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Abstract

Lipid rafts are liquid ordered platforms that dynamically

compartmentalize membranes. Caveolins and flotillins

constitute a group of proteins that are enriched in these

domains. Caveolin-1 has been shown to be an essential

component of caveolae. Flotillins were also discovered

as an integral component of caveolae and have since

been suggested to interact with caveolins. However, flo-

tillins are also expressed in non-caveolae-containing

cells such as lymphocytes and neuronal cells. Hence, a

discrepancy exists in the literature regarding the caveolin

dependence of flotillin expression and their subcellular

localization. To address this controversy, we used mouse

embryonic fibroblasts (MEFs) from caveolin-1 knockout

(Cav-1-/-) and wild-type mice to study flotillin expression

and localization. Here we show that both membrane

association and lipid raft partitioning of flotillins are not

perturbed in Cav-1-/- MEFs, whereas membrane targeting

and raft partitioning of caveolin-2, another caveolin family

protein, is severely impaired. Moreover, we demonstrate

that flotillin-1, but not flotillin-2, associates with lipid

droplets upon oleic acid treatment and that this associa-

tion is completely independent of caveolin. Taken togeth-

er, our results show that flotillins are localized in lipid rafts

independent of caveolin-1 and that translocation of flo-

tillin-1 to lipid droplets is a caveolin-independent

process.

Keywords: caveolae; caveolin; flotillin; lipid bodies; lipid

droplets; rafts; reggie.

Introduction

Lipid-lipid immiscibility in cellular membranes imparts

heterogeneity in the membrane plane and a subset of

these lateral heterogeneities is termed lipid rafts (Rajen-

dran and Simons, 2005). Lipid rafts are submicroscopic

dynamic assemblies, which are more tightly packed than

the surrounding liquid disordered regions (Simons and

Vaz, 2004). Rafts can be biochemically defined as deter-

gent-resistant membranes (DRMs) and hence can be iso-

lated as DRM fractions using flotation gradients. These

domains have been implicated in several key cellular

functions such as signaling, endocytosis, polarization

(Simons and Toomre, 2000). Raft domains have also

been shown to be the entry points for viruses (Campbell

et al., 2001) and toxins (Lencer, 2001) and to act as path-

ogenic platforms for conversion of the cellular prion

(PrPc) to the scrapie version (PrPsc) (Hooper, 2005), for b-

cleavage of the amyloid precursor protein (APP) (Ehehalt

et al., 2003), and for activation of anthrax toxin (Abrami

et al., 2003; Kurzchalia, 2003).

The original raft concept proposed that the outer leaflet

of the membrane contains lipid raft domains that are

enriched in cholesterol and sphingolipids (Simons and

Toomre, 2000), but recent evidence points to the exist-

ence of an equivalent domain organization in the inner

leaflet as well (Rajendran and Simons, 2005). Several

proteins have been shown to be partitioned into raft

domains in both leaflets. GPI-anchored proteins are argu-

ably well-established raft proteins that segregate into the

exoplasmic leaflet and doubly acylated proteins such as

the src-tyrosine kinases can serve as markers for the

inner leaflet raft domains (Simons and Toomre, 2000).

One other well-established inner-leaflet raft protein is

caveolin, the scaffolding protein responsible for the for-

mation and stability of caveolae (Parton, 1996). Caveolae

are small invaginations on the plasma membrane that are

devoid of clathrin and found in many cell types, such as

epithelial and endothelial cells, but are clearly absent in

neuronal and lymphocytic cells. Caveolin-1, -2 and -3

comprise a group of caveolin family of proteins that act

as signature proteins for caveolae (Kurzchalia and Par-

ton, 1999). Caveolin-1 and -3 have been shown to be

necessary for the biogenesis of caveolae in vivo (Drab et

al., 2001; Galbiati et al., 2001), whereas caveolin-2 is

mislocalized in the trans-Golgi network (TGN) in the

absence of caveolin-1 and hence is not targeted to the

plasma membrane in these cells (Razani et al., 2001;

Breuza et al., 2002). Caveolae and caveolins have been

implicated in crucial cellular functions such as growth

factor signaling, lipid homeostasis and NO signaling (Par-

ton, 2003).

Biochemically, all raft subsets can be purified as one

DRM fraction, but single particle tracking and EM studies

have shown that different subsets of raft domains exist

in the same membrane plane (Edidin, 2003). Caveolae

represent a subset of raft domains, but non-caveolae raft

domains still exist in both caveolae- and non-caveolae-

containing cells. In mammalian cells, flotillins exist as flo-

tillin-1/reggie-2 and flotillin-2/reggie-1. These proteins are

highly homologous and are evolutionarily highly con-

served (Malaga-Trillo et al., 2002). Flotillins are palmitoy-

lated and myristoylated proteins that are anchored to the

cytoplasmic membrane leaflet (Neumann-Giesen et al.,

2004). These proteins were initially discovered as caveo-

lar proteins (Bickel et al., 1997), but at the same time
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Figure 1 Expression and localization of flotillins.

(A) Western blot analysis of HeLa cells and wild-type MEFs. The left panel shows the blot probed with anti-flotillin-1 antibody and

the right blots probed with anti-flotillin-2 antibody and detected with enhanced chemiluminescence detection.

(B) Jurkat, HeLa and wild-type MEFs were immunostained with mouse anti-flotillin-1 (left panel) and mouse anti-flotillin-2 (right panel)

and detected with donkey anti-mouse Cy3-conjugated antibodies. Restricted plasma membrane staining is observed for Jurkat cells,

whereas HeLa cells presented an assorted pattern both at the plasma membrane and in internal vesicles, and fibroblasts showed

mostly intracellular staining. Scale bar represents 5 mm for Jurkat and 10 mm for HeLa and fibroblasts.

were also discovered as reggie proteins that are upre-

gulated during regeneration of goldfish retinal cells

(Schulte et al., 1997). The latter study in neuronal cells

that lack caveolae and our earlier reports in lymphocytes

(Rajendran et al., 2003) also point to the possibility that

flotillins are non-caveolar proteins. Therefore, whether

flotillins are specifically localized to caveolae and whether

caveolins can influence their cellular distribution have not

yet been clearly determined.

To determine whether caveolins influence the expres-

sion, localization and raft association of flotillins, we used

caveolin-1 knockout mouse embryonic fibroblasts (KO

MEFs) and studied the localization of flotillins compared

to wild-type cells (WT MEFs). We provide biochemical

and microscopic evidence that flotillin localization and

raft association are independent of caveolin. Moreover,

we show that flotillin-1 is recruited to lipid droplets upon

fatty acid treatment independently of caveolin-1, whereas

flotillin-2 is not. Taken together, our results provide direct

evidence that flotillins are non-caveolar proteins with a

subcellular organization that is independent of caveolin

and could therefore represent a functional subset of non-

caveolar rafts.

Results

Assorted subcellular localization of flotillins in

different cell lines

We recently reported the significance of the asymmetric

localization of flotillins in leukocyte signaling. Indeed,

most of the flotillins were associated with the plasma

membrane and with centrosomes in lymphocytes (Rajen-

dran et al., 2003), as reproduced here in Jurkat cells (Fig-

ure 1). To investigate the localization of flotillins in cells

of non-lymphoid origin, we studied the expression of flo-

tillins in epithelial-like cells and MEFs. In both cell types,

flotillin-1 and -2 were expressed and were of the correct

size (Figure 1A). Cellular flotillins were mainly distributed

in intracellular structures in HeLa cells and MEFs, but

were also strongly evident at the plasma membrane in

HeLa cells (Figure 1B). In the case of confluent epithelial

cultures, pronounced association of flotillins to the cell-

cell contact regions could be observed, consistent with

earlier reports that flotillins could be involved in cell adhe-

sion processes (Lang et al., 1998).

Caveolin-independent localization of flotillins

To investigate the requirement for caveolin in flotillin

localization, we took advantage of MEFs isolated from

cav-1 KO mice, which are fibroblast cells devoid of

caveolae (Drab et al., 2001), and compared these with

WT MEFs. Both flotillin-1 and -2 were expressed in WT

MEFs and showed a punctate pattern (Figures 1 and 2).

Caveolin-1 was associated with the plasma membrane

and the internal structures, possibly the TGN, endo-

somes and caveosomes (Figure 2). Although both caveo-

lin-1 and flotillins were present at the plasma membrane,

there was almost no overlap between these regions, sug-

gesting that flotillins do not localize preferentially to

caveolae. In cav1-KO MEFs, we did not observe any

changes in flotillin-1 or -2 expression patterns, despite

the absence of caveolin-1 expression, as shown by a

lack of cav-1 staining (Figure 2). The fact that a good

degree of colocalization of flotillin-1 and -2 was exhibited

in both WT and KO MEFs (data not shown) implies that

caveolin-1 is not essential for the localization or the colo-

calization (Figure 2).
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Figure 2 Caveolin-independent flotillin localization.

WT and cav-1 KO MEFs were immunostained for the presence of endogenous caveolin-1 with rabbit anti-caveolin-1 (green) and

flotillin-1 with mouse anti-flotillin-1 (upper panel, red; scale bar 5 mm) or flotillin-2 (lower panel; scale bar 10 mm). The nuclei were

stained with DAPI. Neither the expression levels nor the localization pattern of flotillins-1 and -2 changed with respect to the presence

of caveolin-1.

Figure 3 Caveolin-1 is necessary for partitioning of caveolin-2

into DRMs but not for flotillins.

Detergent (1% Triton X-100)-resistant membranes (DRMs) were

isolated from WT MEFs and KO MEFs, blotted and probed for

the presence of caveolin-1 (cav-1), caveolin-2 (cav-2), flotillin-1

(flo-1) and flotillin-2 (flo-2). Insoluble fractions refer to the DRMs

and the soluble to non-DRM fractions. Only DRM partitioning of

Cav-2 was affected by the presence of caveolin-1, whereas flo-

tillin DRM association was not affected by the absence of cav-

eolin-1.

DRM association of flotillins is not dependent on

caveolin-1 expression

Since flotillins were previously identified as resident com-

ponents of caveolae (Bickel et al., 1997) and purification

of DRMs containing caveolin resulted in the co-purifica-

tion of flotillins (Volonte et al., 1999), we tested whether

DRMs from cav-1-deficient fibroblasts still retained flotil-

lins. DRMs from WT and KO MEFs were floated on a

sucrose gradient after 1% Triton extraction. WT MEFs

DRMs contained almost all of the caveolin-1 and -2 (Fig-

ure 3). Flotillin-2 was mostly recovered from DRMs,

whereas flotillin-1 was retrieved from both detergent-sol-

uble and -insoluble fractions (Figure 3). On the other

hand, most of the caveolin-2 from the cav-1 KO cells

remained soluble, consistent with the finding that cav-2

undergoes membrane association in the absence of

caveolin-1 and is mainly localized in Golgi in cav-1-lack-

ing cells (Razani et al., 2001). However, there was no

notable difference in the DRM residency of both the flo-

tillins in both WT and KO MEFs. This is consistent with

our earlier finding that DRM fractions from various leu-

kocytic cells (Rajendran et al., 2003) and neuronal cells

(unpublished observations), both of which lack caveolae

(Shyng et al., 1994; Fra et al., 1995), contain almost all

of the flotillins in DRM fractions.

Lipid droplet association of flotillin-1

Since caveolins and flotillins are both DRMs markers, we

questioned whether these two proteins behave similarly

in response to exogenous stimuli. In particular, it was

recently described that caveolins can move from the

plasma membrane to lipid bodies in response to oleic

acid treatment (Pol et al., 2001, 2004). In addition, flotil-

lin-1 has been found in purified lipid droplets formed after

fatty acid loading in CHO cells (Liu et al., 2004). There-

fore, we induced lipid droplet formation by oleic acid

exposure and studied the association of flotillins with a

lipid droplet marker, adipophilin-related protein (ADRP).

Treatment of MEFs with oleic acid (OA) resulted in an

increase in the size and numbers of lipid bodies, as dem-

onstrated by a drastic increase in ADRP signal. No co-

localization between the intracellular structures labeled

by flotillins and the lipid bodies either in WT or cav-1 KO

MEFs was found (Figure 4A). Interestingly, in these OA

loading conditions, flotillin-1 was significantly redistrib-

uted to lipid bodies, whereas flotillin-2 remained exclud-

ed from these lipid-rich organelles (Figure 4B). In

particular, a lack of caveolin-1 did not influence flotillin-1
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.

Figure 4 Flotillin-1 but not flotillin-2 is targeted to lipid droplets and the targeting is independent of caveolin-1.

(A) WT and cav-1 KO MEFs were either left untreated or treated overnight with 50 mg/ml oleic acid (OA) to induce lipid droplet

formation. The cells were subsequently stained with anti-flotillin-1 (green) and anti-ADRP (red) as a lipid droplet marker. Under basal

conditions, small lipid droplets were already detectable, as evidenced by ADRP staining, but flotillin-1 was excluded from these lipid-

rich organelles in both WT and KO MEFs. OA treatment induced the targeting of flotillin-1 to lipid bodies, as revealed by colocalization

of ADRP and flotillin-1 (see merge panel), and was independent of caveolin-1 expression (same pattern in WT or cav-1 KO MEFs).

Scale bar, 10 mm.

(B) Following OA treatment, flotillin-2 remained unassociated with lipid bodies in both WT and KO MEFs; flotillin remained unasso-

ciated with lipid droplets. Scale bar, 10 mm. (C) Whole-cell lysates from basal and OA-treated WT MEFs and cav-1 KO MEFs were

electrophoresed, blotted and probed for the presence of caveolin-1, caveolin-2, flotillin-1 and flotillin-2 and visualized by enhanced

chemiluminescence. Note that OA treatment did not influence the expression of any protein.

relocalization to lipid bodies. OA treatment of MEFs,

however, did not change flotillin or caveolin protein

expression drastically, suggesting that this lipid droplet

association of flotillin-1 probably results from dynamic

targeting from other cell compartments. Therefore, de-

spite their colocalization in unstimulated cells, flotillin-1

and -2 respond differentially to fatty acid stimulation,

suggesting functional differences between these two

proteins.

Discussion

Flotillins are raft-associated proteins cloned by three

independent groups as proteins involved in neuronal

regeneration (Schulte et al., 1997), in epidermal associ-

ation (Schroeder et al., 1994) and as components of

caveolae (Bickel et al., 1997). Flotillins belong to a large

family of proteins classified as stomatin/prohibitin/flotillin/

HflK/C (SPFH), which is characterized by the presence

of a conserved SPFH domain in these proteins (Liu et al.,

2005). In mammalian cells, the flotillin protein family

includes flotillin-1/reggie-2 and flotillin-2/reggie-1/epider-

mal surface antigen, which are highly homologous (Mal-

aga-Trillo et al., 2002) and highly conserved across

species (Malaga-Trillo et al., 2002). Both flotillins are

present in almost all cell types we tested and both are

raft-associated, as judged by their association with

DRMs (Solomon et al., 2002; Deininger et al., 2003;

Rajendran et al., 2003). Flotillins were initially also char-

acterized as co-purifying with caveolae and have been

reported to physically interact with caveolin (Bickel et al.,

1997). Although these studies showed a caveolar locali-

zation of flotillins and their raft association through

caveolae, our own work on flotillins in leukocytes (Rajen-

dran et al., 2003) and neurons (Deininger et al., 2003)

showed that flotillins are expressed in these cells and

raft-associated, despite the fact that these cells lack

caveolae. Since the issue of caveolin dependence need-

ed to be addressed in a systematic way, we took advan-

tage of the availability of cav-1 knockout cells.

In the present study, using WT and caveolin-1 KO

MEFs, we show that both the expression and localization

patterns of the flotillins are independent of caveolins.

Although both are localized as punctate structures on the

membrane, they are organized as mutually exclusive

structures, confirming that flotillins are signature proteins

for a subset of non-caveolar proteins. Although detergent

treatment disrupts most lipid-lipid interactions, a minor

fraction of cell membranes is preserved and could be

isolated as DRMs, which are rich in cholesterol and

sphingolipids. Caveolins, ‘protein’ markers of caveolae

that represent a subclass of raft domains, are recovered

in DRMs. In our study, we demonstrated that the parti-

tioning of flotillins into DRMS or rafts is exclusive of

caveolins. It is interesting to note that both caveolins and

flotillins in the wild-type MEFs floated to the same buoy-

ant fractions. Earlier studies that reported that flotillins

are caveolar-resident proteins and interact with caveolin

largely arrived at this conclusion because these two pro-

teins were co-fractionated with caveolins during deter-

gent extraction (Bickel et al., 1997; Volonte et al., 1999).

However, DRM association of proteins is only an inclu-

sive criterion for raft localization and does not necessarily

separate caveolar from non-caveolar domains (Schuck et

al., 2003). Nonetheless, it cannot be ruled out that under

certain situations, such as signaling or endocytosis, there

could be an interplay between flotillin and caveolins, as

suggested by Baumann et al. (2000). These authors

reported that upon insulin binding to its receptor, c-Cbl

and c-Cbl-associated proteins (CAP) are recruited to the

receptor and CAP through its sorbin homology (SoHo)

domain binds to flotillin and localizes to caveolae (Bau-

mann et al., 2000). However, under basal conditions, flo-

tillin neither interacts with caveolin nor resides in

caveolae. A recent study by Souto et al. (2003) showed

that immunopurified rat adipocyte caveolae have a rela-

tively limited protein composition and lack flotillin and

insulin receptors. Souto et al. (2003) also failed to coim-

munoprecipitate flotillins along with caveolins, reinforcing

our findings that flotillins function independent of

caveolins.

Another interesting finding from our study is that flotil-

lin-1 is specifically able to redistribute to lipid bodies

upon OA treatment, whereas flotillin-2 remains independ-

ent from these lipid-rich organelles. Although the two flo-

tillins normally present an overlapping pattern of

distribution, this redistribution of flotillin-1 to lipid bodies

upon OA stimulation suggests independent and specific

functions for each flotillin. Since the mode of membrane

anchorage of flotillin-1 (single palmitoylation) is different

from flotillin-2, which is myristoylated and multiply pal-

mitoylated, it can be speculated that this could directly

influence the capability of these proteins to associate

with lipid bodies. Previous proteomic analysis of isolated

lipid droplets from CHO cells already identified flotillin-1

enrichment in these lipid bodies (Liu et al., 2004). Sto-

matin, a member of the SPFH family, has also been
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shown to be targeted to lipid bodies upon expression in

MDCK cells (Umlauf et al., 2004). However, this study

showed that flotillins were not recruited to lipid bodies,

but the authors used a flotillin-2-myc fusion construct to

study the targeting of flotillins to lipid droplets, consistent

with our finding that flotillin-2 remains unassociated with

lipid bodies upon OA treatment. Interestingly, an increas-

ing number of studies have revealed that caveolins can

redistribute to lipid droplets under various conditions,

including OA treatment (Fujimoto et al., 2001; Oster-

meyer et al., 2001; Pol et al., 2001, 2004; Brasaemle et

al., 2004). This lipid-body targeting of caveolins is

thought to regulate cellular lipid balance, especially cel-

lular cholesterol homeostasis (Martin and Parton, 2005;

Pol et al., 2005; Le Lay et al., 2006). We have shown here

that flotillin-1 translocation to lipid droplets is independ-

ent of caveolin-1.

Currently, the role of flotillin-1 around these lipid-rich

organelles is completely unknown. One possibility is that

flotillin-1 could induce vesiculation at the plasma

membrane upon fatty acid loading. This idea is support-

ed by the fact that flotillin-1 expression in insect cells can

induce the formation of large caveolae-like vesicles

(Volonte et al., 1999). Moreover, flotillin-1 has recently

been described as a determinant of a clathrin-independ-

ent endocytic pathway in mammalian cells, which impli-

cates this protein in vesicular trafficking (Glebov et al.,

2006). Despite a striking sequence similarity between flo-

tillin-1 and flotillin-2, specific recruitment of flotillin-1 to

lipid bodies upon fatty-acid loading could also underline

a specific function in lipid regulation or trafficking

towards these organelles. Flotillin-1, but not flotillin-2,

has been shown to be enriched in maturing phagosomes

(Dermine et al., 2001) and exosomes (Rajendran et al.,

2006), and only flotillin-1 is specifically upregulated at

least 10-fold during adipocyte differentiation (Bickel et

al., 1997), suggesting that flotillin-1 could be involved in

storage pathways. Finally, another possibility is that flo-

tillins could function as a raft organizer by means of

homo/hetero-oligomerization (Neumann-Giesen et al.,

2004), and thus would organize or shape scaffold

domains at the level of lipid droplet membranes. Indeed,

the prohibitin homology (PHB) domain of the flotillin pro-

teins can have a hairpin-like topology, similar to the

membrane domain of caveolins. Therefore, it can be

speculated that this membrane insertion could influence

a positive curvature, as has been described for caveolins,

by a local concentration of several hairpin loops inserted

in the cytosolic leaflet of the membrane. Our data un-

derline the important functional differences between flo-

tillin-1 and flotillin-2. Flotillin-1, through its unique

sequence, may interact with specific proteins and/or lip-

ids and exert its action. Further characterization is need-

ed to elucidate the molecular basis of the functional

difference between these two closely related homologs.

Materials and methods

Cell lines, antibodies and reagents

The Jurkat T-cell line was from ATCC (Manassas, USA) and was

maintained in 5% FCS containing RPMI at 5% CO2. Monoclonal

antibodies against caveolin-1, caveolin-2, flotillin-1 and flotillin-

2/ESA were from Transduction Labs/BD Biosciences (Heidel-

berg, Germany). Polyclonal antibodies against caveolin-1,

caveolin-2, flotillin-1 and flotillin-2 were all from Santa Cruz Bio-

technology (Heidelberg, Germany). Cy3 and Alexa green-conju-

gated secondary antibodies were from Jackson Laboratories

(Dianova, Hamburg, Germany) and Molecular Probes (MoBiTec,

Göttingen, Germany), respectively.

Immortalization of MEFs

Mouse embryonic fibroblasts were prepared from 13.5 p.c.

embryos obtained by homozygous crossings of cav-1 KO mice

or WT mice (Drab et al., 2001). MEF cells were immortalized

according to the 3T3 protocol by passaging them continuously

until growth rates in culture resumed the rapid rates observed

in early-passage MEFs. MEFs were cultured in Dulbecco’s mod-

ified Eagle medium (DMEM) supplemented with 10% (v/v) fetal

bovine serum, 2 mM L-glutamine, penicillin and streptomycin

(MEF medium).

Isolation of DRMs

Lipid rafts or DRMs from WT and cav-1 KO MEFs were prepared

by discontinuous density gradient ultracentrifugation as previ-

ously described (Solomon et al., 2002).

Western blotting

The gradient fractions, whole-cell lysates of oleic acid-treated or

untreated cells or immunoprecipitates were loaded with equal

protein amounts on 4–12% Bis-Tris gradient gels (Novex, Invi-

trogen, Karlsruhe, Germany) and blotted onto nitrocellulose

membranes (Protran, Schleicher & Schuell, Dassel, Germany)

according to the manufacturer’s instructions. The blots were

blocked twice with 1.5% BSA/TBST (TBS containing 0.02%

Tween 20) and successively incubated with primary antibodies

and HRP-conjugated secondary antibodies (Perbio, Pierce, Hei-

delberg, Germany). Chemiluminescence was detected using a

West Pico Super Signal Chemiluminescence kit (Pierce).

Oleic acid treatment

WT and cav-1 KO MEFS were incubated for 18 h in MEF medi-

um containing 50 mg/ml oleic acid (Sigma, Taufkirchen, Ger-

many) conjugated to cyclodextrin.

Immunofluorescence and laser scanning confocal

microscopy

For all fluorescence microscopy experiments, cells were grown

on glass coverslips. The cells were then fixed with either ice-

cold methanol for 5 min at -208C or 4% paraformaldehyde for

5 min at room temperature. After fixation, the cells were washed

three times with 0.1% Triton X-100 containing PBS and then

incubated with primary antibodies in 1% BSA for 1 h at room

temperature. The cells were then washed four times with 0.1%

Triton X-100 containing PBS and the fluorescent-conjugated

secondary antibodies were added for 45 min at room tempera-

ture. The cells were subsequently washed three times with PBS

and mounted on microscopy slides using Mowiol (Calbiochem,

Bad Soden, Germany). After 24 h, the staining was analyzed

using an LSM 510 microscope (Zeiss, Oberkochen, Germany)

equipped with a Plan-Apochromat 100= oil immersion lens

using the LSM 510 image browser software.
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