; Leica) and imaged on an electron microscope (model1011; JEOL) at 
80 kV. Quantifications were performed as follows: the perimeters of 20 
cells (per experimental condition) were measured and the number of cave-
olae from each cell was quantified and averaged across all 20. The aver-
age number of caveolae per µm of PM was generated from three separate 
repeats of the same experimental conditions.

Animals and mouse embryonic fibroblasts
CAV1+/+ and CAV1/ mice and MEF isolation and culture were described 
in Fernández et al. (2006). In brief, CAV1/ mice were generated by ge-
netic excision of the third exon of the CAV1 gene that encodes the intra-
membrane domain, CAV1 palmitoylation sites, and the scaffolding domain. 
For the isolation of MEFs, mice were kept under a controlled humidity and 
lighting schedule with a 12-h dark period. All animals received care in 
compliance with institutional guidelines regulated by the Australian govern-
ment. Primary MEFs were obtained from day 13.5 embryos, which were 
decapitated, thoroughly minced, and trypsinized in 1 ml of 0.05% trypsin 
and 0.53 mM EDTA (Life Technologies) for 20 min at 37°C. 10 ml of  
complete medium (DMEM) supplemented with 10% FBS, 2 mM glutamine, 
100 U/ml penicillin, and 100 µg/ml streptomycin (Life Technologies) was 
used to inactivate the trypsin and resuspend the dissociated cells. Cells 
were plated on a 10-cm plate and cultured in a 37°C, 5% CO2 incubator.

CAV1 knockdown in AML12 hepatocytes
Transient CAV1 knockdown in AML12 hepatocytes using specific siRNA 
was performed as described for MEFs in Fernández et al. (2006).

Quantitative real-time PCR and primers
RNA was extracted using RNAeasy (QIAGEN), and 4–5 µg was reverse 
transcribed. Quantitative RT-PCR was performed in triplicate on 6–9 inde-
pendent RNA preparations. cDNA levels were analyzed in PCR reactions 
with SYBR green (Applied Biosystems), and the relative level of expres-
sion was normalized using 18S ribosomal RNA. Statistical analysis was  
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