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Cell surface proteins containing covalently linked lipids

associate with specialized membrane domains. Morph-

ogens like Hedgehog and Wnt use their lipid anchors to

bind to lipoprotein particles and employ lipoproteins to

travel through tissues. Removal of their lipid anchors or

decreasing lipoprotein levels give rise to adverse Hedge-

hog and Wnt signaling. Some parasites can also transfer

their glycosylphosphatidylinositol-anchored surface pro-

teins to host lipoprotein particles. These antigen-loaded

lipoproteins spread throughout the circulation, and prob-

ably hamper an adequate immune response by killing

neutrophils. Together, these findings imply a widespread

role for lipoproteins in intercellular transfer of lipid-

anchored surface proteins, and may have various physio-

logical consequences. Here, we discuss how lipid-modified

proteinsmay be transferred to and from lipoproteins at the

cellular level.
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Proteins that aremodifiedwith lipids sometimes tightly, and –

in case of RABs and ADP ribosylation factors (ARFs) –

reversibly associate with cellular membranes (1). Further-

more, the physical properties of lipid anchors are likely to

control the localization of their proteins to particular mem-

brane domains, called rafts. Rafts can laterally include or

exclude distinct lipids and proteins within a membrane and

play pivotal roles in protein sorting and signaling (2,3). Acylated

and prenylated proteins occupy different areas on the cyto-

solic surface of the plasma membrane (4), whereas glyco-

sylphosphatidylinositol (GPI) anchoredproteins areenriched in

rafts at the cell surface in a controversial and unresolved

manner (5–8). Recent findings point to another, inventive role

for lipid anchors of surface proteins in trafficking.

Hedgehog, Wnt and epidermal growth factor receptor

(EGFR) ligands are families of secretory ligands that travel

over more than 30 cell diameters through the aqueous ex-

tracellular space, and signal in a concentration-dependent

fashion (9,10). Their signal transduction pathways control

patterning and proliferation during development and are

often involved in the maintenance of the morphology of

adult tissues. Some members of these families have been

shown to be acylated once or twice (11–13). In addition,

Hedgehog proteins contain a cholesterol modification at

their C-termini. Hedgehog andWnt proteins were shown to

partition in detergent resistant membrane fractions (DRM),

suggesting their presence in rafts (14–16). Their lipid

anchors are essential for intercellular trafficking and proper

signaling (12,17). Smith–Lemli–Opitz syndrome, desmos-

terolosis and lathosterolosis are diseases caused by defects

in the final stages of cholesterol synthesis. Many of the

developmental malformations in these syndromes have

been ascribed to defective Hedgehog signaling (18,19).

Like morphogens, GPI-anchored proteins can undergo inter-

cellular transfer without losing their GPI anchor (20–25).

Transfer of GPI-anchored proteins to deficient cells has been

demonstrated in cell culture, animal models and even in pa-

tients. Paroxysmal nocturnal hemoglobinuria (PNH) is a chro-

nic disease with severe hemolytic anemia, and is caused by

a defect in the biosynthesis of GPI anchors (26,27). Eryth-

rocytes from patients with PNH are extremely sensitive to

complement-mediated lysis, because they lack two GPI-

anchored proteins, decay-accelerating factor (CD55) and

CD59, which inhibit the formation of the membrane attack

complex of complement. Transfer of CD55 and CD59 from

microvesicles to PNH erythrocytes reduced their suscepti-

bility to complement-mediated lysis (28). Ectopically ex-

pressed CD59 was also transferred from erythrocytes to

the vascular endothelial cells, and from seminal fluid to

prostasomes (22,29). Furthermore, cell-to-cell transfer of

another GPI-anchored protein, Thy-1, occurred in chimeric

murine embryoid bodies composed of normal and PNH cells

(30). In parasitemic patients, the variant surface glycoprotein

(VSG) was transferred from trypanosomal membranes to

erythrocytes (31), leading to anemia via destruction of ery-

throcytes by the immune system. Conversely, some para-

sites have been shown to acquire host decay-accelerating

factor to protect themselves against complement lysis (32).

Howproteinswith such strongmembrane affinitymove from

producing cells to surrounding cells is puzzling, and more

than one mechanism has been proposed to explain how

lipid-modified proteins move through tissues (21,33–35).

Shedding of GPI-anchored proteins can be mediated by

proteases or phospholipases, leaving the lipid anchor in the

www.traffic.dk 331



donor membrane. GPI-anchored proteins can also be

released from cells together with their lipid modification

(29,36–38). One of the simplest modes of transport is the

formation of micellar multimers (10,29), in which the

hydrophobic groups of, for example, Wnt or Hedgehog

are arranged in such a way that the protein complex

becomes soluble in a polar medium. Alternatively, lipid-

anchored proteins could be released on membranous

exovesicles containing a complete membrane bilayer,

termed exosomes (39,40), surfactant-like particles (41) or

nodal vesicular parcels (42). Such particles are generated

by vesiculation of plasma membrane protrusions (41) or by

an exosome-related mechanism (43,44). Another possibil-

ity is that cells pass on Wnt proteins via cell–cell contacts

or through long cellular extensions called cytonemes or

nanotubules (45–47). Transporters consisting of a mem-

brane bilayer cannot only carry lipid-modified proteins but

also transmembrane and cytosolic proteins (48,49).

Lipoprotein-Mediated Transport of
Lipid-Modified Proteins

Two recent studies found that lipoprotein particles could act

as vehicles for the intercellular movement of lipid-modified

proteins (50,51). Lipoprotein particles are large, globular

complexes composed of a central core of hydrophobic lipids

that are surrounded by a monolayer of membrane lipids.

They are held together by one or more members of a family

of apolipoproteins, of which some are covalently linked to

palmitate aswell (52). Lipoprotein particles allow intercellular

transport of water-insoluble lipids, fat and signaling metab-

olites throughout the aqueous circulation of multicellular

organisms. In theory, the lipid modification of proteins can

anchor the protein in the exoplasmic leaflet of cell mem-

branes as well as in the outer phospholipid layer of lipo-

proteins (53). In this way, lipid-modified proteins get

solubilizedandwill be transported togetherwith lipoproteins.

In the first study, Drosophila Wnt and Hedgehog proteins

were found to co-purify with lipoproteins from tissue

homogenates, and to co-localize with lipoprotein particles

in the developing wing epithelium (50). Furthermore, reduc-

tion of lipoprotein levels showed that these particles are

required for long-range but not for short-range signaling.

Consistent with this idea, multiple Drosophila GPI proteins

were associated with the lipoprotein fraction in a GPI-

specific phospholipase (PLC) dependent way. Despite the

many possibilities suggested by this model, direct evidence

that lipoproteins function as obligatory, intercellular carriers

of lipidated morphogens is lacking. Lipoproteins are indis-

pensable for systemic lipid homeostasis. Perturbation of

lipoprotein biosynthesis, intra- and intercellular transport, or

degradation could easily affect delicate developmental pro-

cesses such asmorphogen signaling and cell differentiation.

It will therefore be very difficult to design an indisputable

in vivo experiment to demonstrate that lipid-linked morph-

ogens utilize lipoproteins merely as taxi’s (34).

Recently, we discovered that the GPI-anchored coat pro-

teins of two parasites, schistosomes and trypanosomes,

werephysically associatedwith the host lipoproteinparticles

in the bloodstream of infected patients (51). As a conse-

quence, cells expressing low-density lipoprotein (LDL) re-

ceptors endocytosed parasite GPI-anchored proteins

together with LDL particles, which resulted in a lysosomal

accumulationofparasite proteins.Upon infectionwithoneof

these parasites, the host immune system promptly gener-

atesantibodies against thehighly antigenic coat proteins, but

only inadequately attacks the parasite. In serum from

patients suffering from chronic schistosomiasis, we found

that antibodies were bound to the patients’ own lipoprotein

particles, probably via the parasitic antigens. Therefore, LDL

particles were co-endocytosed with antibodies by neutro-

phils via their Fc-receptor.We further demonstrated that the

lipoprotein accumulation in neutrophils was associated with

enhanced apoptosis. How antibody–antigen–lipoprotein

complexes reduce neutrophil viability is unclear, but lipopro-

tein accumulation induced by anti-apolipoprotein antibodies

also efficiently killed neutrophils. These findings are in line

with the reduced lipoprotein content and the neutropenia

found in patients with chronic schistosomiasis. The intricate

relationship between schistosomes and their hosts remains

unresolved, but these results provide new clues to how

schistosomes may trick the immune system.

The idea that lipid-modified proteins can insert into lipopro-

teins raises many more questions. It is puzzling how lipid-

modified proteins with their lipid anchors inserted in the

membrane of producing cells manage to flip into lipoprotein

particles. Mammalian plasma lipoproteins have been classi-

fied into five major groups based on their size and density,

but lipoproteins are also found in cerebrospinal fluid, the

interstitial space of the brain and in other body fluids. On

what kind of lipoproteins are lipid-modified proteins

secreted? Lipoproteins contain different apolipoproteins

and some of them are exchangeable (Figure 1). Are there

apolipoproteins that specifically bind certain lipid-modified

proteins? Contradictory to Wnt and Hedgehog secretion,

palmitoylation of the Drosophila EGF receptor ligand Spitz

(Spi) anchors the protein more tightly to the plasma

membrane of producing cells and thereby increases its

signaling (12). Thus, can all lipid-modified proteins be

secreted via lipoproteins or is specific machinery required

to facilitate the release of particular lipidated proteins onto

lipoproteins? How does the interaction with receiving cells

take place? Can lipidated proteins insert back into mem-

branes?Most importantly, what are the (patho)physiological

implications of this resourceful mechanism?

Incorporation into Lipoproteins

Lipidated proteins that hitchhike from cell to cell on

lipoproteins might exploit similar strategies and mech-

anisms as those utilized for intercellular lipid transport

(54,55). Their association with and dissociation from
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lipoproteins may take place on different sites: in the

secretory route where lipoproteins such as LDL and

chylomicrons are assembled, at the cell surface or during

endocytosis and recycling where for instance high-density

lipoprotein (HDL) is (un)loaded with lipids.

Cell surface proteins acquire their lipid modification post-

translationally in the endoplasmic reticulum (56–58), the

organelle where VLDL, LDL and chylomicrons are assem-

bled as well. It is likely that GPI-anchored proteins and

morphogens can be incorporated in these lipoprotein

particles during assembly or transport to the cell surface.

Several Wnt- and Hedgehog-secreting cells also synthe-

size their own lipoproteins (59,60). Remarkably, inade-

quate lipoprotein assembly results in impaired embryonic

neurodevelopment (61,62), a phenotype comparable with

defective Hedgehog signaling. Furthermore, combining fat

metabolism with morphogenic signals allows tissues to

modify their organization in response to altered nutrient

uptake, and may give novel clues about the role of dietary

fat in carcinogenesis (63).

Only a few cell types synthesize lipoproteins themselves.

In Drosophila, for example, lipoprotein particles are assem-

bled in the fat body and function as a reusable lipid shuttle

– they transport lipids from the fat body to tissues and

back. Tissues, like the wing imaginal disc, that make

Wingless and Hedgehog do not synthesize lipoproteins.

These cells can interact with lipoprotein particles present

in their external environment either on the cell surface or in

the endocytic route. GPI-anchored proteins, and most

likely also the lipid-linked morphogens, are enriched at

the cell surface. They are endocytosed and recycled back

to the cell surface via several mechanisms (64). Associa-

tion of lipid-modified proteins to lipoproteins could there-

fore easily happen at the cell surface or during endocytosis

and recycling of lipoprotein particles (65,66). In mammals,

HDL particles either bind to the cell surface or are

endocytosed and recycled back to the cells surface (66).

LDL is normally endocytosed and degraded in lysosomes,

but some cells may be able to recycle LDL back to the cell

surface (67,68). An endosomal pathway exists in trypano-

somes that specifically endocytose and recycle surface

GPI-anchored proteins together with LDL (69). This route

might be required for the release of VSG on host lipopro-

tein particles into the circulation (51).

Remarkably, secretion of Wnt in Caenorhabditis elegans

requires the retromer, a multiprotein complex involved in

intracellular membrane trafficking (70). Transfer of Wnt to

lipoproteins could take place in endosomal organelles, and

the retromer could be required for recycling the complex

back to the cell surface (71,72).

Lipoprotein Receptors

Each type of lipoprotein has distinct apolipoproteins that

mediate binding of the lipoprotein to cell surface receptors.

Lipoprotein receptors are indispensable for efficient lipid

transfer between cells and lipoproteins, although they are

not involved in the actual transfer itself. These receptors

bring lipoproteins in close proximity to the membrane after

which lipid transfer can take place. Maybe, lipoprotein

receptors are involved in transfer of lipid-modified proteins

in a similar manner. Two large families of cell surface

receptors mediate binding to lipoproteins, the scavenger

receptors (73) and the LDL-receptor family (74).

Scavenger receptors are defined as cell surface membrane

proteins that bind chemically modified lipoproteins such as

acetylated LDL and oxidized LDL (75,76). The prototypic

scavenger receptor, Scavenger receptor class B, member 1

(SR-BI) is an HDL receptor that mediates the cellular uptake

of cholesterol esters from HDL (77,78). In vitro studies have

shown that CD55 and CD59 can incorporate into HDL (53),

but whether that also occurs in vivo, and whether that

serves a physiological role remains to be established.

The LDL-receptor family consists of seven structurally

related transmembrane proteins. While the LDL receptor

plays an essential role in cholesterol homeostasis, the other
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Figure 1: Association of lipid-modified proteins with lipopro-

teins. The hydrophobic core of a lipoprotein particle is surrounded

by a monolayer of membrane lipids. Integral apolipoproteins (A),

like apoAI and ApoB100 form belt-like structures around the

particle and provide structural stability. Peripheral apolipoproteins

(B), such as GPI-PLD, interact with surface lipids via amphipatic

helices, and easily transfer between circulating lipoprotein particles.

The covalent lipid modification of surface proteins (C) equally well fit

in the outer leaflet of the plasma membrane as in the monolayer

around lipoprotein particles. Also parasite lipids and lipid-modified

proteins (D) can associate lipoproteins. Parasitic GPI anchors are

often structurally different from mammalian ones, making them

resistant to GPI-specific phospholipases. In theory, membrane

proteins that span a membrane only partially or that are cleaved

intramembranously, could associate with lipoproteins as well (117).

Transport of proteins associated with lipoproteins affect lipoprotein

transport and vice versa. For example, LDL receptors bind apoB,

and co-endocytose LDL together with parasite GPI-anchored

proteins (51). Neutrophils that recognize and endocytose parasite

GPI-anchored proteins, also take up LDL via the Fc-receptor (51).
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LDL receptor related protein family members (LRPs) fulfill

a variety of biological functions, many of which are not di-

rectly related to lipid metabolism. They bind and endocytose

a multitude of extracellular ligands and also directly partici-

pate in signal transduction processes. Remarkably, most

LRPs have not lost their capability to bind and endocytose

lipoproteins or their remnants (74,79). LRP2, for example,

serves as a receptor for chylomicron remnants, lipoproteins

that shuttle dietary cholesterol from the gut to the liver

(74,79). Several members of the LDL-receptor family have

been shown to be required during the early stages of embry-

onic development, in particular Wnt and Hedgehog signaling

(74,80). LRP2 has been shown to endocytose Hedgehog

(81), and LRP2 knockout mice display defects that are

consistent with loss of Hedgehog signaling (82). A recent

study however, has suggested an indirect role of LRP2 in

Hedgehog signaling (83). LRP5 and LRP6, and maybe also

LRP1 are required for Wnt signaling (84,85). Whether these

receptors directly interact with Wnts and Hedgehogs alone

or whether the interaction is specific for lipoprotein-associ-

ated morphogens is unknown (86). Furthermore, it will be

interesting to investigate whether these receptors are also

involved in the secretion and recycling of morphogens (87).

Heparan Sulfate Proteoglycans

Interestingly, trafficking of both lipid-modified morphogens

and lipoproteins also involves another family of cell surface

co-receptors. Heparan sulfate proteoglycans (HSPGs) are

large molecules composed of repeated sulfated disacchar-

ides covalently attached to core proteins. The HSPGs are

abundantly expressed by virtually all mammalian cells and are

found on cell surfaces and in the extracellular matrix. The

negatively charged sulfate and carboxyl groups of the

heparan sulfate in HSPGs interact with positively charged

residues on lipoproteins and many other secretory proteins

with low affinities. Heparan sulfate proteoglycans of the

extracellular matrix play important roles in lipoprotein reten-

tion (88), and cell surface HSPGs allow cell adhesion and

uptake – even in the absence of lipoprotein receptors – by

enhancing the accessibility of lipoproteins to lipoprotein

receptors (89,90). Interestingly, heparan sulfate is a baso-

lateral-sorting determinant that may influence the polari-

zed secretion of lipoproteins after synthesis or during

transcytosis (91,92).

Heparan sulfate proteoglycans affect trafficking of lipid-

modified morphogens via several different mechanisms

(33,93,94). Mutations that block the synthesis of heparan

sulfates not only impair intracellular accumulation, gradient

formation and long-range signaling in Drosophila of Wnt

and Hedgehog, but also of Decapentaplegic, a non lipid-

modified morphogen (95–97). The HSPGs at the cell

surface, like Drosophila Dlp (33), and in the extracellular

matrix [Drosophila Trol (98)] might restrict the diffusion

of morphogen throughout the epithelium, effectively in-

creasing the local morphogen concentration. Remarkably,

diffusion of Hedgehog without a lipid modification is

independent of HSPGs (94). Heparan sulfate proteo-

glycans may restrict morphogen diffusion indirectly by

inhibiting the movement of their lipoprotein carrier. Alter-

natively, HSPGs like Drosophila Dally, could affect intra-

cellular trafficking of morphogens. The HSPGsmight direct

apical/basolateral sorting in morphogen-producing cells,

whereas HSPGs in receiving cells might affect lysosomal

degradation of morphogens together with their carriers

and stimulate their recycling (33,87).

Transporters and Translocators

The mechanisms underlying the biogenesis, maturation

and disassembly of lipoprotein particles at the molecular

level are complex and not well understood (54,99). The

two extremes, monomeric lipid transfer versus fusion with

membranes, both require different protein machinery.

Transfer of lipidated proteins could occur passively and

reversibly, possibly enhanced by the binding of lipoproteins

to surface receptors. ATP-binding cassette (ABC) trans-

porters transfer lipids and perhaps also lipid-modified

proteins to secretory lipoprotein particles (100). Remark-

ably, Dispatched – a member of the sterol-sensing recep-

tor family – is essential for the release of Hedgehog from

cells. Dispatched is not required for the release of a non–

cholesterol modified form, suggesting that Hedgehog

requires a transporter-like function of Dispatched

(101,102). Another member of this family, Patched binds

Hedgehog in receiving cells, and is involved in signaling.

However, C. elegans has nearly 30 genes related to

Patched and Dispatched, but has no Hedgehog (103). A

recent study showed that Patched is involved in the

secretion of the 3b-hydroxysteroid (pro-)vitamin D3 (104).

Confusingly, two other members of this family, Niemann-

Pick disease type C1 (NPC1) and Niemann-Pick disease

type C1 like 1 (NPC1L1), have been implicated in the

transport of cholesterol in the opposite direction: to

cytosolic leaflets of cell membranes (105). Ultimately,

functional reconstitution of purified members of this family

in model membranes is a necessary step to test their

ability to move sterol across the membrane bilayer.

Intercellular Movement

Solubilization of anchor-intact lipid-modified proteins by incor-

poration into lipoproteins enables their transport through

aqueous environments. But why are GPI-anchored proteins

not abundantly present on lipoproteins in our circulation? GPI

anchors can be cleaved by specific phospholipases and the

only mammalian member cloned to date is GPI-specific

phospholipase D (GPI-PLD). GPI-PLD is relatively abundant

in serum (�10 mg/mL) and has a well-characterized bio-

chemistry, but its physiological role is completely unknown

(106). GPI-PLD is an HDL-associated protein, and is able to

exchange between different lipoprotein classes (107,108).
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Although GPI-PLD specifically cleaves GPIs in vitro, GPI-

PLD appears to cleave GPI-anchored proteins from the cell

surface only if themembrane is perturbedwith detergents.

This raises the possibility that GPI-PLD is catalytically

inactive in serum or requires a change in the membrane

environment of the substrate to allow cleavage (107,109–

111). Possibly, its activity is directed towards GPI proteins

released onto lipoproteins. GPI-PLD might prevent sys-

temic spread of GPI proteins released on lipoproteins.

Hedgehog and Wnts are not abundantly present in our

bloodstream either and their movement is restricted to

specific tissues, where they form concentration grad-

ients. Experimental and mathematical approaches favor

the idea that morphogens move along the surface of cells

by diffusion, possibly interacting with surface receptors

or extracellular matrix components (34,112). Morpho-

gens present on lipoproteins can interact with two

independent surface receptors instead of one – one

specific for the morphogen and another for the apolipo-

protein. This cooperative binding greatly increases the

affinity of the morphogen–lipoprotein complex to cells,

and therefore contributes to the restricted diffusion of

morphogens.

Concluding Remarks

Lipoprotein carriers may determine the intercellular distri-

bution and activity of lipid-anchored proteins. Conversely,

the fate and function of lipoproteins might very well be

determined by their cargo. Indeed, the importance of HDL-

associated proteins in lipid metabolism and atherosclerosis

has been increasingly appreciated (113,114). Maybe, many

more lipidated proteins utilize this system to communicate

to neighboring cells (115). A new and exciting study re-

vealed the presence of GPI-anchored prion on LDL (116).

Finally, it seems that parasites utilize this trick as well.

Survival of parasites depends on their ability to escape the

host innate immune system. Unraveling how lipidated

proteins associate with lipoproteins can provide new ap-

proaches to tackle morphogen-related cancers, infectious

and prion-based diseases, like Creutzfeld–Jacob disease.

Acknowledgment

We are grateful to Maarten R. Egmond and Gerrit van Meer for critical

reading of the manuscript.

References

1. Bijlmakers MJ, Marsh M. The on-off story of protein palmitoylation.

Trends Cell Biol 2003;13:32–42.

2. Simons K, van Meer G. Lipid sorting in epithelial cells. Biochemistry

1988;27:6197–6202.

3. Simons K, Ikonen E. Functional rafts in cell membranes. Nature 1997;

387:569–672.

4. Zacharias DA, Violin JD, Newton AC, Tsien RY. Partitioning of

lipid-modified monomeric GFPs into membrane microdomains of live

cells. Science 2002;296:913–916.

5. Brugger B, Graham C, Leibrecht I, Mombelli E, Jen A, Wieland F,

Morris R. The membrane domains occupied by glycosylphosphatidy-

linositol-anchored prion protein and Thy-1 differ in lipid composition.

J Biol Chem 2004;279:7530–7536.

6. Glebov OO, Nichols BJ. Lipid raft proteins have a random distribution

during localized activation of the T-cell receptor. Nat Cell Biol 2004;6:

238–243.

7. Schuck S, Simons K. Controversy fuels trafficking of GPI-anchored

proteins. J Cell Biol 2006;172:963–965.

8. Sharma P, Varma R, Sarasij RC, Ira, Gousset K, Krishnamoorthy G,

Rao M, Mayor S. Nanoscale organization of multiple GPI-anchored

proteins in living cell membranes. Cell 2004;116:577–589.

9. Neumann CJ, Cohen SM. Long-range action of Wingless organizes

the dorsal-ventral axis of the Drosophila wing. Development 1997;

124:871–880.

10. Zeng X, Goetz JA, Suber LM, Scott WJ Jr, Schreiner CM, Robbins DJ.

A freely diffusible form of Sonic hedgehog mediates long-range

signalling. Nature 2001;411:716–720.

11. Mann RK, Beachy PA. Novel lipid modifications of secreted protein

signals. Annu Rev Biochem 2004;73:891–923.

12. Miura GI, Buglino J, Alvarado D, LemmonMA, Resh MD, Treisman JE.

Palmitoylation of the EGFR ligand Spitz by Rasp increases Spitz

activity by restricting its diffusion. Dev Cell 2006;10:167–176.

13. Takada R, Satomi Y, Kurata T, Ueno N, Norioka S, Kondoh H, Takao T,

Takada S. Monounsaturated fatty acid modification of Wnt protein: its

role in Wnt secretion. Dev Cell 2006;11:791–801.

14. Karpen HE, Bukowski JT, Hughes T, Gratton JP, Sessa WC, Gailani

MR. The sonic hedgehog receptor patched associates with caveolin-1

in cholesterol-rich microdomains of the plasma membrane. J Biol

Chem 2001;276:19503–19511.

15. Rietveld A, Neutz S, Simons K, Eaton S. Association of sterol- and

glycosylphosphatidylinositol-linked proteins with Drosophila raft lipid

microdomains. J Biol Chem 1999;274:12049–12054.

16. Zhai L, Chaturvedi D, Cumberledge S. Drosophila wnt-1 undergoes

a hydrophobic modification and is targeted to lipid rafts, a process that

requires porcupine. J Biol Chem 2004;279:33220–33227.

17. Miura GI, Treisman JE. Lipid modification of secreted signaling

proteins. Cell Cycle 2006;5:1184–1188.

18. Cooper MK, Wassif CA, Krakowiak PA, Taipale J, Gong R, Kelley RI,

Porter FD, Beachy PA. A defective response to Hedgehog signal-

ing in disorders of cholesterol biosynthesis. Nat Genet 2003;33:

508–513.

19. Gofflot F, Hars C, Illien F, Chevy F, Wolf C, Picard JJ, Roux C.

Molecular mechanisms underlying limb anomalies associated with

cholesterol deficiency during gestation: implications of Hedgehog

signaling. Hum Mol Genet 2003;12:1187–1198.

20. Anderson SM, Yu G, Giattina M, Miller JL. Intercellular transfer of

a glycosylphosphatidylinositol (GPI)-linked protein: release and uptake

of CD4-GPI from recombinant adeno-associated virus-transduced

HeLa cells. Proc Natl Acad Sci U S A 1996;93:5894–5898.

21. Ilangumaran S, Robinson PJ, Hoessli DC. Transfer of exogenous

glycosylphos-phatidylinositol (GPI)-linked molecules to plasma mem-

branes. Trends Cell Biol 1996;6:163–167.

22. Kooyman DL, Byrne GW, McClellan S, Nielsen D, Tone M, Waldmann

H, Coffman TM, McCurry KR, Platt JL, Logan JS. In vivo transfer of

GPI-linked complement restriction factors from erythrocytes to the

endothelium. Science 1995;269:89–92.

23. Liu T, Li R, Pan T, Liu D, Petersen RB, Wong BS, Gambetti P, Sy MS.

Intercellular transfer of the cellular prion protein. J Biol Chem

2002;277:47671–47678.

Traffic 2007; 8: 331–338 335

Hitch-hiking Between Cells on Lipoproteins



24. McCurry KR, Kooyman DL, Alvarado CG, Cotterell AH, Martin MJ,

Logan JS, Platt JL. Human complement regulatory proteins protect

swine-to-primate cardiac xenografts from humoral injury. Nat Med

1995;1:423–427.

25. Onfelt B, Nedvetzki S, Yanagi K, Davis DM. Cutting edge: membrane

nanotubes connect immune cells. J Immunol 2004;173:1511–1513.

26. Almeida AM, Murakami Y, Layton DM, Hillmen P, Sellick GS, Maeda

Y, Richards S, Patterson S, Kotsianidis I, Mollica L, Crawford DH,

Baker A, Ferguson M, Roberts I, Houlston R et al. Hypomorphic

promoter mutation in PIGM causes inherited glycosylphosphatidyli-

nositol deficiency. Nat Med 2006;12:846–851.

27. Rosse WF. New insights into paroxysmal nocturnal hemoglobinuria.

Curr Opin Hematol 2001;8:61–67.

28. Sloand EM, Maciejewski JP, Dunn D, Moss J, Brewer B, Kirby M,

Young NS. Correction of the PNH defect by GPI-anchored protein

transfer. Blood 1998;92:4439–4445.

29. Rooney IA, Heuser JE, Atkinson JP. GPI-anchored complement

regulatory proteins in seminal plasma. An analysis of their physical

condition and the mechanisms of their binding to exogenous cells.

J Clin Invest 1996;97:1675–1686.

30. Dunn DE, Yu J, Nagarajan S, Devetten M, Weichold FF, Medof ME,

Young NS, Liu JM. A knock-out model of paroxysmal nocturnal

hemoglobinuria: Pig-a(-) hematopoiesis is reconstituted following

intercellular transfer of GPI-anchored proteins. Proc Natl Acad Sci

U S A 1996;93:7938–7943.

31. Rifkin MR, Landsberger FR. Trypanosome variant surface glycopro-

tein transfer to target membranes: a model for the pathogenesis of

trypanosomiasis. Proc Natl Acad Sci U S A 1990;87:801–805.

32. Pearce EJ, Hall BF, Sher A. Host-specific evasion of the alternative

complement pathway by schistosomes correlates with the presence

of a phospholipase C-sensitive surface molecule resembling human

decay accelerating factor. J Immunol 1990;144:2751–2756.

33. Eaton S. Release and trafficking of lipid-linked morphogens. Curr Opin

Genet Dev 2006;16:17–22.

34. Mann RS, Culi J. Developmental biology: morphogens hitch a greasy

ride. Nature 2005;435:30–33.

35. Miller JL. Release and extracellular transit of glycosylphosphatidyli-

nositol proteins. J Lab Clin Med 1998;131:115–123.

36. Cavallone D, Malagolini N, Serafini-Cessi F. Mechanism of release of

urinary Tamm-Horsfall glycoprotein from the kidney GPI-anchored

counterpart. Biochem Biophys Res Commun 2001;280:110–114.

37. Schwartz KJ, Peck RF, Tazeh NN, Bangs JD. GPI valence and the fate

of secretory membrane proteins in African trypanosomes. J Cell Sci

2005;118:5499–5511.

38. Walter EI, Ratnoff WD, Long KE, Kazura JW, Medof ME. Effect of

glycoinositolphospholipid anchor lipid groups on functional properties

of decay-accelerating factor protein in cells. J Biol Chem 1992;267:

1245–1252.

39. de Gassart A, Geminard C, Fevrier B, Raposo G, Vidal M. Lipid raft-

associated protein sorting in exosomes. Blood 2003;102:4336–4344.

40. Fevrier B, Vilette D, Archer F, Loew D, Faigle W, Vidal M, Laude H,

Raposo G. Cells release prions in association with exosomes. Proc

Natl Acad Sci U S A 2004;101:9683–9688.

41. Eliakim R, DeSchryver-Kecskemeti K, Nogee L, Stenson WF, Alpers

DH. Isolation and characterization of a small intestinal surfactant-like

particle containing alkaline phosphatase and other digestive enzymes.

J Biol Chem 1989;264:20614–20619.

42. Tanaka Y, Okada Y, Hirokawa N. FGF-induced vesicular release of

Sonic hedgehog and retinoic acid in leftward nodal flow is critical for

left-right determination. Nature 2005;435:172–177.

43. Denzer K, Kleijmeer MJ, Heijnen HF, Stoorvogel W, Geuze HJ

Exosome: from internal vesicle of the multivesicular body to intercel-

lular signaling device. J Cell Sci 2000;113:3365–3374.

44. Rabesandratana H, Toutant JP, Reggio H, Vidal M. Decay-accelerating

factor (CD55) and membrane inhibitor of reactive lysis (CD59) are

released within exosomes during in vitro maturation of reticulocytes.

Blood 1998;91:2573–2580.

45. Hsiung F, Ramirez-Weber FA, Iwaki DD, Kornberg TB. Dependence of

Drosophila wing imaginal disc cytonemes on Decapentaplegic. Nature

2005;437:560–563.

46. Ramirez-Weber FA, Kornberg TB. Cytonemes: cellular processes that

project to the principal signaling center in Drosophila imaginal discs.

Cell 1999;97:599–607.

47. Rustom A, Saffrich R, Markovic I, Walther P, Gerdes HH. Nanotubular

highways for intercellular organelle transport. Science 2004;303:

1007–1010.

48. TheryC, BoussacM, Veron P, Ricciardi-Castagnoli P, RaposoG, Garin J,

Amigorena S. Proteomic analysis of dendritic cell-derived exosomes:

a secreted subcellular compartment distinct from apoptotic vesicles.

J Immunol 2001;166:7309–7318.

49. Wubbolts R, Leckie RS, Veenhuizen PT, Schwarzmann G, Mobius W,

Hoernschemeyer J, Slot JW, Geuze HJ, Stoorvogel W. Proteomic and

biochemical analyses of human B cell-derived exosomes. Potential

implications for their function and multivesicular body formation.

J Biol Chem 2003;278:10963–10972.

50. Panakova D, Sprong H, Marois E, Thiele C, Eaton S. Lipoprotein

particles are required for Hedgehog and Wingless signalling. Nature

2005;435:58–65.

51. Sprong H, SuchanekM, van Dijk SM, van Remoortere A, Klumperman

J, Avram D, van der Linden J, Leusen JH, van Hellemond JJ, Thiele C.

Aberrant receptor-mediated endocytosis of Schistosoma mansoni

glycoproteins on host lipoproteins. PLoS Med 2006;3: in press.

52. Zhao Y, McCabe JB, Vance J, Berthiaume LG. Palmitoylation of

apolipoprotein B is required for proper intracellular sorting and trans-

port of cholesteroyl esters and triglycerides. Mol Biol Cell 2000;11:

721–734.

53. Vakeva A, Jauhiainen M, Ehnholm C, Lehto T, Meri S. High-density

lipoproteins can act as carriers of glycophosphoinositol lipid-anchored

CD59 in human plasma. Immunology 1994;82:28–33.

54. Krimbou L, Marcil M, Genest J. New insights into the biogenesis

of human high-density lipoproteins. Curr Opin Lipidol 2006;17:

258–267.

55. Rodenburg KW., Van der Horst DJ. Lipoprotein-mediated lipid trans-

port in insects: analogy to the mammalian lipid carrier system and

novel concepts for the functioning of LDL receptor family members.

Biochim Biophys Acta 2005;1736:10–29.

56. Chamoun Z, Mann RK, Nellen D, von Kessler DP, Bellotto M, Beachy

PA, Basler K. Skinny hedgehog, an acyltransferase required for

palmitoylation and activity of the hedgehog signal. Science 2001;

293:2080–2084.

57. Chatterjee S, Mayor S. The GPI-anchor and protein sorting. Cell Mol

Life Sci 2001;58:1969–1987.

58. Micchelli CA, The I, Selva E, Mogila V, Perrimon N. Rasp, a putative

transmembrane acyltransferase, is required for Hedgehog signaling.

Development 2002;129:843–851.

59. Gregorieff A, Pinto D, Begthel H, Destree O, Kielman M, Clevers H.

Expression pattern of Wnt signaling components in the adult intes-

tine. Gastroenterology 2005;129:626–638.

60. Motoyama J, Heng H, Crackower MA, Takabatake T, Takeshima K,

Tsui LC, Hui C. Overlapping and non-overlapping Ptch2 expression

with Shh during mouse embryogenesis. Mech Dev 1998;78:81–84.

61. Huang LS, Voyiaziakis E, Markenson DF, Sokol KA, Hayek T, Breslow

JL. apo B gene knockout in mice results in embryonic lethality in

homozygotes and neural tube defects, male infertility, and reduced

HDL cholesterol ester and apo A-I transport rates in heterozygotes.

J Clin Invest 1995;96:2152–2161.

336 Traffic 2007; 8: 331–338

Neumann et al.



62. Raabe M, Flynn LM, Zlot CH, Wong JS, Veniant MM, Hamilton RL,

Young SG. Knockout of the abetalipoproteinemia gene in mice:

reduced lipoprotein secretion in heterozygotes and embryonic lethal-

ity in homozygotes. Proc Natl Acad Sci U S A 1998;95:8686–8691.

63. Weisburger JH. Dietary fat and risk of chronic disease: mechanistic

insights from experimental studies. J Am Diet Assoc 1997;97:

S16–S23.

64. Mayor S, Riezman H. Sorting GPI-anchored proteins. Nat RevMol Cell

Biol 2004;5:110–120.

65. Schmitz G, Assmann G, Robenek H, Brennhausen B. Tangier disease:

a disorder of intracellular membrane traffic. Proc Natl Acad Sci U S A

1985;82:6305–6309.

66. Sun B, Eckhardt ER, Shetty S, van der Westhuyzen DR, Webb NR.

Quantitative analysis of SR-BI-dependent HDL retroendocytosis in

hepatocytes and fibroblasts. J Lipid Res 2006;47:1700–1713.

67. Van Hoof D, Rodenburg KW, Van der Horst DJ. Intracellular fate of

LDL receptor family members depends on the cooperation bet-

ween their ligand-binding and EGF domains. J Cell Sci 2005;118:

1309–1320.

68. Dehouck B, Fenart L, Dehouck MP, Pierce A, Torpier G, Cecchelli R.

A new function for the LDL receptor: transcytosis of LDL across the

blood-brain barrier. J Cell Biol 1997;138:877–889.

69. Pal A, Hall BS, Nesbeth DN, Field HI, Field MC. Differential endocytic

functions of Trypanosoma brucei Rab5 isoforms reveal a glycosyl-

phosphatidylinositol-specific endosomal pathway. J Biol Chem 2002;

277:9529–9539.

70. Coudreuse DY, Roel G, Betist MC, Destree O, Korswagen HC. Wnt

gradient formation requires retromer function in Wnt-producing cells.

Science 2006;312:921–924.

71. Prasad BC, Clark SG. Wnt signaling establishes anteroposterior

neuronal polarity and requires retromer in C. elegans. Development

2006;133:1757–1766.

72. Seaman MN. Recycle your receptors with retromer. Trends Cell Biol

2005;15:68–75.

73. Murphy JE, Tedbury PR, Homer-Vanniasinkam S, Walker JH, Pon-

nambalam S. Biochemistry and cell biology of mammalian scavenger

receptors. Atherosclerosis 2005;182:1–15.

74. Herz J, Bock HH. Lipoprotein receptors in the nervous system. Annu

Rev Biochem 2002;71:405–434.

75. Goldstein JL, Ho YK, Brown MS, Innerarity TL, Mahley RW. Choles-

teryl ester accumulation in macrophages resulting from receptor-

mediated uptake and degradation of hypercholesterolemic canine

beta-very low density lipoproteins. J Biol Chem 1980;255:1839–1848.

76. Brown MS, Goldstein JL, Krieger M, Ho YK, Anderson RG. Reversible

accumulation of cholesteryl esters in macrophages incubated with

acetylated lipoproteins. J Cell Biol 1979;82:597–613.

77. Connelly MA, Williams DL. Scavenger receptor BI: a scavenger

receptor with a mission to transport high density lipoprotein lipids.

Curr Opin Lipidol 2004;15:287–295.

78. Rigotti A, Miettinen HE, Krieger M. The role of the high-density

lipoprotein receptor SR-BI in the lipid metabolism of endocrine and

other tissues. Endocr Rev 2003;24:357–387.

79. Willnow TE, Sheng Z, Ishibashi S, Herz J. Inhibition of hepatic

chylomicron remnant uptake by gene transfer of a receptor antago-

nist. Science 1994;264:1471–1474.

80. Fisher CE, Howie SE. The role of megalin (LRP-2/Gp330) during

development. Dev Biol 2006;296:279–297.

81. McCarthy RA, Barth JL, Chintalapudi MR, Knaak C, Argraves WS.

Megalin functions as an endocytic sonic hedgehog receptor. J Biol

Chem 2002;277:25660–25667.

82. Willnow TE, Hilpert J, Armstrong SA, Rohlmann A, Hammer RE,

Burns DK, Herz J. Defective forebrain development in mice lacking

gp330/megalin. Proc Natl Acad Sci U S A 1996;93:8460–8464.

83. Spoelgen R, Hammes A, Anzenberger U, Zechner D, Andersen OM,

JerchowB,Willnow TE. LRP2/megalin is required for patterning of the

ventral telencephalon. Development 2005;132:405–414.

84. Zilberberg A, Yaniv A, Gazit A. The low density lipoprotein receptor-1,

LRP1, interacts with the human frizzled-1 (HFz1) and down-regulates

the canonical Wnt signaling pathway. J Biol Chem 2004;279:

17535–17542.

85. Wehrli M, Dougan ST, Caldwell K, O’Keefe L, Schwartz S, Vaizel-

Ohayon D, Schejter E, Tomlinson A, DiNardo S. arrow encodes an

LDL-receptor-related protein essential for Wingless signalling. Nature

2000;407:527–530.

86. Wu CH, Nusse R. Ligand receptor interactions in the Wnt signaling

pathway in Drosophila. J Biol Chem 2002;277:41762–41769.

87. Marois E, Mahmoud A, Eaton S. The endocytic pathway and

formation of the Wingless morphogen gradient. Development

2006;133:307–317.

88. Pillarisetti S, Paka L, Obunike JC, Berglund L, Goldberg IJ. Subendo-

thelial retention of lipoprotein (a). Evidence that reduced heparan

sulfate promotes lipoprotein binding to subendothelial matrix. J Clin

Invest 1997;100:867–874.

89. Llorente-Cortes V, Otero-Vinas M, Badimon L. Differential role of

heparan sulfate proteoglycans on aggregated LDL uptake in human

vascular smooth muscle cells and mouse embryonic fibroblasts.

Arterioscler Thromb Vasc Biol 2002;22:1905–1911.

90. Kolset SO, Salmivirta M. Cell surface heparan sulfate proteoglycans

and lipoprotein metabolism. Cell Mol Life Sci 1999;56:857–870.

91. Obunike JC, Lutz EP, Li Z, Paka L, Katopodis T, Strickland DK,

Kozarsky KF, Pillarisetti S, Goldberg IJ. Transcytosis of lipoprotein

lipase across cultured endothelial cells requires both heparan sulfate

proteoglycans and the very low density lipoprotein receptor. J Biol

Chem 2001;276:8934–8941.

92. Mertens G, Van der Schueren B, van den Berghe H, David G. Heparan

sulfate expression in polarized epithelial cells: the apical sorting of

glypican (GPI-anchored proteoglycan) is inversely related to its

heparan sulfate content. J Cell Biol 1996;132:487–497.

93. Hacker U, Nybakken K, Perrimon N. Heparan sulphate proteoglycans:

the sweet side of development. Nat RevMol Cell Biol 2005;6:530–541.

94. Lin X. Functions of heparan sulfate proteoglycans in cell signaling

during development. Development 2004;131:6009–6021.

95. Bornemann DJ, Duncan JE, Staatz W, Selleck S, Warrior R. Abroga-

tion of heparan sulfate synthesis in Drosophila disrupts the Wingless,

Hedgehog and Decapentaplegic signaling pathways. Development

2004;131:1927–1938.

96. Han C, Belenkaya TY, Khodoun M, Tauchi M, Lin X, Lin X. Distinct and

collaborative roles of Drosophila EXT family proteins in morphogen

signalling and gradient formation. Development 2004;131:1563–1575.

97. Takei Y, Ozawa Y, Sato M, Watanabe A, Tabata T. Three Drosophila

EXT genes shape morphogen gradients through synthesis of heparan

sulfate proteoglycans. Development 2004;131:73–82.

98. Park Y, Rangel C, Reynolds MM, Caldwell MC, Johns M, Nayak M,

Welsh CJ,McDermott S, Datta S. Drosophila perlecanmodulates FGF

and hedgehog signals to activate neural stem cell division. Dev Biol

2003;253:247–257.

99. Shelness GS, Ledford AS. Evolution and mechanism of apolipoprotein

B-containing lipoprotein assembly. Curr Opin Lipidol 2005;16:325–332.

100. van Meer G, Halter D, Sprong H, Somerharju P, Egmond MR. ABC

lipid transporters: extruders, flippases, or flopless activators? FEBS

Lett 2006;580:1171–1177.

101. Ma Y, Erkner A, Gong R, Yao S, Taipale J, Basler K, Beachy PA.

Hedgehog-mediated patterning of the mammalian embryo requires

transporter-like function of dispatched. Cell 2002;111:63–75.

102. Burke R, Nellen D, Bellotto M, Hafen E, Senti KA, Dickson BJ, Basler

K. Dispatched, a novel sterol-sensing domain protein dedicated to the

Traffic 2007; 8: 331–338 337

Hitch-hiking Between Cells on Lipoproteins



release of cholesterol-modified hedgehog from signaling cells. Cell

1999;99:803–815.

103. Incardona JP. From sensing cellular sterols to assembling sensory

structures. Dev Cell 2005;8:798–799.

104. Bijlsma MF, Spek CA, Zivkovic D, van de Water S, Rezaee F,

Peppelenbosch MP. Repression of smoothened by patched-depend-

ent (pro-)vitamin D3 secretion. PLoS Biol 2006;4: in press.

105. Chang TY, Chang CC, Ohgami N, Yamauchi Y. Cholesterol sensing,

trafficking, and esterification. Annu Rev Cell Dev Biol 2006;22:129–57.

106. Raikwar NS, Bowen RF, DeegMA. Mutating His29, His125, His133 or

His158 abolishes glycosylphosphatidylinositol-specific phospholipase

D catalytic activity. Biochem J 2005;391:285–289.

107. Deeg MA, Bierman EL, Cheung MC. GPI-specific phospholipase D

associates with an apoA-I- and apoA-IV-containing complex. J Lipid

Res 2001;42:442–451.

108. Hoener MC, Brodbeck U. Phosphatidylinositol-glycan-specific phos-

pholipase D is an amphiphilic glycoprotein that in serum is associated

with high-density lipoproteins. Eur J Biochem 1992;206:747–757.

109. Bergman AS, Carlsson SR. Saponin-induced release of cell-surface-

anchored Thy-1 by serum glycosylphosphatidylinositol-specific phos-

pholipase D. Biochem J 1994;298:661–668.

110. Low MG, Huang KS. Factors affecting the ability of glycosylphospha-

tidylinositol-specific phospholipase D to degrade the membrane

anchors of cell surface proteins. Biochem J 1991;279:483–493.

111. Deng JT, Hoylaerts MF, De Broe ME, van Hoof VO. Hydrolysis of

membrane-bound liver alkaline phosphatase by GPI-PLD requires bile

salts. Am J Physiol 1996;271:G655–G663.

112. Bollenbach T, Kruse K, Pantazis P, Gonzalez-Gaitan M, Julicher F.

Robust formation of morphogen gradients. Phys Rev Lett 2005;

94:018103.

113. Navab M, Hama SY, Hough GP, Hedrick CC, Sorenson R, La Du BN,

Kobashigawa JA, Fonarow GC, Berliner JA, Laks H, Fogelman AM.

High density associated enzymes: their role in vascular biology. Curr

Opin Lipidol 1998;9:449–456.

114. Shih DM, Gu L, Xia YR, Navab M, Li WF, Hama S, Castellani LW,

Furlong CE, Costa LG, Fogelman AM, Lusis AJ. Mice lacking serum

paraoxonase are susceptible to organophosphate toxicity and athero-

sclerosis. Nature 1998;394:284–287.

115. Knoll B, Drescher U. Ephrin-as as receptors in topographic projec-

tions. Trends Neurosci 2002;25:145–149.

116. Safar JG, Wille H, Geschwind MD, Deering C, Latawiec D, Serban A,

King DJ, Legname G, Weisgraber KH, Mahley RW, Miller BL,

Dearmond SJ, Prusiner SB. Human prions and plasma lipoproteins.

Proc Natl Acad Sci U S A 2006;103:11312–11317.

117. Haas C, Cazorla P, Miguel CD, Valdivieso F, Vazquez J. Apolipo-

protein E forms stable complexes with recombinant Alzheimer’s

disease beta-amyloid precursor protein. Biochem J 1997;325:

169–175.

338 Traffic 2007; 8: 331–338

Neumann et al.


