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Abstract Despite a tight regulation of its intracellular
content, cholesterol is found accumulated in pathological
conditions such as sphingolipidosis as well as after cell
treatment with drugs like hydrophobic amines. Furthermore,
cellular cholesterol increases when cultured cells approach
confluence. Under these conditions, the endocytic pathways
of plasma membrane sphingolipids are differently affected.
In this short review, we will summarize recent results from
our laboratory as well as those of other groups, indicating
that the intracellular accumulation of cholesterol inhibits the
dissociation of rab GTPases from the target membranes,
causing the alteration of rab-mediated membrane traffic.
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Introduction

Sphingolipids are membrane lipid constituents that are
accumulated in the plasma membrane and the endocytic
compartments of eukaryotic cells [1, 2]. In the plasma
membrane, sphingolipids form specific lipid domains [3, 4]
that are involved in signal transduction and membrane
trafficking. Sphingolipids are also the reservoir of lipid
second messengers such as ceramide and sphingosine-1-
phosphate [5]. The endocytosis of sphingolipids regulates
the amount of lipids on the cell surface as well as the
formation of lipid second messengers via lipid degradation
in the endosomes/lysosomes. The endocytic pathways of
cell surface sphingolipids are not fully characterized.

Sphingolipids are composed of glycosphingolipids and
sphingomyelin. Glycosphingolipids bind a variety of sugars
to the ceramide backbone, whereas sphingomyelin is a
conjugate of ceramide and phosphocholine. Studies using
fluorescent sphingolipid analogs revealed different endo-
cytic pathways of glycosphingolipids and sphingomyelin
[6] that are regulated by different rab small GTPases.

In a similar way to sphingolipids, cholesterol is enriched
in the plasma membrane and the endocytic compartment
[7]. It has been reported that sphingolipids preferentially
form a complex with cholesterol [8, 9]. Cellular content of
cholesterol is stringently regulated [10]. However, cells
accumulate cholesterol in genetic diseases such as sphingo-
lipid storage diseases [11-13]. In cultured cells, cellular
cholesterol is increased when cells approach confluence
[14—16]. The endocytic pathways of fluorescent sphingoli-
pids are differently affected under these conditions. Recent
results from our laboratory as well as those of other groups
suggest that cholesterol regulates the intracellular distribu-
tion of rab proteins and thus affects membrane traffic.
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Endocytic pathways of cell surface sphingolipids

Little is known about the endocytic pathways of endogenous
sphingolipids, because of the technical difficulties. Instead,
the endocytic pathways of cell surface sphingolipids have
been studied using either fluorescent sphingolipid analogs
[17, 18] or toxins that bind specific sphingolipids [19, 20].
However, the molecular size of fluorophores that bind to
fluorescent lipids is often as big as the lipid itself. In
addition, the fluorescent lipids have to be more hydrophilic
than their natural counterpart to favor efficient insertion
into the plasma membrane. It has been reported that the fate
of endocytosed fluorescent sphingomyelin is dependent on
its acyl chain length [21-23]. Recently, Kuerschner et al.
have developed novel polyene—lipid analogs [24]. These
lipids exhibit a structural similarity to natural lipids and
thus are expected to behave like natural lipids.

Since proteins are much bigger than lipids, the binding
of lipid-specific protein toxins may alter the endocytic
pathway of endogenous lipids. Thus the endocytosis of
fluorescent lipid analogs and lipid-binding proteins has to
be carefully evaluated. Nevertheless, these data provided
fundamental information of lipid endocytosis, such as the
rate of bulk plasma membrane recycling [25] as well as
polarized transport routes of epithelial cells [26].

In fully polarized human hepatoma HepG2 cells, 6-
[N-(7-nitrobenz-2-oxa-1,3 diazole-4-yl)amino]hexanoyl-
glucosylceramide (C6-NBD-GlcCer) is recycling between
the subapical compartment (SAC) and the apical bile cana-
licular membrane. By contrast, C6-NBD-sphingomyelin
initially accumulates in the SAC, but is ultimately transported
to the basolateral membrane [27, 28]. In normal human skin
fibroblasts, boron dipyrromethenedifluoride—lactosylceramide
(BODIPY-LacCer) and —globoside (BODIPY—Globoside) are
internalized by a clathrin-dependent mechanism and targeted
to the Golgi apparatus [6]. The endocytosis of fluorescent
sphingolipids are regulated by several rab proteins. Golgi
targeting is inhibited in cells expressing dominant-negative
rab7 and rab9, but not rabl1 constructs [29]. Rab7 mediates
early to late endosomes, and late endosomes to lysosome
transport, whereas rab9 is involved in late endosomes to
Golgi transport [30]. On the other hand, rabll regulates
transport from recycling endosomes to the plasma membrane.
These results suggest that BODIPY—glycolipids are targeted
to the Golgi apparatus through late endosomes. In addition to
Golgi targeting, endocytosed BODIPY—LacCer is recycled
back to the plasma membrane. This recycling is inhibited by
dominant-negative rab4, but not by rabll [31]. Rab4 is
suggested to play a role in fast recycling from early
endosomes [32, 33].

In contrast to BODIPY—glycolipids, BODIPY—sphingo-
myelin utilizes both clathrin-dependent and -independent
endocytic pathway in normal human skin fibroblasts [6].
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In subconfluent Chinese hamster ovary (CHO) cells, C6-
NBD- and BODIPY-sphingomyelin are endocytosed to
recycling endosomes identified by co-labeling with endo-
cytosed transferrin [16, 25]. In contrast, BODIPY—LacCer
is accumulated into perinuclear Golgi region [16]. A detailed
kinetic study indicates that 42-62% of the internalized C6-
NBD-sphingomyelin returns to the plasma membrane with a
half-time of 1-2 min [34]. Similar results are obtained using
Hep2 and nonpolarized Madin—Darby canine kidney cells.

Cholesterol accumulation alters the endocytic pathway
of fluorescent sphingolipids

Cells acquire cholesterol as cholesteryl ester in the form of
low density lipoprotein (LDL). LDL is endocytosed to late
endosomes/lysosomes, where cholesteryl ester is hydro-
lyzed to free cholesterol. Free cholesterol is then released to
plasma membrane and the endoplasmic reticulum [35]. The
exit of cholesterol from late endosomes is blocked in cells
from patients of genetic diseases such as sphingolipid
storage diseases (SLSD) [36, 37]. Those cells accumulate
free cholesterol in the late endosomes/lysosomes. Several
hydrophobic amines are reported to mimic SLSD [38—40].
It is suggested that the specific endosomal lipid domains
containing the unique phospholipid, bis(monoacylglycero)
phosphate (BMP, also called as lysobisphosphatidic
acid, LBPA) is involved in the cholesterol exit from late
endosomes [37, 41-44].

SLSDs generally result from a defective lysosomal
hydrolase or activator-protein cofactors, which lead to
accumulation of LDL-derived lipids in late endosomes/
lysosomes [45, 46]. In addition, lipid accumulation in
Niemann—Pick type C (NPC) and mucolipidosis type IV
diseases arises from defects in transport of cholesterol to or
from late endosomes/lysosomes [47-49]. In fibroblasts
from SLSD patients, BODIPY-LacCer is targeted predom-
inantly to late endosomes/lysosomes instead of going to the
Golgi apparatus [36]. Depletion of cholesterol from SLSD
cells restores normal BODIPY-LacCer targeting to the
Golgi, whereas overloading normal cells with cholesterol
redirects the lipid to the late endosomes/lysosomes. In
contrast, overloading with cholesterol did not eliminate
Golgi targeting of BODIPY—sphingomyelin [6]. Similar to
BODIPY-LacCer, cholera toxin B-subunit (CtxB), which
specifically binds ganglioside GM1, is targeted to the Golgi
apparatus of normal cells, but punctate endosomal struc-
tures in SLSD cells. It is also reported that dialkylindo-
carbocyanine lipid—mimetic analogs that recycle efficiently
from early endosomes in wild-type cells are targeted to late
endosomes in NPC cells [50].

In cultured endothelial cells and CHO cells, cellular
cholesterol is reported to increase when cells become confluent
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[14-16]. Fluorescence labeling of CHO cells by cholesterol
marker, filipin, indicates cholesterol accumulation in recy-
cling endosomes as well as in other cellular compartments
[16] (Fig. 1a). Under these conditions, the endocytic pathway
of BODIPY-sphingomyelin, but not BODIPY-LacCer, is
altered. Whereas BODIPY—sphingomyelin is accumulated in
recycling endosomes in subconfluent cells, this lipid analog is
distributed into early endosomes in confluent cells (Fig. 1b).
Similar to BODIPY—-sphingomyelin, fluorescent poly(ethyl-
ene glycol)-derivatized cholesterol (PEG-chol) is accumulated
in recycling endosomes in subconfluent cells and is concen-
trated in early endosomes in confluent cells. PEG-Chol
preferentially partitions to cholesterol-rich membrane domains
[51]. Since the bulk PEG moiety of PEG-Chol prevents
transbilayer movement of the molecule, PEG-Chol could
selectively monitor the endocytic pathway of cholesterol-rich
domain of plasma membrane. These results suggest that
cellular cholesterol content controls the endocytic pathway
of plasma membrane cholesterol as well as sphingolipids.

Fig. 1 Intracellular cholesterol
distribution and endocytosis of
fluorescent PEG-Chol and
BODIPY—-sphingomyelin in
subconfluent and confluent CHO
cells. a Intracellular distribution
of free cholesterol was monitored
by cholesterol-specific antibiotic,
filipin, in subconfluent and con-
fluent cells. Bar=10 um. b Sub-
confluent and confluent cells
were incubated with TRITC-
PEG-Chol and BODIPY—
sphingomyelin for 15 min at
37°C. Bar=10 pm

b Subconfluent
BODIPY-SM

PEG-Chol

a Subconfluent

Cholesterol alters the membrane—cytosol cycle of rab
proteins

Rab proteins and their effectors coordinate consecutive
stages of transport, such as vesicle formation, vesicle and
organelle motility, and tethering of vesicles to their target
compartments [30]. Efficient membrane transport relies on
the cycling of active GTP form and inactive GDP form of
rab proteins. In addition, GDP form of the protein has to be
released from the target membrane by GDP dissociation
inhibitor (GDI) for reutilization [52, 53]. Thus, both GTP-
GDP cycle and membrane—cytosol cycle of the proteins are
required for proper rab-mediated transport.

Accumulating evidence suggests that cholesterol alters
the endocytic pathway of sphingolipids through modulating
the activity of rab proteins. Overexpression of wild-type
rab7 and rab9 in NPC cells restores Golgi targeting of
BODIPY-LacCer and CtxB [29]. Niemann—Pick type A
(NPA) is a deficiency in acid sphingomyelinase, resulting in

Confluent

Confluent
BODIRY-SM

@ Springer



708

Glycoconj J (2009) 26:705-710

late endosomal and lysosomal accumulation of sphingo-
myelin and cholesterol [54]. NPA and NPC cells accumu-
late cholesterol not only in BMP/LBPA- and rab7-positive
late endosomes, but also in rab4-positive early endosomes.
In addition to endosome targeting, recycling of BODIPY—
LacCer, which is mediated by rab4, is delayed in NPA and
NPC cells [31]. In normal human skin fibroblasts, endog-
enous rab4 is often found in tubular extensions projecting
from early endosome antigen (EEA1)-positive globular
structures. In contrast, rab4 and EEA1 extensively colocalized
and are found mainly in globular structures in NPA and
NPC cells. Cholesterol depletion in these cells restores lipid
recycling and rab4 distribution.

Using C6-NBD-sphingomyelin, it is suggested that the
rabl1-dependent and recycling endosome-mediated lipid
recycling is delayed in confluent cells. In contrast, the rab4-
dependent and early endosome-mediated recycling is not
affected [16]. In subconfluent cells, endogenous rabll is
distributed in the perinuclear Golgi region and in the
cytoplasm, whereas in confluent cells, rab11 is accumulated
in recycling endosomes [16] (Fig. 2). In contrast, cell
confluency did not alter GTP form/GDP form ratio of
rab 11. When the constitutive, active GTP form of rabl1
is overexpressed in confluent cells, the endocytosed
fluorescent PEG-Chol is accumulated in the recycling
endosomes. Constitutive, active rabll was localized to
recycling endosomes as observed in the case of endog-
enous rabl1 in confluent cells. Dominant negative rabl1,
localized in cytoplasm, did not alter the internalization of
lipid probes. These results suggest that in confluent cells
rabl1 is localized in the recycling endosomes as inactive
form. Thus, the release of inactive rab11 from the recycling
endosomes is delayed in confluent, cholesterol-rich cells.
This idea is supported by the observation that the depletion
of cholesterol in confluent cells partially re-distributes

Fig. 2 Intracellular distribution
of rabl1 in subconfluent and
confluent cells. Bar=10 um
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Subconfluent

rabll to the cytoplasm and redirects BODIPY—sphingo-
myelin to recycling endosomes.

When cholesterol is accumulated in late endosomes/
lysosomes, membrane associated rab7, but not rab5 is
increased [55]. Rab7 is poorly extracted by GDI from
membrane fractions prepared from cholesterol-accumulated
cells. In addition, increase of cholesterol content in mem-
brane fractions prepared from control cells also inhibits rab7
extraction by GDI. It is also reported that the extraction of
rab9 by GDI is reduced in NPC membranes [56]. Similarly,
in vitro extraction of rab4, but not rabll, with GDI is
severely attenuated in endosomal fractions from NPA and
NPC cells [31]. The membrane bound form of rabl1l was
decreased by cholesterol depletion and the overexpression
of GDI in confluent CHO cells [16]. The effect of cholesterol
on GDI-mediated rab protein extraction is reconstituted in
liposomes loaded with prenylated rab9 [56]. These results
suggest that cholesterol directly affects the membrane—
cytosol cycle of rab proteins.

Conclusion and perspectives

The above results indicate that the accumulation of
cholesterol alters the endocytic pathways of fluorescent
sphingolipid analogs by inhibiting the extraction of rab
proteins from endosome membranes. Recently, it is shown
that the intracellular distribution of cholesterol is also
under the control of rab proteins [29, 57-59]. These results
suggest that rab proteins are potential targets for treatment
of SLSDs. Furthermore, the difference of cell density is
observed in other patho-physiological conditions e.g. during
wound healing. It is speculated that alteration of cholesterol
metabolism and sphingolipid endocytosis could occur
during wound healing in connection to the cholesterol

Confluent




Glycoconj J (2009) 26:705-710

709

regulation of membrane polarization during cell movement
[60, 61].

Acknowledgements

We are grateful to Frangoise Hullin-Matsuda

for critically reading the manuscript. The authors’ work was supported
by grants from the Ministry of Education, Science, Sports, and Culture
of Japan and Bioarchitect Project of RIKEN.

References

11.

15.

16.

17.

. Hirabayashi, Y., Igarashi, Y., Merrill, A.H., Jr. (eds.): Sphingolipid

biology. Springer, Tokyo (2006)

. Gahmberg, C.G., Laine, R.A.: Special issue of glycobiology and

sphingobiology. Biochim. Biophys. Acta 1780, 323—625 (2008)

. Simons, K., Vaz, W.L.: Model systems, lipid rafts, and cell

membranes. Annu. Rev. Biophys. Biomol. Struct. 33, 269-295
(2004). doi:10.1146/annurev.biophys.32.110601.141803

. Hullin-Matsuda, F., Kobayashi, T.: Monitoring the distribution

and dynamics of signaling microdomains in living cells with lipid-
specific probes. Cell. Mol. Life Sci. 64, 2492-2504 (2007).
doi:10.1007/s00018-007-7281-x

. Hannun, Y.A., Obeid, L.M.: Principles of bioactive lipid signal-

ling: lessons from sphingolipids. Nat. Rev. Mol. Cell Biol. 9, 139—
150 (2008). doi:10.1038/nrm2329

. Puri, V., Watanabe, R., Singh, R.D., Dominguez, M., Brown, J.C.,

Wheatley, C.L., et al.: Clathrin-dependent and -independent
internalization of plasma membrane sphingolipids initiates two
Golgi targeting pathways. J. Cell Biol. 154, 535-547 (2001).
doi:10.1083/jcb.200102084

. Ikonen, E.: Cellular cholesterol trafficking and compartmentaliza-

tion. Nat. Rev. Mol. Cell Biol. 9, 125-138 (2008). doi:10.1038/
nrm2336

. London, E.: How principles of domain formation in model

membranes may explain ambiguities concerning lipid raft forma-
tion in cells. Biochim. Biophys. Acta 1746, 203-220 (2005).
doi:10.1016/j.bbamcr.2005.09.002

. Ramstedt, B., Slotte, J.P.: Sphingolipids and the formation of

sterol-enriched ordered membrane domains. Biochim. Biophys. Acta
1758, 1945-1956 (2006). doi:10.1016/j.bbamem.2006.05.020

. Goldstein, J.L., DeBose-Boyd, R.A., Brown, M.S.: Protein

sensors for membrane sterols. Cell 124, 3546 (2006). doi:10.
1016/j.cell.2005.12.022

Pagano, R.E.: Endocytic trafficking of glycosphingolipids in
sphingolipid storage diseases. Philos. Trans. R. Soc. Lond. B
Biol. Sci. 358, 885-891 (2003). doi:10.1098/rstb.2003.1275

. Mukherjee, S., Maxfield, F.R.: Lipid and cholesterol trafficking in

NPC. Biochim. Biophys. Acta 1685, 28-37 (2004)

. Chang, T.Y., Reid, P.C., Sugii, S., Ohgami, N., Cruz, J.C., Chang,

C.C.: Niemann—Pick type C disease and intracellular cholesterol
trafficking. J. Biol. Chem. 280, 20917-20920 (2005). doi:10.1074/
jbc.R400040200

. Cansell, M., Gouygou, J.P., Jozefonvicz, J., Letourneur, D.: Lipid

composition of cultured endothelial cells in relation to their
growth. Lipids 32, 39-44 (1997). doi:10.1007/s11745-997-0006-3
Corvera, S., DiBonaventura, C., Shpetner, H.S.: Cell confluence-
dependent remodeling of endothelial membranes mediated by
cholesterol. J. Biol. Chem. 275, 31414-31421 (2000). doi:10.1074/
jbec.M001708200

Takahashi, M., Murate, M., Fukuda, M., Sato, S.B., Ohta, A.,
Kobayashi, T.: Cholesterol controls lipid endocytosis through
Rabl1. Mol. Biol. Cell 18, 2667-2677 (2007). doi:10.1091/mbc.
E06-10-0924

Pagano, R.E., Chen, C.S.: Use of BODIPY-labeled sphingolipids
to study membrane traffic along the endocytic pathway. Ann.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

N. Y. Acad. Sci. 845, 152-160 (1998). doi:10.1111/j.1749-
6632.1998.tb09668.x

Ghidoni, R., Sala, G., Giuliani, A.: Use of sphingolipid analogs:
benefits and risks. Biochim. Biophys. Acta 1439, 17-39 (1999)
Sandvig, K., van Deurs, B.: Endocytosis, intracellular transport,
and cytotoxic action of Shiga toxin and ricin. Physiol. Rev. 76,
949-966 (1996)

Johannes, L., Goud, B.: Surfing on a retrograde wave: how does
Shiga toxin reach the endoplasmic reticulum. Trends Cell Biol. 8,
158-162 (1998). doi:10.1016/S0962-8924(97)01209-9

Levade, T., Gatt, S., Maret, A., Salvayre, R.: Different pathways
of uptake and degradation of sphingomyelin by lymphoblastoid
cells and the potential participation of the neutral sphingomyeli-
nase. J. Biol. Chem. 266, 13519-13529 (1991)

Levade, T., Gatt, S., Salvayre, R.: Uptake and degradation of
several pyrenesphingomyelins by skin fibroblasts from control
subjects and patients with Niemann—Pick disease. Effect of the
structure of the fluorescent fatty acyl residue. Biochem. J. 275(Pt
1), 211-217 (1991)

Koivusalo, M., Jansen, M., Somerharju, P., Ikonen, E.: Endocytic
trafficking of sphingomyelin depends on its acyl chain length. Mol.
Biol. Cell 18, 5113-5123 (2007). doi:10.1091/mbc.E07-04-0330
Kuerschner, L., Ejsing, C.S., Ekroos, K., Shevchenko, A.,
Anderson, K.I., Thiele, C.: Polyene-lipids: a new tool to image
lipids. Nat. Methods 2, 39—45 (2005). doi:10.1038/nmeth728
Mayor, S., Presley, J.F., Maxfield, F.R.: Sorting of membrane
components from endosomes and subsequent recycling to the cell
surface occurs by a bulk flow process. J. Cell Biol. 121, 1257—
1269 (1993). doi:10.1083/jcb.121.6.1257

van ljzendoorn, S.C., Hoekstra, D.: The subapical compartment: a
novel sorting centre. Trends Cell Biol 9, 144-149 (1999).
doi:10.1016/S0962-8924(99)01512-3

van ljzendoorn, S.C., Hoekstra, D.: Polarized sphingolipid
transport from the subapical compartment: evidence for distinct
sphingolipid domains. Mol. Biol. Cell 10, 3449-3461 (1999)
Maier, O., Hoekstra, D.: Trans-Golgi network and subapical
compartment of HepG2 cells display different properties in sorting
and exiting of sphingolipids. J. Biol. Chem. 278, 164—-173 (2003).
doi:10.1074/jbc.M208259200

Choudhury, A., Dominguez, M., Puri, V., Sharma, D.K., Narita, K.,
Wheatley, C.L., et al.: Rab proteins mediate Golgi transport of
caveola-internalized glycosphingolipids and correct lipid trafficking
in Niemann—Pick C cells. J. Clin. Invest. 109, 1541-1550 (2002)
Zerial, M., McBride, H.: Rab proteins as membrane organizers.
Nat. Rev. Mol. Cell Biol. 2, 107-117 (2001). doi:10.1038/35052055
Choudhury, A., Sharma, D.K., Marks, D.L., Pagano, R.E.:
Elevated endosomal cholesterol levels in Niemann—Pick cells
inhibit rab4 and perturb membrane recycling. Mol. Biol. Cell 15,
45004511 (2004). doi:10.1091/mbc.E04-05-0432

van der Sluijs, P., Hull, M., Webster, P., Male, P., Goud, B.,
Mellman, 1.: The small GTP-binding protein rab4 controls an
early sorting event on the endocytic pathway. Cell 70, 729-740
(1992). doi:10.1016/0092-8674(92)90307-X

Sheff, D.R., Daro, E.A., Hull, M., Mellman, I.: The receptor
recycling pathway contains two distinct populations of early
endosomes with different sorting functions. J. Cell Biol. 145,
123-139 (1999). doi:10.1083/jcb.145.1.123

Hao, M., Maxfield, F.R.: Characterization of rapid membrane
internalization and recycling. J. Biol. Chem. 275, 15279-15286
(2000). doi:10.1074/jbc.275.20.15279

Goldstein, J.L., Brown, M.S., Anderson, R.G., Russell, D.W.,
Schneider, W.J.: Receptor-mediated endocytosis: concepts emerg-
ing from the LDL receptor system. Annu. Rev. Cell Biol. 1, 1-39
(1985). doi:10.1146/annurev.cb.01.110185.000245

Puri, V., Watanabe, R., Dominguez, M., Sun, X., Wheatley, C.L.,
Marks, D.L., et al.: Cholesterol modulates membrane traffic along

@ Springer


http://dx.doi.org/10.1146/annurev.biophys.32.110601.141803
http://dx.doi.org/10.1007/s00018-007-7281-x
http://dx.doi.org/10.1038/nrm2329
http://dx.doi.org/10.1083/jcb.200102084
http://dx.doi.org/10.1038/nrm2336
http://dx.doi.org/10.1038/nrm2336
http://dx.doi.org/10.1016/j.bbamcr.2005.09.002
http://dx.doi.org/10.1016/j.bbamem.2006.05.020
http://dx.doi.org/10.1016/j.cell.2005.12.022
http://dx.doi.org/10.1016/j.cell.2005.12.022
http://dx.doi.org/10.1098/rstb.2003.1275
http://dx.doi.org/10.1074/jbc.R400040200
http://dx.doi.org/10.1074/jbc.R400040200
http://dx.doi.org/10.1007/s11745-997-0006-3
http://dx.doi.org/10.1074/jbc.M001708200
http://dx.doi.org/10.1074/jbc.M001708200
http://dx.doi.org/10.1091/mbc.E06-10-0924
http://dx.doi.org/10.1091/mbc.E06-10-0924
http://dx.doi.org/10.1111/j.1749-6632.1998.tb09668.x
http://dx.doi.org/10.1111/j.1749-6632.1998.tb09668.x
http://dx.doi.org/10.1016/S0962-8924(97)01209-9
http://dx.doi.org/10.1091/mbc.E07-04-0330
http://dx.doi.org/10.1038/nmeth728
http://dx.doi.org/10.1083/jcb.121.6.1257
http://dx.doi.org/10.1016/S0962-8924(99)01512-3
http://dx.doi.org/10.1074/jbc.M208259200
http://dx.doi.org/10.1038/35052055
http://dx.doi.org/10.1091/mbc.E04-05-0432
http://dx.doi.org/10.1016/0092-8674(92)90307-X
http://dx.doi.org/10.1083/jcb.145.1.123
http://dx.doi.org/10.1074/jbc.275.20.15279
http://dx.doi.org/10.1146/annurev.cb.01.110185.000245

710

Glycoconj J (2009) 26:705-710

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

the endocytic pathway in sphingolipid-storage diseases. Nat. Cell
Biol. 1, 386-388 (1999). doi:10.1038/14084

Kobayashi, T., Beuchat, M.H., Lindsay, M., Frias, S., Palmiter, R.D.,
Sakuraba, H., et al.: Late endosomal membranes rich in lysobi-
sphosphatidic acid regulate cholesterol transport. Nat. Cell Biol. 1,
113-118 (1999). doi:10.1038/15666

Lange, Y., Steck, T.L.: Cholesterol homeostasis. Modulation by
amphiphiles. J. Biol. Chem. 269, 29371-29374 (1994)

Liscum, L., Underwood, K.W.: Intracellular cholesterol transport
and compartmentation. J. Biol. Chem. 270, 15443—15446 (1995).
doi:10.1074/jbc.270.26.15443

Makino, A., Ishii, K., Murate, M., Hayakawa, T., Suzuki, Y.,
Suzuki, M., et al.: D-Threo-1-phenyl-2-decanoylamino-3-
morpholino-1-propanol alters cellular cholesterol homeostasis by
modulating the endosome lipid domains. Biochemistry 45, 4530—
4541 (2006). doi:10.1021/bi052104y

Kobayashi, T., Stang, E., Fang, K.S., de Moerloose, P., Parton, R.G.,
Gruenberg, J.: A lipid associated with the antiphospholipid syndrome
regulates endosome structure and function. Nature 392, 193-197
(1998). doi:10.1038/32440

Hayakawa, T., Makino, A., Murate, M., Sugimoto, I., Hashimoto, Y.,
Takahashi, H., et al.: pH-dependent formation of membranous
cytoplasmic body-like structure of ganglioside G(M!1)/bis(mono-
acylglycero)phosphate mixed membranes. Biophys. J. 92, L13-L16
(2007). doi:10.1529/biophys;j.106.098657

Delton-Vandenbroucke, 1., Bouvier, J., Makino, A., Besson, N.,
Pageaux, J.F., Lagarde, M., et al.: Anti-bis(monoacylglycero)
phosphate antibody accumulates acetylated LDL-derived choles-
terol in cultured macrophages. J. Lipid Res. 48, 543-552 (2007).
doi:10.1194/j1rrM600266-JLR200

Chevallier, J., Chamoun, Z., Jiang, G., Prestwich, G., Sakai, N.,
Matile, S., et al.: Lysobisphosphatidic acid controls endosomal
cholesterol levels. J. Biol. Chem. In press (2008)

Scriver, C.R., Beaudet, A.L., Sly, W.S., Valle, D.: The metabolic
and molecular basis of inherited disease, 8th edn. McGraw-Hill,
New York (2001)

Futerman, A.H., van Meer, G.: The cell biology of lysosomal
storage disorders. Nat. Rev. Mol. Cell Biol. 5, 554-565 (2004).
doi:10.1038/nrm1423

Chen, C.S., Bach, G., Pagano, R.E.: Abnormal transport along the
lysosomal pathway in mucolipidosis, type IV disease. Proc.
Natl. Acad. Sci. U. S. A. 95, 6373-6378 (1998). doi:10.1073/
pnas.95.11.6373

Maxfield, F.R., Tabas, I.: Role of cholesterol and lipid organiza-
tion in disease. Nature 438, 612-621 (2005). doi:10.1038/
nature04399

Chang, T.Y., Chang, C.C., Ohgami, N., Yamauchi, Y.: Cholesterol
sensing, trafficking, and esterification. Annu. Rev. Cell Dev.

@ Springer

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Biol. 22, 129-157 (2006). doi:10.1146/annurev.cellbio.22.
010305.104656

Pipalia, N.H., Hao, M., Mukherjee, S., Maxfield, F.R.: Sterol,
protein and lipid trafficking in Chinese hamster ovary cells with
Niemann—Pick type C1 defect. Traffic 8, 130-141 (2007).
doi:10.1111/j.1600-0854.2006.00513.x

Sato, S.B., Ishii, K., Makino, A., Iwabuchi, K., Yamaji-Hasegawa,
A., Senoh, Y., et al.: Distribution and transport of cholesterol-rich
membrane domains monitored by a membrane-impermeant
fluorescent polyethylene glycol-derivatized cholesterol. J. Biol.
Chem. 279, 23790-23796 (2004). doi:10.1074/jbc.M313568200

Pfeffer, S.R.: Rab GTPases: specifying and deciphering organelle
identity and function. Trends Cell Biol. 11, 487-491 (2001).
doi:10.1016/S0962-8924(01)02147-X

Seabra, M.C., Mules, E.H., Hume, A.N.: Rab GTPases, intracel-
lular traffic and disease. Trends Mol. Med. 8, 23-30 (2002).
doi:10.1016/S1471-4914(01)02227-4

Schuchman, E.H., Desnick, R.J.: Niemann—Pick disease typeA
and B: acid sphingomyelinase deficiencies. In: Scriver, C.R.,
Beaudet, A.L., Sly, W.S., Valle, D. (eds.) The metabolic and
molecular basis of inherited disease, 8th edn., vol. III, pp. 3589—
3610. McGraw-Hill, New York (2001)

Lebrand, C., Corti, M., Goodson, H., Cosson, P., Cavalli, V.,
Mayran, N., et al.: Late endosome motility depends on lipids via
the small GTPase Rab7. EMBO J. 21, 1289-1300 (2002).
doi:10.1093/emboj/21.6.1289

Ganley, 1.G., Pfeffer, S.R.: Cholesterol accumulation sequesters
Rab9 and disrupts late endosome function in NPC1-deficient cells.
J. Biol. Chem. 281, 17890-17899 (2006). doi:10.1074/jbc.
M601679200

Holtta-Vuori, M., Tanhuanpaa, K., Mobius, W., Somerharju, P.,
Ikonen, E.: Modulation of cellular cholesterol transport and
homeostasis by Rabll. Mol. Biol. Cell 13, 3107-3122 (2002).
doi:10.1091/mbc.E02-01-0025

Narita, K., Choudhury, A., Dobrenis, K., Sharma, D.K., Holicky,
E.L., Marks, D.L., et al.: Protein transduction of Rab9 in
Niemann—Pick C cells reduces cholesterol storage. FASEB J. 19,
1558-1560 (2005)

Linder, M.D., Uronen, R.L., Holtta-Vuori, M., van der Sluijs, P.,
Peranen, J., Ikonen, E.: Rab8-dependent recycling promotes endo-
somal cholesterol removal in normal and sphingolipidosis cells.
Mol. Biol. Cell 18, 47-56 (2007). doi:10.1091/mbc.E06-07-0575

Manes, S., Martinez, A.C.: Cholesterol domains regulate the actin
cytoskeleton at the leading edge of moving cells. Trends Cell Biol.
14, 275-278 (2004). doi:10.1016/j.tcb.2004.04.008

Golub, T., Pico, C.: Spatial control of actin-based motility through
plasmalemmal PtdIns(4,5)P2-rich raft assemblies. Biochem. Soc.
Symp. (72), 119-127 (2005)


http://dx.doi.org/10.1038/14084
http://dx.doi.org/10.1038/15666
http://dx.doi.org/10.1074/jbc.270.26.15443
http://dx.doi.org/10.1021/bi052104y
http://dx.doi.org/10.1038/32440
http://dx.doi.org/10.1529/biophysj.106.098657
http://dx.doi.org/10.1194/jlr.M600266-JLR200
http://dx.doi.org/10.1038/nrm1423
http://dx.doi.org/10.1073/pnas.95.11.6373
http://dx.doi.org/10.1073/pnas.95.11.6373
http://dx.doi.org/10.1038/nature04399
http://dx.doi.org/10.1038/nature04399
http://dx.doi.org/10.1146/annurev.cellbio.22.010305.104656
http://dx.doi.org/10.1146/annurev.cellbio.22.010305.104656
http://dx.doi.org/10.1111/j.1600-0854.2006.00513.x
http://dx.doi.org/10.1074/jbc.M313568200
http://dx.doi.org/10.1016/S0962-8924(01)02147-X
http://dx.doi.org/10.1016/S1471-4914(01)02227-4
http://dx.doi.org/10.1093/emboj/21.6.1289
http://dx.doi.org/10.1074/jbc.M601679200
http://dx.doi.org/10.1074/jbc.M601679200
http://dx.doi.org/10.1091/mbc.E02-01-0025
http://dx.doi.org/10.1091/mbc.E06-07-0575
http://dx.doi.org/10.1016/j.tcb.2004.04.008

	Cholesterol regulation of rab-mediated sphingolipid endocytosis
	Abstract
	Introduction
	Endocytic pathways of cell surface sphingolipids
	Cholesterol accumulation alters the endocytic pathway of fluorescent sphingolipids
	Cholesterol alters the membrane–cytosol cycle of rab proteins
	Conclusion and perspectives
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


