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1. Introduction 

There are two homologous members of the flotillin family which have been designated as 

flotillin-1/reggie-2 and flotillin-2/reggie-1, owing to their almost simultaneous discovery by 

two separate research groups (1, 2). In 1997, these proteins were described under the name 

“reggies”, since they were found to be upregulated during the regeneration of retinal 

ganglion cells of the goldfish, following an optic nerve lesion (2). In the same year, Bickel et 

al. independently discovered them as components of detergent resistant fractions, and due 

to their ability to float in density gradients ascribed them as flotillins (1). 

Biological membranes are complex structures composed of numerous proteins and lipids. 

As shown in Figure 1A, flotillin-1 and flotillin-2 are both constitutively associated with 

sphingolipid and cholesterol enriched membrane microdomains, known as lipid rafts (1, 3-

5). Especially flotillin-1 is often considered as a bona fide marker protein for lipid rafts. The 

lipid raft concept was first postulated in 1997 by Kai Simons and Elina Ikonen (6), and has 

since then been refined and reshaped throughout the years. Nowadays, lipid rafts can be 

described as fluctuating nanoscale membrane assemblies composed of proteins, 

sphingolipids and cholesterol, which can coalesce to form platforms that are important for 

cell signaling, viral infection and membrane trafficking (7). It has been proposed that 

proteins with a high affinity for an ordered lipid environment, often achieved by post-

translational modifications, will preferentially associate with lipid rafts (8). We have shown 

that flotillin proteins are linked to the plasma membrane by means of fatty acid 

modifications, especially myristoylation and palmitoylation (4), and both modifications 

facilitate the interaction with membrane cholesterol (our unpublished results). Earlier 

studies proposed that flotillins are localized in caveolae-type of lipid rafts, but later findings 
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demonstrated that flotillins rather reside outside of caveolae and are thought to define their 

own subtype of lipid rafts (9). 

The first description of flotillin-2 actually took place in 1994, when the group of Madeleine 

Duvic cloned an N-terminally truncated version of flotillin-2 from human epidermal 

keratinocytes and named it epidermal surface antigen (ESA) (10). However, in later studies 

by the same group, it turned out that the true ESA (ECS-1 antigen) is actually distinct from 

flotillin-2 (11). The flotillin-2 cDNA originally cloned by Schroeder et al. represents a 

truncated protein with a lower molecular mass that has not been detected in vivo and most 

likely came about due to a missing 5’ end of the cloned cDNA and false assignment of the 

ATG start codon. A monoclonal antibody ECS-1 raised against human keratinocytes was 

used for the identification of ESA. Curiously, a very similar approach with a monoclonal 

antibody against cell surface proteins was used by the Stuermer group to identify reggie-

1/flotillin-2 and reggie-2/flotillin-1 as regeneration proteins of goldfish retinal ganglion cells 

(2). In this case, the true antigen of the M802 antibody was later shown to be identical with 

Thy-1, a glycophosphatidyl-inositol (GPI)-linked neuronal protein (12). Since flotillins have 

been shown not to traverse the membrane, it is unlikely that they were directly recognized 

by the antibodies used for the screenings. A more likely explanation is that flotillins were 

associated with the true antigens as molecular complexes and thus accidentally discovered. 

This is also supported by the data showing that flotillins are generally strongly associated 

with GPI-linked proteins (13-15). However, the details of their interaction have 

mechanistically not been clarified, since neither flotillins nor GPI-anchored proteins 

completely traverse the membrane. Thus, their interaction may be mediated by a yet to be 

identified transmembrane protein. Accordingly, we were able to show that both flotillins are 

coprecipitated after immunoprecipitation of surface biotinylated membrane proteins in 

confluent human epithelial MCF10A cells (our unpublished results).   

Both flotillin-1 and flotillin-2 show a constitutive expression in almost all mammalian cell 

types and are highly conserved from fly to man (reviewed in 16). Furthermore, flotillin-like 

proteins are also present in bacteria (17), plants (18), fungi and metazoans but are absent in 

yeast and Caenorhabditis elegans (19). In humans, a 15 kb single-copy flotillin-1 gene with 13 

exons is located on chromosome 6 (6p21.3), giving rise to a 1.9 kb mRNA transcript. The 

ORF encodes a 427 residue protein with a molecular mass of 47 kDa (20). A single copy of 

flotillin-2 gene is located on chromosome 17 (17q11-12) which encodes for a 48 kDa protein 

(10). Human flotillin-1 shares 98% identity with the murine protein and 47% identity with 

human flotillin-2. Flotillins are classified as part of the SPFH (Stomatin/ Prohibitin/ 

Flotillin/HflK/C) superfamily of proteins, also called prohibitin homology (PHB) proteins 

(21, 22). Different from other members of the SPFH superfamily, flotillins exhibit a 

conserved domain termed the flotillin domain C-terminally to the SPFH domain (Fig. 1B). 

This domain is characterized by several repeats of glutamic acid and alanine (EA repeats) 

and is predicted to form coiled coil structures (23, 24). A few years ago, the crystal structure 

of the core SPFH domain of mouse flotillin-2 was solved, and it shows partial similarity to 

the respective segment of Pyrococcus horikoshii stomatin (25). This structural region includes 

amino acids 43 to 173 of the SPFH domain of flotillin-2 and depicts that flotillin-2 SPFH 
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domain has a compact, ellipsoid-globular structure, comprising four alpha helices and six 

beta strands. Although the structure of the flotillin domain has not yet been solved, it is 

predicted to show a high propensity for alpha helices. This could explain why flotillin 

domains are engaged in coiled coil structures that are important for the oligomerization of 

flotillins.  

 

Figure 1. Flotillin-1 and flotillin-2 form oligomers in lipid rafts. A: Flotillin-1 and flotillin-2 are 

associated with specialized membrane microdomains, known as lipid rafts. Lipid rafts are defined as 

fluctuating nanoscale assemblies in membranes, composed of certain proteins and enriched in 

sphingolipids and cholesterol. They can coalesce to form platforms that are important for cell signaling, 

viral infection and membrane trafficking. Flotillin-1 and flotillin-2 are linked to the membrane by 

acylation, namely palmitoylation (both flotillins) and myristoylation (only flotillin-2). An important 

feature of flotillin function is the formation of homo- and hetero-oligomers. B: Flotillins contain in their 

N-terminal region a domain homologous with the prohibitin family of proteins, whereas their C-

terminus is characterized by the unique flotillin domain with AEAE repeats. 

2. Modifications, oligomerization and trafficking of flotillins  

Flotillin-1 and flotillin-2 are ubiquitously expressed proteins and exhibit a relatively 

complementary tissue distribution. Northern blot analysis showed a high tissue-specific 

expression of flotillin-1 in murine brain, fat and heart tissue (1). High protein levels of 
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flotillin-1 and flotillin-2 were found, e.g. in murine lung, thymus, bladder, cerebrum and 

hypothalamus tissue lysates (24, our unpublished results). Additionally, it has been shown 

that the expression of flotillin-2 increases during differentiation and myogenesis of C2C12 

cells, whereas flotillin-1 increases during 3T3-L1 cell adipogenesis (1) and osteoclastogenesis 

(26). In contrast, during differentiation of rat pheochromocytoma PC12 cells, no change in 

the expression of flotillin-1 or flotillin-2 was observed (24). 

The subcellular localization of flotillin-1 and flotillin-2 is as diverse as their tissue expression 

pattern and seems to be cell type specific. In glandular cervical cancer HeLa cells, PC12 cells, 

human hepatocellular carcinoma HepG2 cells, Chinese hamster ovary (CHO) cells and 

human breast cancer MCF-7 cells, flotillins mainly reside at the inner leaflet of the plasma 

membrane and to a minor extent in vesicular structures. A major localization in vesicular 

structures is found in astrocytes, the human HaCaT keratinocyte cell line and mouse 

embryonic fibroblast (MEF) cells. Colabeling experiments and immunogold electron 

microscopy studies identified the vesicular structures as endosomes and lysosomes in 

astrocytes, Jurkat, PC12 and HeLa cells (13, 14, 27-30). In line with the previous results, 

endogenous labeling of flotillin-2 in MCF10A cells shows a more prominent localization at 

the plasma membrane, whereas flotillin-1 is found in vesicular structures in non-confluent 

cells. However, with increasing confluency and advanced differentiation, flotillin-1 

translocates to the plasma membrane (our unpublished results), a feature already observed 

in differentiating mouse 3T3-L1 cells (31). Rajendran et al. (32, 33) showed that flotillin-1 and 

flotillin-2 reside in preassembled structures under resting conditions in immature and 

mature hematopoietic cells, but they can move into uropods during cell migration and in 

immunological synapses during T-cell activation. These two studies highlight the fact that 

the subcellular localization of flotillin proteins is highly versatile and depends on the cell 

type and the differentiation status. 

Total internal reflection fluorescence (TIRF) microscopy revealed that flotillin-1 and flotillin-

2 exhibit a vesicular cycling at the plasma membrane (28), which seems to be independent of 

clathrin and caveolin (9, 13, 34, 35). Microtubule disruption in HeLa cells results in the 

accumulation of flotillin-1/flotillin-2 positive vesicles in the cytosol (28), while the same 

treatment in murine neuroblastoma N2a cells did not affect flotillin-2 localization (36). 

Manipulation of the actin cytoskeleton might also have a cell type dependent influence on 

the mobility of flotillins. In FRAP (fluorescence recovery after photobleaching) experiments, 

an increased lateral mobility of flotillin-2 after disruption of the actin cytoskeleton with 

cytochalasin D in N2a cells was observed, while treatment with the actin stabilizing 

compound jasplakinolide reduced the lateral mobility. On the contrary, the use of 

cytochalasin D in HeLa cells had no significant effect on flotillin-2 mobility (36). Recently, 

Affentrager et al. (37) showed that a dynamic actin turnover is required for capping of 

flotillin-1 and flotillin-2 in primary human peripheral blood T-lymphocytes, which 

underscores the importance of the actin cytoskeleton for flotillin localization and trafficking. 

The lateral motility is also dependent on the localization itself, since at least in Jurkat T cells, 

flotillin-2 is selectively immobilized in the region of the preformed cap and only shows a 

high lateral mobility at the plasma membrane outside the cap (29). In other studies, flotillin-
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1 was found in exosomes of rat and human reticulocytes, human erythroleukemia K562 

cells, lymphoid-B Daudi cells, human breast carcinoma MCF-7 cells and in exosomes of the 

cerebrospinal fluid (38-40). Flotillin-2 was detected in exosomes derived from MCF-7 cells 

and oligodendroglial Oli-neu cells (40, 41). Flotillin-1 was additionally found in mature 

phagosomes of murine J774 macrophages (42) and in the nucleus of human prostate cancer 

PC-3 cells (43). 

Localization and trafficking of flotillins in the Golgi apparatus is still controversial. 

Nevertheless, evidence suggests that the involvement of Golgi in flotillin trafficking is also a 

cell type-specific process. In non-differentiated PC12, normal rat kidney (NRK), CHO and 

HeLa cells, flotillin-1 localizes to the Golgi complex (44-46). Also in rat brain tissue sections, 

flotillin-1 was found in the Golgi (47). In contrast, Morrow et al. (3) reported that flotillin-1 

reaches the plasma membrane via a brefeldin A-resistant pathway in baby hamster kidney 

(BHK) cells. However, they did not rule out the possibility of Golgi involvement in flotillin-1 

trafficking, as a GFP-tagged construct of the flotillin-1 SPFH domain colocalized with the 

cis-medial Golgi marker GM130 during early times of expression. Less is known about 

flotillin-2 and Golgi complex association. Only the study of Langhorst et al. (28) showed by 

immunogold EM microscopy that flotillin-2 was localized in vesicles in the Golgi field in 

Jurkat cells, but not in Golgi stacks. 

Chemokines, growth factors and certain proteins can affect the localization and the 

trafficking of flotillin proteins. In Satb2-negative neuronal cells, flotillin-1 becomes more 

clustered in response to semaphorin 3a treatment, which acts as a potent guidance cue 

presented to cortical axons in vivo (48). In primary human peripheral blood T-lymphocytes, 

flotillin-1 and flotillin-2 are randomly distributed along the inner leaflet of the plasma 

membrane, and upon stimulation with stromal cell derived factor 1 (SDF-1), flotillins form 

stable caps in the uropod (32, 37). The best studied growth factor that has an effect on 

flotillin trafficking is the epidermal growth factor (EGF), as originally shown by us (30). 

Recently, we showed that flotillin-1 is indeed involved in the activation and downstream 

signaling of the EGF receptor (EGFR) (27). Upon stimulation with EGF, flotillin-2 becomes 

tyrosine phosphorylated at several tyrosine residues by Src kinases (30). This 

phosphorylation event is dependent on the activation of the EGFR, since the EGFR 

autophosphorylation inhibitor AG1478 prevents flotillin-2 phosphorylation. In regard to its 

localization, EGF stimulation results in a Tyr163-dependent translocation of flotillin-2 into 

the late endosomal compartment (30). Experiments in the group of B. Nichols confirmed our 

findings stating that Y163 is important for flotillin-2 internalization. In addition, it was 

shown that the corresponding tyrosine in flotillin-1, Y160, is crucial for flotillin-1 

internalization (49). Other growth factors, such as hepatocyte growth factor (HGF) or insulin 

also affect the localization of flotillin proteins (Figure 2, and our unpublished results). Figure 

2 shows that ten minutes after HGF stimulation, flotillin-1 is translocated from the plasma 

membrane to late endosomes/lysosomes where it colocalizes with LAMP3. 

Posttranslational modifications of eukaryotic proteins are often important cues for 

localization, trafficking and membrane association of proteins (50). Two important 

modifications are N-myristoylation and S-palmitoylation. N-myristoylation is an irreversible 
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Figure 2. Flotillin-1 translocates to late endosomes upon 10 min of hepatocyte growth factor (HGF) 

stimulation. Staining of endogenous flotillin-1 (green) and endogenous lysosome-associated membrane 

glycoprotein 3 (LAMP-3; red) in HeLa cells stimulated for 10 minutes with HGF. Scale bar: 15 µm 

acylation reaction at an N-terminal glycine residue, which is catalyzed by the enzyme N-

myristoyl transferase (51). S-palmitoylation is a reversible reaction, in which the acyl group 

is transferred to cysteine residues by palmitoyl acyltransferases, referred to as the DHHC 

family (52, 53). In some proteins, e.g. Src-related protein tyrosine kinases, which are both 

myristoylated and palmitoylated, the myristoylation reaction is a prerequisite for the 

palmitoylation to occur (54). Our experiments with overexpressed flotillin-2 constructs in 

HeLa cells showed that flotillin-2 is myristoylated at Gly2 and palmitoylated at Cys4, Cys19 

and Cys20, and Cys4 seems to be the major palmitoylation site (4). The myristoylation at 

Gly2 is essential for membrane targeting of flotillin-2, as the mutant flotillin-2 Gly2Ala 

remains fully soluble upon overexpression. Furthermore, the mutation of the cysteine 

residues to alanine and the concomitant loss of palmitoylation sites resulted in more soluble 

flotillin-2 mutants (4). In the study by Li et al. (53), the palmitoyl acyltransferase DHHC5 

was identified as the enzyme to palmitoylate flotillin-2. In neuronal stem cells of DHHC5 

gene-trapped mice, flotillin-2 palmitoylation was abolished. For flotillin-1, which is not 

myristoylated, it was shown that plasma membrane localization is dependent on 

palmitoylation of a conserved cysteine residue (Cys34) within its SPFH domain (3). This 

finding is supported by the study of Affentrager et al. (37), in which overexpressed flotillin-1 

Cys34Ala exhibited a diffuse cytosolic localization in human T-lymphoblasts. In contrast, 

palmitoylation of this cysteine seems not to play a crucial role for plasma membrane 

targeting in adipocytes. Instead, deletion of the second hydrophobic stretch (residues 134 – 

151) results in a similar cytoplasmic localization (31). This finding suggests that the effect of 

Cys34 palmitoylation in flotillin-1 function might be cell type specific. 

Oligomeric proteins are prevalent in nature and comprise approximately one third of all 

known proteins. From the perspective of protein evolution, oligomerization may be of 

advantage for a functional control such as allosteric regulation (55). In the case of flotillin 

proteins, oligomerization is an essential feature for membrane raft association, endocytosis 

and EGF signaling (30, 56). Flotillin-1 and flotillin-2 form both homo- and hetero-oligomers 

(4, 5, 23, 34), and Solis et al. (23) suggested that flotillin oligomers exist in a monomer-
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tetramer equilibrium. The homo-oligomerization of flotillin-2 is mediated by the C-terminal 

half of the protein (amino acid residues 208-428), which seems to enhance the association of 

flotillin-2 with the plasma membrane and its membrane raft localization (4, 29). The C-

terminal half of flotillin-1 and flotillin-2 contains the so called flotillin-domain, which 

contains several EAEA repeats and is predicted to form three adjacent coiled-coil structures. 

The formation of flotillin oligomers was shown to be dependent on the second and partially 

on the first coiled-coil structure (23). Using the flotillin-2 Y163A mutant, we showed that not 

the phosphorylation as such but hetero-oligomerization with flotillin-1 is indispensable for 

flotillin-2 endocytosis. In addition, our experimental data implicate that after EGF 

stimulation, preexisting flotillin oligomers form larger oligomeric complexes in which the 

stoichiometry of 1:1, also shown by Frick et al. (34), is preserved (56). In summary, these data 

show that not only the coiled coil structures within the C-terminal half of flotillins are 

important for the oligomerization, but also the tyrosine residue 163 in flotillin-2 plays a role 

in the hetero-oligomerization with flotillin-1.  

Results of the Stuermer group have shown that ectopic expression of the presumed 

oligomerization domain of flotillin-2 comprising the amino acids 184 to 390 in Jurkat T cells 

interferes with function of flotillins in these cells and prevents the formation of 

macrodomains upon crosslinking of GM1 by cholera toxin (29). Hence, this fragment, 

termed R1EA, most likely prevents the proper oligomerisation of flotillins, thus functioning 

in a trans-negative manner. Upon overexpression of R1EA, insulin-like growth factor 

induced neurite outgrowth was abrogated in N2a neuroblastoma cells, and axon 

differentiation was impaired in hippocampal neurons (57). In addition, in R1EA expressing 

cells, recruitment of CAP/ponsin, which interacts with flotillin-1, to focal contacts was 

affected, resulting in imbalanced activation of Rho family GTPases Rac1 and Cdc42. 

Interestingly, focal adhesion kinase (FAK) activity was increased by R1EA expression. 

However, other signaling pathways such as ERK1/2, PKC, and PKB signals were unaltered 

(57). In line with this, previous studies have shown that upon growth factor stimulation of 

PC12 cells, protein kinase Pyk2, ubiquitin ligase Cbl and the CAP homolog ArgBP-2 are 

recruited to lipid rafts (58). Moreover, cholesterol depletion resulted in a diminished neurite 

outgrowth, suggesting involvement of membrane rafts (58). It has been proposed that 

ArgBP-2 associates with Cbl and Pyk2 via its SH3 domain and recruits them to lipid rafts by 

interacting with flotillin-1 through its SoHo domain (58). These findings point towards a 

vital role of flotillins in cytoskeletal remodeling and neurite growth at least in cultured cells. 

However, neither the flotillin-1 knockout mouse model (59) nor flotillin-2 deficient mice 

(our unpublished data) show a major neuronal phenotype. It thus remains to be clarified if 

flotillins are only required under conditions of neuronal regeneration or if they are generally 

important for the physiology of neurons in mammals.   

3. In search of the molecular function of flotillins 

As can be expected from such highly conserved and ubiquitous proteins, flotillins have been 

shown to play a role in a large number of vital cellular processes. Their original discovery as 

“reggies” suggested a function in neuronal regeneration in the goldfish (2, 45), which has 
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been later verified by further studies from the same group (57, 60, 61). However, the 

regenerative capacity of the optic nerve is poorly conserved in mammals, making a 

generalization of the regenerative function of flotillins in the nervous system of mammals 

difficult. Recent studies have confirmed the relevance of flotillins for axon regeneration in 

zebrafish as well as in mammalian cell cultures. Apparently, downregulation of flotillins by 

flotillin specific morpholinos in the zebrafish resulted in a massive reduction in the number 

of regenerating axons (60). Since the role of flotillins in neuronal regeneration has recently 

been directly reviewed, we here omit a long discussion of the topic. Instead, the reader is 

referred to the recent review of C. Stuermer (62).  

Flotillins also appear to be involved in membrane trafficking processes such as endocytosis 

and phagocytosis (13, 34, 42), and they have been suggested to be involved in the regulation 

the actin cytoskeleton (4, 11, 57). One emerging important function of flotillins, especially of 

flotillin-1, is the regulation of membrane receptor signaling, e.g. through mitogen activated 

protein kinases (MAPK) (27, 30, 43, 56, 63-67). Below, we have summarized the data on the 

function of flotillins in some of these processes.  

Flotillins in endocytosis 

During their discovery, flotillins were described to be associated with membrane rafts (1, 

24). First findings suggested that flotillins would be integral membrane proteins of the cave-

like invaginations called caveolae (1, 24), but these findings have later been disputed by 

several other studies (3, 9, 13, 34). However, the raft association of flotillins appears to be 

important for their function, and flotillin-1 has even been suggested to define a novel non-

clathrin, non-caveolin endocytosis pathway that would operate via membrane rafts (13, 34). 

In eukaryotic cells, uptake of membrane bound molecules such as receptors can take place 

by means of several different pathways. The best characterized and the most common 

pathway for endocytosis is mediated by clathrin coated vesicles which are formed at the 

plasma membrane by the assembly of a coated pit which then forms a clathrin coated 

vesicle. However, recent research from several groups has revealed that endocytosis can be 

divided into numerous pathways, many of which do not require clathrin, and are thus 

designated as clathrin-independent. For a general introduction on endocytosis, the reader is 

referred to these excellent reviews (68-70). Some factors that regulate the clathrin 

independent pathways have been identified in the recent years, and it is clear that small 

GTPases such as Cdc42, Rho A or Arf (ADP ribosylation factor) family are involved, each 

determining their own endocytic pathway. The role of flotillins in endocytosis has recently 

been reviewed in detail (71), and we thus here only present a brief overview and a summary 

of the very recent studies not included in the review of Otto and Nichols.   

Early after their discovery, flotillins were shown to associate and colocalize with GPI-

anchored proteins. A role in the internalization of GPI-anchored proteins such as CD59 and 

of the glycosphingolipid GM1 has been demonstrated (13, 34, 72). Flotillins have also been 

suggested to be involved in the endocytosis of the GPI-linked Nodal coreceptor cripto (73). 

Although flotillins are affirmed regulators of cholera toxin subunit B endocytosis (13, 72), 

which is mediated by the binding of the toxin to GM1, no evidence for a direct role of 
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flotillins in the endocytosis of the Shiga toxin or the plant toxin ricin was found (46). 

However, flotillins were shown to control other trafficking steps of these toxins, most likely 

a retrograde transport step towards Golgi/ER. Intriguingly, depletion of flotillins resulted in 

a higher degree of mannosylation of ricin, and the toxicity of both ricin and Shiga toxin was 

increased (46). Thus, flotillins are important factors in controlling not only the endocytosis 

but also other steps of the cellular trafficking of various molecules. 

In addition to GPI-anchored proteins, flotillins have recently been shown to participate in 

the protein kinase C (PKC) induced endocytosis of neurotransmitter receptors such as the 

dopamine transporter DAT (also designed as solute carrier family 6, member 3 or SLC6A3) 

and glial glutamate transporter, GLT1 (74). PKC was shown to phosphorylate flotillin-1 at a 

Ser residue, and this phosphorylation was required for the endocytosis of DAT (74). Recent 

publications have revealed a role for flotillins in the endocytosis of the Alzheimer amyloid 

precursor protein (APP), the amyloidogenic processing of which requires its endocytosis 

(75). In addition, Niemann-Pick C1-like 1 (NPC1L1), an important mediator of the uptake of 

dietary cholesterol, relies on flotillins for its endocytosis, and depletion of flotillins 

drastically reduces cholesterol uptake in cultured cells (76). Curiously, APP, NPC1L1 and 

DAT are all endocytosed by means of clathrin mediated endocytosis, whereas flotillins as 

raft associated proteins have been rather suggested to define a non-clathrin endocytosis 

pathway, and there is very little colocalization between clathrin and flotillins (13). Thus, it is 

possible that rather than directly mediating raft dependent endocytosis through flotillin 

microdomains, flotillins might exert their function by first facilitating the uptake of some 

cargo molecules into rafts and their efficient clustering, but the act of endocytosis may only 

take place after transfer of the cargo into clathrin coated pits. Hence, it will be important in 

the future to study the exact relationship of flotillins and clathrin dependent endocytosis.  

We have recently shown that flotillins are involved in EGFR/MAP kinase signaling, and 

siRNA mediated downregulation of flotillin-1 results in severe impairment of both EGFR 

phosphorylation and MAPK signaling (27). Since flotillins also become phosphorylated 

upon EGFR signaling (30), it would not be surprising if they were involved in EGFR 

endocytosis, which has been shown to take place by means of both clathrin dependent and 

raft mediated endocytosis (77, 78). However, according to our recent findings, flotillin-1 

depletion does not significantly affect the EGF-induced endocytosis of EGFR (27). 

Furthermore, EGFR is efficiently endocytosed even in cells depleted of both clathrin and 

flotillin-1 (our unpublished data). Interestingly, recent findings from the Stuermer group 

have implicated that depletion of flotillin-2/reggie-1 may affect the endocytosis of EGFR 

(79). This finding is somewhat counter intuitive as flotillin-2 depletion induces a significant 

depletion of flotillin-1 as well, and flotillin-2 knockdown cells express only minor amounts 

of both flotillins. Flotillin-1 knockdown cells in turn still exhibit substantial flotillin-2 

expression. Thus, these results imply that the flotillin-2 homo-oligomers that are still present 

in flotillin-1 knockdown cells may be capable of supporting normal EGFR endocytosis, 

whereas in the absence of flotillins, EGFR uptake from the plasma membrane is impaired. 

However, one also has to keep in mind some important methodological differences between 

our study (27) and that of Solis et al. (79). Our EGF uptake assays were performed with 
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surface-bound iodinated EGF using short endocytosis times (up to 6 min), which allows the 

calculation of endocytosis rate constants for the receptor, providing a reliable and truly 

quantitative measurement of the early endocytosis and uptake of the receptor from the 

plasma membrane (80). We observed no difference between flotillin-1 knockdown and 

control cells even after very short endocytosis times (2, 4 or 6 min). However, Solis et al. 

used methods such as continuous uptake of fluorescent EGF for 5-10 min, or endocytosis of 

biotinylated EGFR for 120 min. In the latter assay, they observed an increased amount of 

EGFR remaining at the cell surface of flotillin-2 knockdown cells. However, also the total 

EGFR was increased in flotillin-2 depleted cells after 120 min EGF stimulation. Since 

substantial degradation of EGFR (and EGF) will evidently take place over such a long time, 

these results might indicate that the degradation and not endocytosis of EGFR is impaired, 

resulting in generally higher amount of remaining EGFR in flotillin-2 knockdown cells. 

Furthermore, when longer time points are used (10 - 120 min), some of the receptor will also 

be recycled back to the plasma membrane, thus biasing these results. In fact, considerable 

recycling of EGFR has been shown to take place in A431 cells (81). Hence, an increased 

amount of EGFR on the surface of flotillin-2 knockdown cells could also be a result of 

increased recycling combined with a reduced degradation. In addition to this, the A431 cells 

used by Solis et al. massively overexpress EGFR and are thus widely considered as a poor 

model system for EGFR trafficking, since the high amounts of EGFR may result in saturation 

of the endocytosis pathways normally used by the receptor and redirection of the receptor 

to pathways that otherwise play a negligible role. Therefore, the role of each flotillin in 

EGFR endocytosis should be reevaluated and directly compared in the same cell system 

with methods that are suitable for unbiased measurement of endocytosis, such as iodinated 

EGF uptake.  

One important open question on the role of flotillins in endocytosis is if the flotillin-

mediated endocytosis of various cargo molecules is dependent on the GTPase dynamin or 

not, since the studies have resulted in contradictory results, depending on the cell system 

used and cargo molecules studied. Since flotillins are endocytosed from the plasma 

membrane as a result of EGF stimulation (30) but appear not to directly affect EGFR 

endocytosis (27), they may in some cases also themselves represent cargo molecules whose 

cellular localization needs to be regulated during signaling. It is possible that depending on 

the endocytic process, cargo and stimulus, mechanistically different pathways are used. For 

a further discussion of this idea, please refer to the recent review of Otto and Nichols (71). 

Another important question is how the modifications (such as phosphorylation) and 

oligomerization of flotillins affect the trafficking of their putative cargo molecules. This topic 

is discussed more in detail below in the chapter “Functional significance of phosphorylation and 

oligomerization of flotillins”. 

Functions of flotillins in cell migration and adhesion 

Already the discovery of flotillins by using antibodies directed against cell surface proteins 

led to the assumption of a functional role of flotillin proteins in cell adhesion (2, 82). Up to 

date, much has been speculated about this attribute, but only a few studies actually showed 
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an involvement of flotillins in the establishment and maintenance of cell-cell and cell-matrix 

adhesion structures. One of the first functional hints was obtained in the study by Hoehne et 

al. (83), in which they investigated the functional role of flotillins in the model organism 

Drosophila melanogaster. The null mutant of flotillin-2 in Drosophila is viable and showed no 

visible phenotype, whereas Mz1369-Gal4 regulated overexpression of flotillin-2 alone or 

together with flotillin-1 resulted in a severe disturbance of the ommatidial pattern in regard 

to the number of primary pigment cells and cone cells. Furthermore, staining with 

antibodies against the cell adhesion molecules Roughest, Kin-of-irre and Sticks-and-Stones 

of the IgCAM protein family showed a strong labeling of an abnormal accumulation of 

multivesicular bodies in interommatidial cells. These observations led to the conclusion that 

flotillins interfere with the distribution of cell adhesion and signaling molecules in imaginal 

discs of Drosophila. In 2009, Málaga-Trillo et al. (15) published that the loss of the prion 

protein (PrP) in zebrafish embryos is characterized by the loss of embryonic cell adhesion. 

They presented confocal images of drosophila S2 cells, in which overexpressed mouse PrP-

EGFP colocalized with overexpressed rat flotillin-2-dsRed at cell-cell contact sites. Similar 

results were obtained with overexpressed zebrafish PrP-2-EGFP with rat flotillin-1-dsRed 

and flotillin-2-dsRed as well as zebrafish flotillin-1a-dsRed. (15) 

One major type of cell-cell contact in multicellular organisms is the adherens junction. The 

core of adherens junctions is composed of proteins of the cadherin and catenin family (84). 

Insights into a functional association of flotillins with this cell-cell contact type were 

obtained in the study of Bodrikov et al. (85), who showed that a transient knockdown of 

flotillin-2 in primary hippocampal neurons perturbed axon growth and differentiation. This 

phenotype was rescued in 62% of the neurons by overexpression of the constitutive active 

mutant of the GTPase TC10 which participates in the exocyst dependent polarized delivery 

of cargo to the growth cone (86). Interestingly, the amount of coprecipitated of N-Cadherin, 

which is a core protein of adherens junctions in adult neuronal cells, increased in flotillin-2 

immunoprecipitates from mouse hippocampal HPL3-4 cells after application of PrP-Fc. 

Overexpression of a dominant negative TC10 blocked this effect, which indicates that the 

PrP together with flotillin-2 is important for the recruitment of N-Cadherin, which in turn 

takes place in a TC10-dependent manner (85). Very recently, the Stuermer group could 

show that flotillins together with the PrP play a role in E-Cadherin recruitment to adherens 

junctions (79). They showed that both proteins colocalized with E-cadherin at the plasma 

membrane in human epidermoid carcinoma A431 cells. Knockdown of flotillin-2 or PrP 

resulted in an abnormal shape of adherens junctions, causing overlapping of neighboring 

cells (79). In addition, electron microscopy revealed that the length of adherens junctions 

was shorter in flotillin-2 and PrP knockdown cells (79). 

The complexing of the junctional proteins p120-catenin (p120ctn) and N-Cadherin at cell-cell 

contact sites was shown to occur in cholesterol rich membrane domains in mouse C2C12 

cells (87). A similar observation was made in differentiated human colon adenocarcinoma 

HT-29 cells, in which the interaction of E-Cadherin with p120ctn preferentially takes place in 

lipid rafts. A stable knockdown of flotillin-1 resulted in a diffuse localization of p120ctn and 

an impaired recruitment of p120ctn and E-Cadherin in lipid rafts. In addition, flotillin-1 
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depletion decreased the enzymatic activity of ALP and DPPIV during the enterocytic 

differentiation process (88). This study revealed a novel function of flotillin-1 in a lipid raft 

mediated maturation of adherens junctions and in intestinal cell differentiation. 

Other studies implicated that flotillins seem to be of functional relevance for cell-matrix 

adhesion processes. We showed that the transient knockdown of flotillin-2 in HeLa cells 

impaired cell spreading on fibronectin, as compared to cells transfected with control siRNA 

(30). Overexpression of flotillin-2-EGFP enhanced cell spreading and induced filopodia-like 

protrusions in an expression-level dependent manner in several epithelial cells lines, e.g. 

HaCaT cells (4, 30). The observed enrichment of flotillin-2 fusion proteins at cell-cell contact 

sites and the induction of filopodia suggest an active link to the cytoskeleton. Indeed, use of 

in vivo colocalization assays, in vitro binding assays and actin polymerization assays 

suggested that flotillin-2 interacts with F-actin via its SPFH domain, and that this binding 

mediates the anchoring of the actin cytoskeleton to the plasma membrane (36). 

Role of flotillins in EGF receptor and mitogen activated protein kinase signaling  

In the last 12 years, various studies have shown that flotillin-1 and flotillin-2 are physically 

and functionally linked to signal transduction pathways of several membrane receptors, 

especially receptor tyrosine kinases such as the insulin receptor (IR), the nerve growth factor 

(NGF) receptor, tropomyosin-related kinase A (TrkA), the polymeric Immunoglobulin E 

(IgE) receptor, fibroblast growth factor receptor (FGFR) and the epidermal growth factor 

receptor (EGFR) (27, 30, 63, 65, 89, 90). However, the mechanisms how flotillins may 

regulate the signaling process have not been dissected in detail. Only recently, we have shed 

light on the molecular mechanisms of flotillin-1 function in EGFR/MAPK signaling (27, 89). 

We showed that flotillin-1 actually plays a dual role by first regulating the clustering of 

EGFR in the plasma membrane after EGF stimulation and, later on during signaling, by 

functioning as a MAPK scaffolder protein (27). We also demonstrated that flotillin-1, but not 

flotillin-2, interacts with Fibroblast Growth Factor Receptor Substrates 2 and 3 (FRS2 and 

FRS3) (89) which have previously been shown to be involved in MAPK signaling (91-93). 

(See Figure 3). 

Depletion of flotillin-1 in HeLa cells results in a decreased tyrosine phosphorylation of the 

EGFR especially at Tyr1173 already after a short EGF stimulation, and the reduced 

phosphorylation persists up to a time point where no phosphorylation of EGFR can be 

detected (27). By means of TIRF microscopy, we showed that the formation of EGFR clusters 

at the cell surface upon EGF stimulation is impaired after flotillin-1 knockdown. This fits 

well with the findings of Schneider et al. (75) who showed that flotillins might be important 

for the clustering of APP on the cell surface before its endocytosis. In addition to EGFR 

clustering, flotillin-1 depletion also prevents the association of EGFR and some of its 

downstream signaling partners with membrane rafts (27). Although the fraction of total 

cellular EGFR that is found in rafts is very low, this might be the population of the receptors 

that is capable of fast signaling upon stimulation. Earlier findings from Hofman et al. have 

suggested that the raft associated EGFR actually resides in two separate populations of rafts 

which then coalesce after stimulation, bringing the required signaling molecules in close  
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Figure 3. Flotillin-1 is a MAPK scaffolder - the role of flotillins in EGFR/MAPK signaling. Binding of the 

ligand EGF results in dimerization and activation of the EGFR. Thereby, several Tyr residues in its 

kinase domain become either autophosphorylated or phosphorylated by other kinases. These 

phosphorylation events lead to the recruitment of further signaling components, especially those of the 

MAPK signaling pathway. Grb2 binds to the phosphorylated EGFR kinase domain and transmits the 

downstream signal via Ras, c-Raf and MEK to the MAPK ERK1/2. The EGF-induced signaling through 

MAPK is initiated at the plasma membrane but later on translocates to specialized endosomes, i.e. 

signaling endosomes. Flotillins are able to associate with the EGFR itself and regulate the clustering of 

the receptor at the plasma membrane. Flotillin-1 directly interacts with the components of the MAPK 

signaling pathway, e.g. c-Raf, MEK, KSR1 and ERK and can thus be classified as a novel MAPK 

scaffolder. 

contact (94). This model is well in line with our earlier findings showing that upon EGF 

stimulation, the molecular mass of flotillin oligomers increases, most likely due to their 

coalescence into larger complexes (56).   

We also observed a reduced downstream signaling towards the canonical MAPK pathway 

and Protein Kinase B/Akt after stimulation with EGF or basic fibroblast growth factor 

(bFGF) upon flotillin-1 knockdown (27), implicating that flotillin-1 is not only involved in 

EGFR but also in FGFR signaling. Similar results with EGF have later on been obtained by 
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Solis et al. (79) in A431 cells, which overexpress EGFR to a very high degree, after flotillin-2 

depletion. This is somewhat in contrast to our unpublished results in HeLa cells, which 

express physiological amounts of EGFR. In these cells, depletion of flotillin-2, resulting in 

nonexpression of flotillin-1, actually causes an increased MAPK phosphorylation upon EGF 

stimulation (A. Banning & R.T., unpublished findings). This again stresses the importance of 

using analogous cell systems for studies in signaling, as the degree of downstream signaling 

is highly dependent on the amount of EGFR expressed.  

Flotillin-1 depletion also resulted in reduced activation of the MAPK pathway, especially of 

ERK kinases, which are required for transmitting the MAPK signal into the nucleus (27). 

Although flotillin-1 depletion clearly impairs an early step, EGFR clustering, during the 

signaling, which alone would be sufficient to inhibit MAPK signaling, this appears not to be 

the only reason for the reduced ERK activity. Incubation of the cells with phorbol myristate 

acetate (PMA) results in the activation of PKC, which in turn can active the cRAF kinase in 

the absence of an upstream EGFR signal (95, 96). Our attempt to overcome the downstream 

ERK inhibition by PKC-mediated activation of cRAF resulted in normal activation of cRAF 

and MEK kinases, whereas the ERK phosphorylation could not be rescued in flotillin-1 

knockdown cells (27). This demonstrates that flotillin-1 must play a role not only at the 

plasma membrane but also at the level of ERK activation. Accordingly, we showed that 

flotillin-1 directly interacts with several MAPK pathway proteins, namely cRAF, MEK1 and 

ERK2. This interaction was not dependent on the MAPK scaffolder Kinase Suppressor of 

Ras (KSR), since flotillin-1 was found to coprecipitate with the MAPK component also in 

KSR1 depleted cells (27). Thus, these results suggest that flotillin-1 is indeed a bona fide 

MAPK scaffolder that is capable of directly interacting with several MAPK pathway 

proteins. Interestingly, the flotillin-1 interactor FRS2 has also been suggested to function as a 

scaffolding protein for the MAPK proteins (92, 97). Furthermore, our yeast two-hybrid 

studies have revealed another MAPK scaffolding protein, Mitogen-activated Protein Kinase 

Organizer 1 (MORG1) as an interaction partner of flotillins (our unpublished data). In future 

studies, it will be interesting to dissect the details of the regulation of MAPK signaling by 

flotillin-1, e.g. how these complexes are regulated during signaling in terms of their 

molecular composition and cellular localization.  

The role of flotillins in EGFR signaling is supported by our recent findings in stable flotillin-

1 and flotillin-2 knockdown human breast cancer MCF-7 cells (Figure 4). Comparable to 

HeLa cells, in MCF7 cells the stability of flotillin-1 is strongly dependent on flotillin-2, since 

the knockdown of flotillin-2 resulted also in a loss of flotillin-1. However, knockdown of 

flotillin-1 had no effect on flotillin-2 expression. Immunoblot analysis showed that the 

amount of EGFR is increased in flotillin-1 and flotillin-2 knockdown cells (Figure 4A). This 

effect is only visible in stable knockdown cells and not in transient knockdown cells, most 

likely due to an adaption of the EGFR amount to overcome the decreased EGFR-MAPK 

signaling in flotillin knockdown cells. We have previously observed this effect also in HeLa 

cells and other cell lines (our unpublished results). The EGFR, also known as ErbB1/Her1, is 

one of the four known members of the ErbB/Her protein-tyrosine kinase family (reviewed in 

(98)). Analysis of the protein amount of ErbB2/Her2 and ErbB3/Her3 showed no detectable  
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Figure 4. The reduced activation of the MAPK signaling pathway due to fiotillin depletion is 

compensated by an increased protein expression level of the epidermal growth factor receptor (EGFR) 

in MCF-7 cells. (A) Stimulation of stable flotillin-1 and flotillin-2 MCF-7 knockdown cells with EGF for 

10 minutes and 30 minutes. The reduced activation of the MAPK signaling in flotillin knockdown cells 

is compensated by an upregulation of the EGFR protein level. (B) lmmunofluorescence of endogenous 

EGFR (red) and endogenous flotillin-1 (green) in unstimulated and EGF-stimulated (120 min) flotillin-1 

knockdown cells (sh-Flot1). Control cells are shown only in unstimulated state, due to undetectable 

EGFR level by immunofluorescence. Scale bar: 20 µm 
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change in the protein level (data not shown), which indicates that flotillin depletion 

specifically affects the protein level of the EGFR. In general, the endogenous EGFR is not 

detectable by immunofluorescence in MCF-7 cells, whereas in flotillin-1 depleted MCF-7 

cells, a prominent staining at the plasma membrane is visible (Figure 4B). Stimulation with 

EGF for 120 minutes results in a translocation of the EGFR in vesicular structures in these 

cells. This is in line with our previous results in HeLa cells, indicating that the endocytosis of 

the EGFR is not affected by flotillin-1 depletion (27).  

Flotillins and other receptor tyrosine kinases 

The first experimental evidence for a functional role of flotillins in insulin signaling was 

presented by the Saltiel group (63). They demonstrated that flotillin-1 forms a ternary 

complex with c-Cbl-associated protein (CAP) and the E3 ubiquitin protein ligase Cbl upon 

insulin stimulation (Figure 5). This was shown to be important for lipid raft association, 

downstream signaling of the CAP-Cbl complex and finally for glucose uptake by the 

glucose transporter GLUT4 in 3T3-L1 adipocytes (63). Previously, the interaction of CAP 

with Cbl was shown to be independent of insulin stimulation in vivo and in vitro and to be 

mediated by SH3 domains (99, 100). In line with this, expression of CAP∆SH3 inhibited the 

translocation of GLUT4 from storage vesicle to the plasma membrane upon insulin 

stimulation (63). Further analysis of the flotillin-1 interaction mode with murine CAP 

isoforms showed that flotillin-1 only interacts with the isoform CAP-4 via its first 

hydrophobic domain, but not with the isoforms CAP-1, -2, and -3 (31). In CAP, the sorbin 

homology domain (SoHo) seems to be important for flotillin-1 binding, as the expression of 

CAP∆SoHo prevented the translocation of Cbl to lipid rafts in 3T3-L1 adipocytes (101). Since 

the murine CAP isoforms 1-4 all contain the SoHo domain, a predicted 70 amino acids long 

proline-rich region N-terminal to the SoHo domain in CAP-4 might also be of importance 

for flotillin-1 binding (102). While flotillin-1 was found in perinuclear regions in 

differentiated skeletal muscle cells (103), it was located at the plasma membrane in 

adipocytes (31) under basal conditions, suggesting that the role of flotillin-1 in targeting 

GLUT4 to the plasma membrane after insulin stimulation may differ between muscle and 

adipose tissue. Indeed, Fecchi et al. (103) showed that flotillin-1 colocalized with GLUT4 in 

the perinuclear region of myotubes, and both proteins translocated to the sarcolemma in a 

PI3K/ PKCζ- and caveolin-3 dependent manner upon stimulation with insulin. In addition, 

it was demonstrated that caveolin-3 is involved in the PI3K-dependent insulin signaling 

pathway, whereas flotillin-1 is crucial for the PI3K-independent insulin signaling pathway 

by interacting with the main scaffolding protein CAP. The interaction with CAP was also 

shown for flotillin-1 and flotillin-2 in mouse neuroblastoma N2a cells, in which 

overexpressed flotillin-1 and flotillin-2 colocalized with endogenous CAP at focal adhesion 

sites (57). This result indicates that by means of their interaction with CAP, flotillins might 

play an additional role in focal adhesion dynamics and integrin signaling. 

Receptor tyrosine kinases of the Trk receptor family regulate various cellular processes, such 

as proliferation and differentiation, through several cellular signal cascades. Three types of 

Trk receptors exist in humans, including TrkA, TrkB and TrkC, which have varying 
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affinities to neutrotrophins such as NGF. TrkA is specifically activated by NGF (reviewed in 

(104, 105). Downstream signaling by TrkA seems to be dependent on the lipid raft 

association of TrkA. Upon NGF stimulation, TrkA is recruited to lipid rafts in PC12 cells, a 

process dependent on its association with CAP, which in turn binds to flotillin-1 (65). The 

deletion of the CAP SoHo domain abolishes the lipid raft association of TrkA and further 

downstream signaling events such as ERK1/2 phosphorylation (65). (See Figure 5) 

 

Figure 5. Proposed functional role of flotillin proteins in insulin and NGF signaling cascades. (A) 

Insulin is the major hormone controlling essential metabolic processes such as glucose and lipid 

turnover. Insulin binding to the extracellular subunits of the insulin receptor tyrosine kinase (IR) 

induces a conformational change and results in the autophosphorylation of several tyrosine residues in 

the cytoplasmic part of the IR. In adipocytes, the constitutive complex of the E3 ubiquitin ligase c-Cbl 

with the c-Cbl associated protein (CAP) is recruited to the active receptor. The interaction of CAP/c-Cbl 

complex with the IR was found to be indirect and mediated via the Adapter protein with Pleckstrin 

homology and Src homology 2 domains (APS). To initiate downstream signaling events, the CAP/c-Cbl 

complex then dissociates from the IR and is recruited to lipid rafts by forming a ternary complex with 

flotillin-1. (B) Receptor tyrosine kinases of the Trk receptor family regulate various cellular processes in 

the mammalian neuronal system, such as proliferation and differentiation by activation through 

neutrophins. The receptor TrkA is activated by the neutrophin nerve growth factor (NGF), which leads 

to the recruitment of the CAP/c-Cbl complex to TrkA. Since the fibroblast growth factor substrate 2 

(FRS2) is also capable of binding to TrkA and CAP, it might be possible that the CAP/c-Cbl complex is 

recruited to TrkA by its interaction with FRS2. Most likely by the scaffolding activity of flotillin-1, the 

complex including the TrkA receptor is translocated to lipid rafts for a proper initiation and 

amplification of the downstream signal. 

Recently, we have demonstrated that flotillin-1 directly interacts in vitro and in vivo with 

FRS2, a protein suggested to function in insulin signaling (106), by means of its N-terminal 

phosphotyrosine binding (PTB) domain and competes for the binding with FGFR (89). 

Interestingly, FRS2 was shown to interact directly through its PTB domain with TrkA in a 

phosphotyrosine-dependent manner after NGF stimulation (107, 108). Furthermore, we 

showed that in addition to flotillin-1, FRS2 also binds CAP by means of both its PTB domain 
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and the C-terminal domain. In CAP, the SoHo domain in cooperation with the third SH3 

domain mediate FRS2 binding (89). Both flotillin-1 and CAP bind to the PTB domain of 

FRS2, which suggests that CAP and flotillin-1 may compete for FRS2 binding to regulate the 

formation of signaling complexes. 

Animal models for the function of flotillins 

Flotillins are highly conserved proteins which are assumed, mainly on the basis of cell 

culture studies, to play multifaceted roles in developmental regulation. Hoehne et al. carried 

out initial studies of loss- and gain-of function of flotillins in wild type and mutant 

Drosophila melanogaster to investigate their role during morphogenesis and organogenesis 

(83). According to this study, flotillin proteins are highly expressed in embryonic neuronal 

tissues, and during later developmental stages flotillins showed an enhanced expression 

pattern in axon fascicles (83). Additionally, flotillin specific antibodies labeled in particular 

the Drosophila mushroom body, which is a paired structure of insect central brain 

responsible for higher-order sensory integration and learning. Flotillins showed a 

categorical neuronal expression, as antibody staining was restricted to optic lobes and 

central brain but was not observed in glial cells. A P-element-induced null mutant for 

flotillin-2 was viable, fertile and with no apparent deficits in behavior or overall activity. In 

this flotillin-2 null mutant, the expression of flotillin-1 was undetectable even though the 

mRNA transcript was present (83). Conversely, overexpression of flotillin-1 and flotillin-2 

proteins either alone or together in the eye imaginal discs lead to mislocalization of adhesion 

molecules of the immunoglobulin superfamily (IgCAMs; please also refer to the chapter 

“Functions of flotillins in cell migration and adhesion”). Additionally, the adult flies showed a 

variable phenotype affecting bristles, ocelli, eyes, wings, abdominal segments and thoracic 

structures. A severe wing phenotype, including blistering and melanotic cells, was caused 

by flotillin overexpression in wing imaginal discs. Moreover, a later study showed that 

flotillin-2 deficiency resulted in reduced spreading of the morphogens Wnt and hedgehog, 

whereas flotillin-2 overexpression resulted in increased morphogen secretion and expanded 

diffusion. These findings qualify flotillin-2 as a novel component of the Wnt and hedgehog 

secretion pathway in Drosophila (64). 

Flotillins are also implicated to regulate axon regeneration in a zebrafish model. As a 

consequence of gene duplication in fish, there are two copies of each flotillin gene. To 

understand the essential role of flotillins in axon regeneration, specific morpholino (Mo) 

antisense nucleotides were used to transiently downregulate flotillin-1a, flotillin-1b and 

flotillin-2a in zebrafish (60). Interestingly, the number of retinal ganglion cells (RGC) 

undergoing axon regeneration was reduced by 69% in flotillin-Mo treated eyes after 7 days 

(60). Recently, a zebrafish model was employed to study the role of flotillins in cholera 

intoxication. Consequently, flotillin-1 and flotillin-2 knockdown prevented cholera 

intoxication in zebrafish embryos. Moreover, cholera toxin subunit B (CTxB) colocalized 

with flotillins at the plasma membrane and in endosomes in COS1 cells (109). Thus, these 

results suggest flotillins as essential elements for axon regeneration and indicate a novel 

cholera intoxication in vivo model dependent on flotillins for trafficking between plasma 

membrane/endosomes to the ER in the zebrafish.  
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Cell migration is an essential mechanism during the development and maintenance of 

multicellular organisms. It requires the constant turnover of cell-matrix adhesion structures, 

e.g., integrin-based focal contacts. Results presented by Ludwig et al. (110) strongly suggest 

a functional role of flotillin microdomains during neutrophil migration, in uropod 

formation, and in the regulation of myosin IIa activity. They generated and characterized 

C57BL6/J mice lacking exon 3-8 of the gene for flotillin-1. In line with the observations in 

Drosophila, these flotillin-1-/- mice are viable, fertile, and have no readily apparent 

phenotype. On the cellular level, absence of flotillin-1 resulted in a greatly reduced flotillin-2 

expression, and the residual flotillin-2 was not found in detergent-resistant fractions of flot-1 
-/- MEF cells. These data suggest that deletion of flotillin-1 leads to the abrogation of flotillin 

microdomain function. Furthermore, isolated flotillin-1-/- neutrophils exhibited a defect in 

chemotaxis when exposed to the chemoattractant N-formyl-Met-Leu-Phe (fMLP). Previous 

reports have already shown that, upon stimulation with chemoattractants, flotillin 

microdomains rapidly distribute to the uropod, a contractile structure at the back of 

leukocytes (32, 111). This suggested that these microdomains could participate in 

polarization and/or chemotaxis. Ludwig et al. were also able to show by mass spectrometry 

of isolated flotillin microdomains and immunoprecipitation of flotillin-2-EGFP an 

association of flotillin microdomains with myosin IIa, α-spectrin and β-spectrin. Flotillin 

overexpression led to an increase of myosin IIa activity, whereas the loss of flotillins caused 

a reduction as measured by using phosphospecific antibodies (110). The regulatory effect of 

flotillins on myosin IIa activity strengthens the assumption that both proteins exhibit a 

functional role during cell migration, as myosin IIa was shown to act as a negative regulator 

of epithelial cell migration, and its ablation results in severe defects in focal adhesion 

formation and actin stress fiber organization (112, 113). 

4. Functional significance of phosphorylation and oligomerization of 

flotillins 

Recent data from several groups have revealed flotillins as important regulators of vital 

cellular processes such as signaling and endocytosis. One major challenge in the future will 

be to dissect how the oligomerization and the covalent modifications of flotillins affect their 

function during these processes. Endocytosis of flotillins appears to be influenced by 

upstream signaling (30, 49, 56) and requires clustering of flotillin-1 and flotillin-2 molecules 

(34, 56). We have shown that EGF stimulation results in uptake of flotillins hetero-oligomers 

from the plasma membrane, and that hetero-oligomerization appears to be required for the 

endocytosis (30, 56). Mutation of a single Tyr residue, Tyr163, in flotillin-2 is sufficient to 

prevent the EGF-induced endocytosis of flotillins (30), and this mutation impairs the hetero-

oligomerization of flotillin-2 with flotillin-1 (56). Flotillins are phosphorylated by the Src 

family kinases cSrc and Fyn (4, 49), but the direct role of Tyr phosphorylation in the 

endocytosis is still under debate. Our data show that inhibition of cSrc kinase, the activity of 

which is necessary for flotillin-2 phosphorylation (30), does not impair the endocytosis of 

flotillin-2 (16), whereas the mutation of the single Tyr residue Y163 does (30). Thus, it is 

more likely that this mutation affects the oligomerization of flotillins and thereby also 



 
Protein Phosphorylation in Human Health 326 

endocytosis. However, phosphorylation of flotillins by the Fyn kinase appears to be 

sufficient to induce endocytosis of flotillins (49), suggesting that the Src family kinases 

might play different roles in terms of flotillin function. It is also important to keep in mind 

that PKC has recently been shown to phosphorylate flotillin-1 in Ser315, and that this 

phosphorylation is required for the endocytosis of the dopamin transporter DAT (74). Thus, 

phosphorylation seems to be an important direct or indirect regulator of flotillin trafficking. 

Not only phosphorylation but also covalent modifications with fatty acids myristate and 

palmitate take place in the case of flotillins (3, 4, 53). Mutation of Gly2 prevents the 

myristoylation and the subsequent palmitoylation of flotillin-2, thus also inhibiting its 

membrane association and rendering the protein soluble (4). Recently, the palmitoyl 

transferase DHHC5 was shown to palmitoylate flotillin-2 (53). Interestingly, growth factor 

withdrawal, which induces neuronal differentiation, resulted in rapid degradation of 

DHHC5 (53), implicating that palmitoylation might be important for the well established 

function of flotillins in neurite outgrowth in cultured neuronal cells. Since the soluble, non-

modified flotillin-2 with Gly2Ala mutation seems to function as a dominant negative protein 

during cell-matrix adhesion (30), and successive removal of the three palmitoylation sites 

affect the membrane association of flotillin-2 (4), the fatty acid modifications, especially the 

reversible palmitoylation, are most likely important for the regulation of flotillin function. 

Accordingly, we have observed that flotillin-2 expression is necessary for the membrane 

association of flotillin-1, which is not myristoylated and only palmitoylated in a single 

residue. Thus, ectopic expression of flotillin-1 in flotillin-2 depleted cells results in a soluble 

protein that is not capable of exerting its function (our unpublished data). 

Our recent findings revealed flotillin-1 as a MAPK regulator (27). However, no data are so 

far available on the role of flotillin modifications such as phosphorylation in the regulation 

of MAPK signaling. Intriguingly, another SPFH/PHB family protein, prohibitin-1, has been 

shown to regulate an earlier step during MAPK signaling, namely signaling by the small 

GTPase Ras and RAF kinase (114, 115). Although the most evident cellular localization of 

prohibitin is the inner mitochondrial membrane, various studies have now shown that 

prohibitin is a substrate of several cytoplasmic kinases such as Akt, and it becomes Tyr 

phosphorylated upon insulin stimulation of cells (116, 117). Thus, at least a fraction of 

prohibitin must be found in another cellular localization such as the plasma membrane. 

Importantly, prohibitin has been shown to be essential for cell migration that is induced by 

the Ras-Raf-MAPK pathway (115), and very recent findings show that phosphorylation of 

prohibitin, which takes place in a raft domain, is necessary for the Ras-dependent 

enhancement of cellular metastasis (118), verifying the results of Rajalingam et al. (115). 

Thus, there are several parallels in prohibitin and flotillin function, including MAPK 

signaling and cell migration, although they appear to be involved in different steps of the 

signaling. Since some evidence for a hetero-oligomerization of different SPFH-PHB family 

members, namely prohibitin and stomatin family protein SLP-2 (119) has been presented, it 

would be important to study if flotillins and prohibitins are capable of hetero-oligomerizing 

with each other and how this affects their function, especially with respect to the MAPK 

signaling. In the future, it will also be of interest to study if the phosphorylation-
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incompatible forms of flotillins cause aberrant signaling and if this effect is linked on 

phosphorylation at specific sites. Our previous data show that the function of flotillin-2 in 

cell-matrix association is indeed dependent on specific Tyr residues, the mutations of which 

affect cell spreading (30). Similarly, mutations of phosphorylated residues in flotillin-1 

might affect its role in MAPK signaling and its interaction with the MAPK proteins.   

5. Flotillins in human diseases 

Role of flotillins in cancers 

Early findings already indicated that flotillins may be involved in the regulation of the actin 

cytoskeleton. Overexpression of flotillin-2 was found to result in induction of filopodia-like 

protrusions and changes in the cytoskeleton (4, 11). Furthermore, flotillins have been shown 

to be important for the polarization of various immune cells such as T cells and neutrophils 

(29, 32, 33, 37, 110, 111), and to be involved in the regulation of the activity of various small 

GTPases that control e.g. the remodeling of the actin cytoskeleton (36, 57). In fact, flotillin-2 

has even been suggested to directly interact with actin (36), although this has not been 

verified in further studies. Thus, there are very strong implications that flotillins are 

required for a proper regulation of the actin cytoskeleton, which is necessary for e.g. the 

control of cell migration. Consequently, taking also into account the numerous reports on 

the involvement of flotillins in signaling, it is evident that flotillins are critical factors that 

regulate the cell physiology and cell growth. Thus, the findings showing that flotillins are 

involved in some types of cancer are well in accordance with this function.  

The strongest evidence for the role of flotillins in cancer to date comes from studies on 

human malignant melanoma. The direct association of flotillins with human cancers was 

shown in 2004 when the group of M. Duvic demonstrated that flotillin-2 is highly expressed 

in various melanoma cell lines, and that flotillin-2 expression correlated with the 

progression of human melanoma (120). Furthermore, the thickness of primary melanoma 

lesions, so-called Breslow depth, which is a prognostic marker for the malignancy of a 

melanoma lesion, showed a correlation with the increased flotillin-2 expression (121). 

Importantly, benign, non-malignant cells could be converted into tumorigenic, metastatic 

ones upon overexpression of flotillin-2 (120). Furthermore, flotillin-2 was shown to be 

associated with the thrombin receptor PAR1, the expression of which was dependent on the 

level of flotillin-2 protein (120).  

Lin et al. detected a high expression of flotillin-1 in the majority of the breast cancer 

specimens they studied (66). Furthermore, they revealed a significant correlation between 

the expression level of flotillin-1 and poor survival of the patients, suggesting that flotillins 

might prove useful as novel diagnostic markers for cancer. Knockdown of flotillin-1 was 

shown to result in inhibition of Akt activity and increased transcriptional activity of the 

transcription factor FOXO3a. Knockdown of flotillin-1 also inhibited the proliferation of 

breast cancer cell lines by inducing a G1-S phase arrest of the cell cycle. In line with this, the 

expression of the cyclin dependent kinase (CDK) regulator cyclin D1 was reduced after 

flotillin-1 silencing, whereas that of the CDK inhibitors p21Cip1 and p27Kip1 was considerably 
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increased (66), suggesting that flotillin-1 is an important regulator of the cell cycle. This 

result is strongly supported by our findings showing that in flotillin-1 knockdown cells, 

cyclin D1 expression after EGF stimulation is severely impaired (27).   

Although flotillins evidently play a role in cancer and their overexpression is associated 

with malignancy, very little is known about their transcriptional regulation. Flotillin-2 was 

shown to be a transcriptional target of the p53 family transcription factors p63 and p73 but 

not of p53 (122). We have recently addressed this question more in detail and shown that 

flotillins are transcriptionally regulated by the Extracellularly Regulated Kinase signaling 

and by the Retinoid X Receptor (Banning et al., in revision). Due to their important role in 

cancer, a deeper knowledge on the transcriptional regulation of flotillins is essential for 

understanding the mechanisms of malignancy that results from flotillin upregulation.  

Implications of flotillins in Alzheimer’s Disease and other neurodegenerative disorders 

Alzheimer’s disease (AD) is the most common age-related neurodegenerative disorder 

whose most prominent pathological hallmarks include neuronal loss, neurofibrillary tangle 

formation and senile plaques throughout the brain cortex. The major component of the 

senile plaques is the amyloid β peptide (Aβ) comprising of 40-42 residues, which is 

generated by a proteolytic cleavage of a large transmembrane precursor protein named 

amyloid β precursor protein (APP). APP is subjected to proteolytic processing at several 

sites by a group of proteases called secretases. Sequential cleavage of APP by β-secretase (β–

site APP cleaving enzyme or BACE) and γ-secretases generates Aβ and is hence termed the 

amyloidogenic pathway (reviewed in (123-126)). APP can also be processed through a non-

amyloidogenic pathway, in which the α-secretase cleaves within the Aβ sequence, thereby 

precluding the formation of Aβ. It has been strongly implicated that the amyloidogenic 

processing of APP takes place in lipid rafts, which is supported by the findings showing that 

APP can be detected in rafts isolated from cortical neurons (124). Besides APP, other AD 

associated raft resident proteins include BACE-1 (127), endoproteolytic fragments of 

presenilin-1 (PS-1) and the presenilins (128, 129). Compelling evidence from various 

research groups shows that the flotillin family of proteins is partially associated with AD 

pathology and trafficking (47, 130, 131). Flotillins are considered as classic raft markers in 

neuronal tissue since they show an abundant expression in the brain, typically in pyramidal 

neurons and astrocytes. Kokubo et al. detected flotillin-1-positive rafts in the plasma 

membrane and membranes of intracellular organelles in rat brain tissue by using 

immunoelectron microscopy (47). Consequently, they showed that in APP transgenic mice, 

flotillin-1 and Aβ42 colocalized in approximately 10% of flotillin-1 positive rafts, and that 

flotillin-1 expression increased with the accumulation of Aβ (132).  

Parallel studies in brain sections from AD, Down syndrome and non-demented subjects 

with plaques showed enhanced flotillin-1 expression with the progression of AD (130). 

Further insight was provided by Rajendran et al. who demonstrated that in AD patients, Aβ 

accumulates and is located in flotillin-1 positive endosomes. They also showed that flotillin-

1 was not only linked with intracellular Aβ in transgenic mice but was also present in 

extracellular plaques of AD patient brain sections (131). Furthermore, comparison of 
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flotillin-1 immunoreactivity in the hippocampus, the amygdala and the isocortex of AD and 

control patients implicated that flotillin-1 principally accumulates in lysosomes of tangle 

bearing neurons during the advanced stages of AD (133). To date, the precise functional 

significance of APP and flotillin association is enigmatic. Schneider et al. proposed that 

flotillins could function as scaffolding proteins, forming a platform for clustering of APP 

and consequent endocytosis. Accordingly, flotillin-2 knockdown in mouse neuroblastoma 

cells impaired APP endocytosis and processing, resulting in reduced Aβ production (75). It 

has previously been shown that the intracellular domain of APP directly interacts with 

flotillin-1 (134). Our unpublished findings suggest that both flotillin-1 and flotillin-2 directly 

interact with APP, suggesting that both flotillins could facilitate recruitment of APP into 

microdomains. 

Flotillins and other lipid raft-associated proteins might also be involved in other human 

neuronal diseases. The study by Shin et al. (135) showed an increased level of the lipid raft 

associated proteins caveolin-1, -2, and -3 in the spinal cord during the early stage of 

experimental autoimmune encephalomyelitis (EAE). EAE is an experimental animal model, 

mostly used in rodents, of inflammatory demyelinating diseases of the central nervous 

system (CNS), including multiple sclerosis (reviewed in (136)). Similar results with the 

caveolin data were obtained for flotillin-1 during the peak stage of EAE. 

Immunohistochemical analysis showed an enhanced expression of flotillin-1 in the dorsal 

horn lamina and in some flotillin-1-positive macrophages and astrocytes, in which it 

colocalized with the lysosomal marker cathepsin D (137). Due to that, they postulated that 

flotillin-1 inherits an important function in immune and neuronal cells within the CNS 

during EAE, possibly via the activation of signal transduction and lysosomal activity. 

Parkinson’s disease (PD) is one of the most common, progressive neurological disorders. 

The pathological hallmark of PD is the extensive loss of dopamine secreting cells within the 

substantia nigra, particularly affecting the ventral component of the pars compacta 

(reviewed in (138)), which can lead to uncontrolled muscle contraction and movement, 

dementia, depression and anxiety. Flotillin-1 staining in rat brain sections showed a 

prominent labeling in the cytoplasm of catecholamine releasing cells (dopamine, 

norepinephrine, and epinephrine) and an upregulated gene expression of flotillin-1 in the 

substantia nigra of Parkinson’s brain by RT-PCR (139). Although the molecular function of 

flotillin-1 in Parkinson’s disease is still not known, this study implies that flotillin-1 may be 

involved in the neuronal changes occurring during Parkinson’s disease. 

Flotillins and pathogens 

During evolution, many pathogens have developed mechanisms to use host-cell lipid rafts 

as signaling and entry platforms to escape the host immune system (reviewed in (140, 141)). 

Several studies demonstrated that lipid rafts are often used as entry sites for bacteria, e.g., 

Salmonella enterica (142) or Listeria monocytogenes (143). In regard to flotillins, Li et al. (144) 

showed that flotillin-1 accumulates at bacteria entry sites and around intracellular 

enteropathogenic Escherichia coli (EPEC). This bacterium causes diarrheal disease by 

disrupting the integrity of tight junctions, which are essential structures for physiological 
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homeostasis and defense against pathogen invasion. Furthermore, they detected a shift of 

flotillin-1 and occludin, a major protein of tight junctions, from Triton X-100 insoluble 

fractions to Triton X-100 soluble fractions following EPEC infection. This led to the 

conclusion that the loss of tight junction barrier function might be accounted to the 

redistribution of occludin and flotillin-1 after EPEC infection. 

Not only bacteria use lipid raft domains as preferred entry sites in host-cells, but also 

various enveloped and non-enveloped viruses are dependent on an intact lipid raft structure 

and the presence of cholesterol for successful virus entry (reviewed in (145)). In the case of 

the retrovirus human immunodeficiency virus-1 (HIV-1), flotillin-1 was suggested to play a 

role of in the cellular response to the viral infection since the protein level of flotillin-1 was 

increased in peripheral blood mononuclear cells after treatment with the HIV-1 component 

gp120 (146). The primary HIV-1 receptor CD4 and the co-receptor CCR5, both of which are 

important for HIV-1 host-cell entry, were also shown to associate with flotillin-1 containing 

lipid rafts in monocytes (147). Recently, flotillin-1 was also identified as an interaction 

partner of the overexpressed rhesus monkey TRIM5α (148). TRIM5α is a member of 

tripartite motif (TRIM) protein family, and plays an important role during host cell defense 

against retroviruses such as HIV-1 especially in old world monkeys, but not in humans 

(reviewed in (149)). The function of flotillin-1/TRIM5α interaction is still unknown, as 

flotillin-1 knockdown or overexpression did not affect HIV-1 transduction efficiency, 

leading to the suggestion that flotillin-1 at least plays no role in the post-entry restriction of 

HIV-1 in fetal rhesus monkey kidney (FRhK4) cells.  

Flotillins and diabetes mellitus 

Flotillins seem to be of functional relevance in insulin signaling (see above) and the 

metabolic disease diabetes mellitus, as first demonstrated by Baumann et al. (63). A year 

later, James et al. showed an increased protein level of flotillin and caveolin-1 in muscle 

tissue and myoblast lysates derived from stroke-prone spontaneously hypertensive (SHRSP) 

rats as compared to male Wistar-Kyoto control rats (150). It is important to note that SHRSP 

rats are a model of human insulin resistance, defined by the decreased ability of cells or 

tissues to respond to physiological levels of insulin especially in skeletal muscles and 

adipose tissue. Insulin resistance is of major importance in several human diseases, e.g. 

diabetes type 2 (151). The results of both the above studies lead to the assumption that 

flotillins might play a role in insulin signaling in the skeletal muscle and adipose tissue. 

Furthermore, during steady state conditions, flotillin-1 was found in perinuclear regions in 

differentiated skeletal muscle cells, but at the plasma membrane in adipocytes (31). This 

observation suggested that the role of flotillin-1 in targeting GLUT4 to the plasma 

membrane after insulin stimulation may be different between muscle and adipose tissue. In 

fact in skeletal muscle cells, the insulin-stimulated signaling cascade leading to the 

translocation of GLUT4 to the plasma membrane is dependent on flotillin-1 and the muscle-

specific protein caveolin-3 (103).  

Lipid rafts also play a role in diabetic xerostomia, or dry mouth. This disease, when 

associated with diabetes mellitus, is caused by degenerative changes in the salivary glands 
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leading to increased infectious conditions in the oral cavity and in the long-range aggravates 

the risk of atherosclerosis and cardiovascular diseases (reviewed in (152)). Wang et al. (153) 

tried to clarify the mechanisms leading to diabetic xerostomia by testing the subcellular 

localization of aquaporin 5 (AQP5), a water channel protein, in parotid glands of 

steptozotocin-induced diabetic rats during stimulation with the muscarinic agonist 

cevimeline. In parotid acinar cells derived from control rats, AQP5 colocalized with flotillin-

2 in the cytoplasm and at the apical plasma membrane ten minutes after cemivelime 

treatment. In contrast, in the parotid acinar cells derived from diabetic rats, the translocation 

of these proteins did not occur. In summary, the results showed that AQP5 translocation is a 

lipid raft-dependent process and inhibition of the muscarinic agonist-induced translocation 

might be the cause of diabetic xerostomia.  

6. Conclusions 

It has become evident that flotillins play a key role in the regulation of cellular signaling and 

membrane trafficking. Although flotillins are not essential for life in metazoans, including 

mammals, as shown by the recent studies in flotillin knockout mice, they appear to be 

extremely important for many processes in cultured cells. This would suggest that especially 

mammals are capable compensating for the loss of flotillins by upregulating the expression 

of other proteins and thus overcoming the defects in e.g. signaling and cell adhesion. This 

feature is observed in both our flotillin-2 knockout mice and cultured cells with a 

constitutive flotillin knockdown (our unpublished data). In the future, it will be important to 

study what the molecular mechanisms of the compensation of loss of flotillin function might 

be. It will also be of major interest to study if the original function of flotillins in neuronal 

regeneration can also be observed in the mammalian knockout model. Furthermore, the 

functional significance of flotillin modifications can now be studied in the context of 

mammalian organisms when knockout/knock-in mice with specific mutations become 

available. Thus, the recent development of flotillin-1 and flotillin-2 knockout mice has 

brought the studies of flotillin functions to a new exciting era, and important data on the 

physiological function of flotillins can be expected in the near future. 
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