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MLNG64 is a late endosomal cholesterol-binding membrane protein of an unknown function. Here, we show that MLN64
depletion results in the dispersion of late endocytic organelles to the cell periphery similarly as upon pharmacological
actin disruption. The dispersed organelles in MLN64 knockdown cells exhibited decreased association with actin and the
Arp2/3 complex subunit p34-Arc. MLN64 depletion was accompanied by impaired fusion of late endocytic organelles and
delayed cargo degradation. MLN64 overexpression increased the number of actin and p34-Arc—positive patches on late
endosomes, enhanced the fusion of late endocytic organelles in an actin-dependent manner, and stimulated the deposition
of sterol in late endosomes harboring the protein. Overexpression of wild-type MLN64 was capable of rescuing the
endosome dispersion in MLN64-depleted cells, whereas mutants of MLN64 defective in cholesterol binding were not,
suggesting a functional connection between MLN64-mediated sterol transfer and actin-dependent late endosome dynam-
ics. We propose that local sterol enrichment by MLN64 in the late endosomal membranes facilitates their association with

actin, thereby governing actin-dependent fusion and degradative activity of late endocytic organelles.

INTRODUCTION

MLNG64 is a late endosomal membrane protein with two
functional domains: an N-terminal domain consisting of
four transmembrane helices and a C-terminal steroidogenic
acute regulatory protein (StAR)-related lipid transfer do-
main (START) that projects into the cytoplasm (Alpy et al.,
2001, 2002). This topology suggested that MLN64 is a com-
ponent of the machinery that facilitates cholesterol egress
from late endosomes and lysosomes, possibly together with
other proteins such as Niemann Pick Type C (NPC)1 and
NPC2 (Alpy et al., 2001; Strauss et al., 2002). NPC1 or NPC2
mutations lead to late endosomal/lysosomal accumulation
of cholesterol and other lipids, resulting in neurodegenera-
tive disease (Ikonen and Holttd-Vuori, 2004). Overexpres-
sion of MLN64 enhanced steroidogenesis (Watari et al.,
1997), apparently by stimulating the mobilization of lysoso-
mal cholesterol to the mitochondrial P450 cholesterol side
chain cleavage enzyme, whereas mutant MLN64 lacking the
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START domain was reported to induce cholesterol accumu-
lation in lysosomes (Zhang et al., 2002). These findings sug-
gested that MLN64 plays a role in the maintenance of en-
dosomal cholesterol flow and intracellular cholesterol
homeostasis (Alpy et al., 2002; Zhang et al., 2002). Surpris-
ingly, targeted mutation of the MLN64 START domain in
mouse caused only modest alterations in cellular sterol me-
tabolism and the mice were neurologically intact and fertile
(Kishida et al., 2004), rather speaking against a crucial role
for MLN64 in whole body cholesterol homeostasis.

In the present work, we studied the cellular phenotypes
associated with MLN64 overexpression or depletion. We
show that instead of decreasing late endosomal sterol levels,
overexpression of MLN64 stimulated the accumulation of
sterol in the organelles harboring the protein. Moreover, we
provide evidence to suggest that MLN64-mediated sterol
transfer operates in the actin-mediated dynamics of late
endocytic organelles.

MATERIALS AND METHODS

Materials

C-terminal anti-MLN64 antibodies (2BE2F4) have been described previously
(Moog-Lutz et al., 1997; Alpy et al., 2001). The mouse monoclonal N-terminal
antibody (2D541) was raised against a synthetic peptide corresponding to
residues 1-19 of human MLN64 protein (MSKLPRELTRDLERSLPAYV). This
peptide was coupled to ovalbumin (Sigma-Aldrich, St. Louis, MO) through an
additional C-terminal cysteine. Generation of hybridomas was as described
previously (Moog-Lutz et al., 1997). Anti-lysosome-associated membrane pro-
tein (Lamp) 1 (H4A3) and Lamp2 (H4B4) antibodies were from Developmen-
tal Studies Hybridoma Bank (University of Iowa, Iowa City, IA); anti-early
endosomal autoantigen-1 (EEA1) antibodies were from BD Biosciences (San
Jose, CA); anti-p34-Arc antibodies were from Upstate Biotechnology (Char-
lottesville, VA); and anti-B-tubulin, anti-actin, and anti-dynein IC antibodies
(70.1) were from Sigma-Aldrich. Anti-lysobisphosphatidic acid (LBPA) anti-
bodies were a generous gift from Jean Gruenberg (University of Geneva,
Geneva, Switzerland), anti-Rab7 antibodies were from Marino Zerial (Max
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Planck Institute of Molecular Cell Biology and Genetics, Dresden, Germany),
and anti-RILP antibodies were from Cecilia Bucci (University of Lecce, Lecce,
Italy.) Cell culture media, filipin, dehydroergosterol (DHE), nocodazole, and
cytochalasin D (CytD) were from Sigma-Aldrich. Alexa fluor 488- and 568-
conjugated anti-IgG secondary antibodies, fluorescent endocytosed probes,
and Alexa fluor 568-conjugated phalloidin were from Molecular Probes (Lei-
den, The Netherlands). FuGENE® transfection reagent and polyethylene gly-
col (PEG) 1500 were from Roche Diagnostics (Mannheim, Germany). ECL
Western blot detection reagents and radiolabeled lipids were from Amersham
Biosciences (Freiburg, Germany).

c¢DNA Constructs and Short Interfering RNA (siRNA)
Oligonucleotides

Wild-type (WT) MLN64 and ASTART in pSG5 vectors were as described
previously (Alpy et al., 2001). The pSG5 MLN64 M307R, N311D mutant was
generated by site-directed mutagenesis with QuikChange site-directed mu-
tagenesis kit (Stratagene, La Jolla, CA) and synthetic oligonucleotide 5'-GC-
CCGAGAGG AGAGTACTGT GGGACAAGAC AGTGAC. N-terminal green
fluorescent protein (GFP) fusion constructs were obtained by subcloning the
cDNAs in pEGFP-N vectors (BD Biosciences Clontech, Palo Alto, CA). The
HA-RILP construct was a kind gift from Cecilia Bucci (University of Lecce,
Lecce, Italy). For siRNA, oligonucleotide duplex was designed against the
target sequence 5'-AACACAGGCATCCGTAAGAAC of MLN64. The control
RNA (GL2) against firefly luciferase has been described previously (Elbashir
et al., 2001). For experiments, both nontagged and sense strand 5'-biotin-
labeled oligos were used (Proligo, Hamburg, Germany). The transfection
frequency of siRNAs was assessed by fluorescence microscopy detection of
biotin-tagged oligos with fluorescently labeled streptavidin (Jackson Immu-
noResearch Laboratories, West Grove, PA) and was typically =90%. No
difference in the MLN64 depletion efficiency was observed between tagged
and nontagged oligos.

Cell Culture and Transfection

COS-1 and HeLa cells were cultured in DMEM containing 10% fetal bovine
serum, 100 U/ml penicillin, and 100 pg/ml streptomycin. NPC1 93.41 fibro-
blasts were cultured as described previously (Holtta-Vuori et al., 2000). For
siRNA transfections in HeLa cells, either Oligofectamine or Lipofectamine
2000 transfection reagents (Invitrogen, Carlsbad, CA) was used. The siRNA
transfections and plasmid cotransfections were performed as described pre-
viously (Elbashir et al., 2001). Cells were replated and retransfected 2-3 d after
the first transfection and used for experiments at 5-6 d of transfection. To
overcome the siRNA-mediated gene silencing by plasmid overexpression
(Elbashir et al., 2001), plasmids encoding MLN64 or its mutants were included
in the first round of transfection to achieve detectable expression level. For
HA-RILP, the plasmid was cotransfected for the last 2 d. COS-1 cells were
transfected with FuGENE6 and NPC 93.41 fibroblasts by electroporation.
Electroporation was carried out in 400 ul of Eagle’s minimum essential
medium containing 20 mM PIPES, pH 7.0, 128 mM glutamate, 10 uM Ca-
acetate, 2 mM Mg-acetate using 800-uF capacitance and 400 V.

Immunocytochemistry and Microscopy

Immunocytochemistry was performed essentially as described previously
(Holtta-Vuori et al., 2002). The cytoskeleton-preserving fixation (cytoskeletal
fix) was 2.6% paraformaldehyde in 2-(N-morpholino)ethanesulfonic acid
buffer with 160 mM HEPES and 320 mM sucrose. To label actin, cells were
fixed with cytoskeletal fix and permeabilized with 500 pg/ml filipin supple-
mented with Alexa 568-labeled phalloidin. For anti-p34-Arc stainings, the
cells were fixed with —20°C methanol for 2 min. The coverslips were viewed
with TCS SP or TCS SP2 confocal microscopes (Leica, Wetzlar, Germany),
Zeiss Axiophot photomicroscope or IX70 inverted microscope (Olympus,
Tokyo, Japan) equipped with a Polychrome IV monochromator (TILL Pho-
tonics, Gréfelfing, Germany) with appropriate filters. For live cell microscopy,
the images were obtained with TILL Photonics system and processed with
TILL Vision 4 and Image ProPlus 4.5 software. For three-dimensional projec-
tions, image stacks were deconvoluted with adaptive three-dimensional (3D)
deconvolution in Autoquant Autodeblur, and the 3D reconstructions were
made with Bitplane Imaris.

Interaction of Recombinant MLN64-START Domain and
Photocholesterol

The construct encoding the N-terminal His-tagged human MLN64 START
domain (residues 216-444) cloned into the pET22b vector (Tsujishita and
Hurley, 2000) was a kind gift from Yosuke Tsujishita and James H. Hurley
(National Institutes of Health, Bethesda, MD). WT and mutant His-tagged
MLN64 START domains were expressed in Escherichia coli BL21 (DE3) (Strat-
agene, LaJolla, CA) and purified using Ni-NTA affinity resin (QIAGEN,
Valencia, CA). The purified proteins were then dialyzed against 150 mM NaCl
and 20 mM Tris-HCI. [*H]Photocholesterol (Thiele ef al., 2000) was a kind gift
from Christoph Thiele (Max Planck Institute of Molecular Cell Biology and
Genetics, Dresden, Germany). The purified His-tagged WT and mutant
MLN64 START domains were incubated with 10 uCi of [*H]photocholesterol
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in 150 mM NaCl, 50 mM Tris-HCl, pH 7.4, 2% (vol/vol) ethanol for 15 min at
37°C and irradiated for 10 min at 4°C under UV light using filtered (340 = 40
nm) beam of a high-pressure 50-W mercury lamp. Irradiated proteins were
analyzed by SDS-PAGE and fluorography.

Labeling with Fluorescent Endocytosed Probes

For 1,1'-dioctadecyl-3,3,3' 3'-tetramethyl-indocarbocyanine-perchlorate-labeled
low-density lipoprotein (Dil-LDL) labeling, cells were incubated with 10
pg/ml Dil-LDL for 15-30 min in serum-free culture medium, washed and
further incubated in serum-free medium for >1.5 h to allow Dil-LDL to reach
late endocytic compartments. Cells were then fixed or used for live cell
microscopy. For epidermal growth factor (EGF) labeling, the cells were incu-
bated with 500 ng/ml rhodamine-epidermal growth factor in serum-free
culture medium with 1% bovine serum albumin, washed, further incubated in
the same medium for indicated times, and then fixed. For subsequent anti-
body staining, the cells were permeabilized with 0.1% Triton X-100. The
analysis of EGF degradation was performed as described previously (Raiborg
et al., 2001), and the mean fluorescence intensity of cells was analyzed with
Image ProPlus 4.5 software. For labeling with fluorescent dextrans, the cells
were incubated with 1 mg/ml dextran overnight in serum-free culture me-
dium, washed, and further incubated in normal growth medium for >2 h to
allow the probe to reach late endocytic compartments.

Labeling with Dehydroergosterol (DHE)

DHE-methyl-B-cyclodextrin complexes were prepared as described previ-
ously (Hao et al., 2002). Final concentration of DHE used for labeling cells was
1 mM. The cells were labeled for 1 min, further incubated as indicated, and
monitored live with TILL Photonics system equipped with appropriate filters
(Mukherjee et al., 1998). The total fluorescence intensities of both GFP and
DHE signals from single endosomes were analyzed with Image ProPlus 4.5
software. Nonspecific background was subtracted from DHE images before
intensity measurements.

Electron Microscopy

For immunoelectron microscopy, cells were fixed with PLP fixative (2%
formaldehyde, 0.01 M periodate, and 0.075 M lysine-HCI in 0.075 M phos-
phate buffer, pH 7.4) for 2 h at room temperature. Cells were permeabilized
with 0.01% saponin (Sigma-Aldrich) and immunolabeled by using anti-
MLN64 C-terminal antibodies and 1.4-nm gold particle-conjugated Fab’-
fragments against mouse IgM + IgG (Nanoprobes, Yaphank, NY). Nanogold
was silver enhanced with an HQ silver kit (Nanoprobes) for 0.5-4 min and
gold toned with 0.05% gold chloride (Arai et al., 1992). Cells were then
processed for Epon embedding as described previously (Seemann et al., 2000).
Sections were cut parallel to the coverslip, picked up on single-slot copper
grids, poststained with uranyl acetate and lead citrate, and examined with a
FEI Tecnai 12 transmission electron microscope at 80 kV.

Cell Fusions

The protocol was modified from Zhang et al. (2001). Briefly, cells labeled with
fluorescent dextrans and/or transfected with WT MLN64-GFP or ASTART-
GFP were cocultured overnight and incubated with 50% PEG 1500 for 5 min
at room temperature. After fusion the cells were washed and incubated in the
normal growth medium for 1 h and fixed with cytoskeletal fix. Colocalization
of the signals was analyzed with Image ProPlus 4.5 software using Pearson’s
correlation (Blom ef al., 2003). Nonspecific background was subtracted from
images before colocalization analysis.

Cell Fractionation and Western Blotting

To analyze the membrane association of proteins, the cells were harvested
and the postnuclear supernatant (PNS) was prepared in phosphate-buffered
saline (PBS) supplemented with protease inhibitors (chymostatin, leupeptin,
antipain, and pepstatin, at 25 pg/ml each). The PNS was centrifuged at
100,000 X g for 1 h. The supernatants were collected, and the membranes
harvested in 1% Nonidet P-40 in PBS. Western blot analysis was performed as
described previously (Holtta-Vuori ef al., 2002). To analyze actin-dependent
sedimentation of late endocytic organelles, a protocol modified from Rich-
ardson et al. (2004) was used. Briefly, PNS was prepared as described above,
and 30-ug aliquots of PNS protein was incubated in the presence of 1 mM
magnesium acetate and 100 uM nocodazole, with or without 4 uM cytocha-
lasin D for 30 min at 37°C. Pellets obtained after centrifugation at 100,000 X
g for 5 min as well as samples of total input protein before centrifugation (30
ug) were immunoblotted with the indicated antibodies.

Cholesterol Biochemistry

Cholesterol esterification in lipoprotein-starved cells was measured as incor-
poration of [*HJoleic acid into cholesteryl esters as described previously
(Holtta-Vuori et al., 2002). To analyze esterification in the presence of low-
density lipoprotein (LDL), cells were otherwise processed identically to li-
poprotein-starved cells, but the labeling medium was supplemented with 50
pg/ml LDL. For cholesterol efflux measurement, cells were labeled for 1-
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WT MLN64-GFP

Figure 1. MLN64 overexpression in COS
cells. (A) Nontransfected cells or cells overex-
pressing GFP-fused WT MLN64 or ASTART
were stained with filipin and anti-LBPA anti-
bodies. Arrows, MLN64-positive organelles
containing LBPA. Arrowheads, MLN64-posi- B
tive organelles containing filipin. Bar, 10 um.
(B) Schematic representation of WT and mu-
tant MLN64 ¢cDNAs used. (C) WT (lanes 1

MENTAL domain
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and 3) and M307R, N311D mutant (lanes 2
and 4) MLN64 START domains were incu-
bated with [*H]photocholesterol and either
UV-irradiated or not. After SDS-PAGE, cross-
linked [*H]cholesterol was revealed by fluo-
rography (top). For comparison, similar
amounts of recombinant proteins were
stained with Coomassie Blue after SDS-PAGE
(bottom).

WT
ASTART

M307R,N311D

2 d with [*H]cholesterol in lipoprotein-deficient medium, washed thoroughly,
and incubated with 5 mM methyl-B-cyclodextrin for 5 min at 37°C. The media
and cells were collected, and the percentage of cholesterol effluxed was
calculated as percentage of radioactivity in medium versus total (cells +
medium).

Statistical Analysis

Statistical significance was analyzed by student’s two-tailed f test. Error bars
in figures represent SEM.

RESULTS

Overexpression of MLN64 Stimulates Sterol Deposition in
Late Endocytic Organelles

In COS-1 cells, both WT MLN64 and a mutant lacking the
sterol-binding domain (ASTART) localized to late endo-
somes as described previously (Zhang et al., 2002) (Figure
1A). The late endosomal compartments are considered to be
enriched in LBPA but relatively cholesterol poor (Kobayashi
et al., 2002; Mdobius ef al., 2003) (Figure 1A). We found that
both WT and ASTART MLN64 induced the accumulation of
cholesterol and/or LBPA in enlarged late endocytic or-
ganelles as assessed by filipin fluorescence and antibody
staining, respectively (Figure 1A). However, the amount of
deposited lipid varied between individual endosomes. The
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overexpression of ASTART typically created grossly en-
larged endosomes with loosely packed internal structures,
whereas with the WT protein, the endosome enlargement
was less conspicuous and the organelles more compact (Fig-
ure 1A).

To clarify the role of cholesterol binding in MLN64 func-
tion, we generated a mutant protein compromised in cho-
lesterol binding. The START domain protein family can be
divided into different groups according to their lipid bind-
ing specificities. For example, StAR and MLN64 are choles-
terol binding proteins (Tsujishita and Hurley, 2000),
whereas phosphatidylcholine transfer protein (PCTP) di-
rectly binds phosphatidylcholine (Westerman et al., 1983).
The lipid binding specificity of START domains is most
probably determined by specific residues in the tunnel wall
formed by the three-dimensional folding of the START do-
main (Tsujishita and Hurley, 2000). Multi-alignment of these
regions revealed the presence of two uncharged residues in
MLN64, Met 307 and Asn 311, that are conserved in the
cholesterol-binding START domain of StAR but replaced by
two charged residues in the START domain of PCTP. Based
on this structural divergence, we created a mutant MLN64
START domain construct where Met 307 and Asn 311 were
changed into Arg 307 and Asp 311, respectively (Figure 1B).
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The cholesterol binding properties of both WT and M307R,
N311D START domains of MLN64 were further studied in
vitro. Purified recombinant WT and M307R, N311D START
domains were incubated with the photo-activatable choles-
terol analogue [*H]photocholesterol (Thiele et al., 2000). Co-
valent binding of cholesterol was achieved by UV irradia-
tion, and complexes were analyzed by SDS-PAGE and
fluorography (Figure 1C). We found that WT MLN64
START domain bound cholesterol efficiently, whereas the
M307R, N311D mutant MLN64 START domain did not (Fig-
ure 1C). These results indicate that the two residues Met 307
and Asn 311 present within the MLN64 START domain are
critical for cholesterol binding. The same mutation was then
introduced into an MLN64 expression vector to generate a
mutant MLN64 protein defective in cholesterol binding.

To follow MLN64-mediated sterol transfer in vivo, we
labeled COS cells transfected with GFP-fused WT, ASTART
or M307R, N311D MLN64 with the fluorescent cholesterol
analogue DHE for 1 min and followed its distribution. In
nontransfected cells, DHE initially labeled the plasma mem-
brane and was rapidly internalized, also visualizing the
juxtanuclear region that encompassed Rab11-positive recy-
cling endosomes (Figure 2A; our unpublished data). This
labeling pattern persisted for at least 24 h and is in accor-
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Figure 2. MLN64 enhances sterol deposition within late endosomes. (A) COS-1
cells were labeled with DHE for 1 min and then incubated as indicated. (B) COS-1
cells overexpressing GFP-fused WT or mutant MLN64 were labeled with DHE and
then incubated as indicated. The GFP and DHE signals were imaged from living
cells at indicated time points and the intensity ratio of DHE versus GFP in
endosomes was assessed. Bars are mean intensity ratios from 18 to 54 endosomes
analyzed, *p < 0.05 between WT MLN64 and M307R,N311D or ASTART. Exem-
plary fluorescence micrographs from 5-h chase are shown. Bars, 10 um. (C) NPC
fibroblasts were electroporated with plasmids encoding GFP-fused WT or ASTART
MLNG64 and stained with filipin. Bars, 20 wm.

Figure 3 (facing page). Characterization of MLN64 overexpres-
sion and knockdown in HeLa cells. (A) Cells overexpressing WT
MLN64-GFP were stained with anti-Lampl antibodies. Images are
confocal and represent a single focal plane. Bar, 20 um. (B) WT
MLNG64-transfected cells were processed for immunoelectron mi-
croscopy with anti-MLN64 C-terminal antibodies. Bar, 200 nm. (C)
Cells were transfected with control siRNA oligos (GL2) or oligos
targeted against MLN64 (MLN64siRNA). Cell lysates (30 ug of
protein) were analyzed by Western blotting using anti-MLN64 C-
terminal antibodies. The amount of MLN64 protein was determined
by densitometric scanning and expressed as a percentage of the
protein in MLN64-depleted versus control cells (mean from 4 ex-
periments). (D) Control RNA transfected (GL2) or MLN64-depleted
cells (MLN64siRNA) were labeled with Dil-LDL, fixed, and stained
with filipin and Lamp1-antibodies. Bars, 20 um. (E) Quantification
of the dispersal of Dil-LDL-positive organelles. Cells were trans-
fected with siRNAs alone or cotransfected with plasmids encoding
GFP-fused WT or mutant MLN64 cDNAs. The cells were then
labeled with Dil-LDL before fixation. The bars represent percentage
of cells with perinuclear clustering of Dil-LDL—-positive organelles
(2-10 independent experiments, n = 48—-605 cells).
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dance with that observed in Chinese hamster ovary cells
(Mukherjee et al., 1998). In MLN64-transfected cells, some
DHE reached MLN64-positive endosomes already at early
time points (under 15 min of chase). With all the constructs,
the DHE intensity in the endosomes was proportional to the
GEFP fluorescence intensity. To compare the degree of endo-
somal DHE deposition between constructs, the intensity
ratio DHE/GFP was calculated. In WT MLN64-containing
endosomes, the relative intensity of DHE increased upon
chasing, being evident at 5 and 24 h of chase (Figure 2B). In
the organelles expressing ASTART or M307R, N311D mu-
tant proteins, the increase in DHE was more moderate and
the DHE/GFP ratio significantly lower than in WT MLN64-
expressing endosomes (Figure 2B).

To assess the effect of MLN64 on cholesterol-laden mem-
branes, we overexpressed WT and ASTART MLN64 in
NPC1-deficient 93.41 fibroblasts harboring massive late en-
dosomal cholesterol accumulation (Figure 2C). It has been
shown that MLN64 overexpression does not complement
the cholesterol accumulation in NPC2-deficient fibroblasts
(Alpy et al., 2001). Analogously, the cholesterol deposits
were not cleared in NPC1 fibroblasts upon MLN64 overex-
pression (Figure 2C). Instead, overexpression of WT MLN64
often created bigger cholesterol-filled structures harboring
the protein. This effect was not observed upon ASTART
overexpression (Figure 2C).

Depletion of MLN64 Results in the Scattering of Late
Endocytic Cargo Bearing Organelles and Inhibits
Endosomal Degradation

In HeLa cells, MLN64 localized to late endocytic organelles
as observed by good colocalization with lysosome-associ-
ated Lamp1 but not with early endosomal EEA1 (Figure 3A;
our unpublished data). In comparison with COS cells,
MLNG64 overexpression was not accompanied by a striking
increase in the endosome size. By immunoelectron micros-
copy, the distribution of MLN64 in the limiting late endo-
somal membrane was uneven (Figure 3B). This agrees with
previous observations of MLN64 localization in MCF7 cells
overexpressing MLN64 (Alpy et al., 2001).

The depletion of MLN64 in HeLa cells was achieved by
siRNA transfection. A 70-90% reduction in the protein level
was obtained in 5-6 d (Figure 3C). Depletion of MLN64 did
not grossly affect cellular cholesterol distribution as assessed
by filipin staining: in particular, an NPC-like endosomal
cholesterol accumulation was not observed (Figure 3D). Fur-
thermore, no impeding effect of MLN64 depletion on cho-
lesterol homeostasis was found in biochemical measure-
ments. Cholesterol esterification was normal both in cells
cultured in lipoprotein-deficient medium and upon LDL
feeding (109.1 £ 8.9 and 107.6 * 7.5% of control, respec-
tively; SEM, n = 6 in both experiments). The efflux of radio-
labeled cholesterol to methyl-g-cyclodextrin was moderately
enhanced upon MLN64 depletion (31.7 + 1.0% effluxed from
control cells and 41.4 * 1.7% from MLN64-depleted cells;
SEM, n = 6 in both experiments). These results are in accor-
dance with recent work demonstrating that targeted muta-
tion of MLN64 START had no profound effects on sterol
metabolism (Kishida et al., 2004).

However, we observed a marked difference in the local-
ization of internalized Dil-labeled LDL upon MLN64 de-
pletion (Figure 3D). When the cells were incubated with
Dil-LDL for 30 min and chased for 1.5-2 h, Dil-LDL accu-
mulated in the perinuclear cluster of late endosomes/lyso-
somes in control cells, whereas in MLN64-depleted cells the
Dil-LDL-labeled organelles were redistributed to the cell
periphery. The dispersed organelles were late endocytic or-
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ganelles because Dil-LDL largely colocalized with Lamp1l
staining in MLN64-depleted cells (our unpublished data).
Moreover, the distribution of Lamp1 itself was affected sim-
ilarly to Dil-LDL, as shown by partial scattering of Lamp1
antibody labeling to the cell periphery (Figures 3D and 4A).
The perinuclear localization of Dil-LDL-labeled endosomes
was found in 85% of control cells but in only 30% of MLN64-
depleted cells (Figure 3E). When the cells were cotrans-
fected with a plasmid encoding WT MLN64, the perinuclear
accumulation of Dil-LDL-containing organelles was re-
stored in MLN64 depleted cells, indicating that the phe-
nomenon was specifically due to the lack of MLN64 protein
(Figure 3E). Moreover, both the ASTART and M307R,N311D
mutant proteins were unable to rescue the late endosome
dispersion.

Other receptor-mediated cargo destined for degradation,
such as EGF, also was retained in the peripheral endosomes
in MLN64-depleted cells (Figure 4A). In addition, we found
that the degradation of rhodamine-epidermal growth factor
was retarded in MLN64 depleted cells compared with con-
trol (Figure 4B). Moreover, the hydrolysis of LDL-derived
cholesteryl esters was slightly inhibited in MLN64-depleted
cells (our unpublished data). The retardation in degradation
was apparently not due to defective sorting from early to
late endosomes: after 30 min of rhodamine-epidermal
growth factor labeling followed by additional 1.5-h incuba-
tion, EGF was cleared from organelles containing EEA1 and
found mostly in Lamp1-positive organelles (Figure 4A). It is
possible that the subpopulation of dispersed late endocytic
organelles represents a compartment preceding terminal hy-
drolytic lysosomes and that the confinement of cargo in this
compartment retards its degradation. The dispersion pheno-
type was not limited to receptor-mediated cargo, because
fluorescently labeled dextrans were redistributed to the pe-
ripheral late endosomes upon MLN64 depletion similarly to
Dil-LDL and EGF (our unpublished data).

A similar effect (dispersal of late endocytic organelles and
impaired cargo degradation) has been reported upon ex-
pression of dominant-negative mutants of Rab?7 (Vitelli et al.,
1997). This is due to impaired recruitment of the microtu-
bule-associated dynein motors on late endosomes by the
Rab7 effector RILP (Cantalupo et al., 2001; Jordens et al.,
2001). Because the membrane association of Rab7 was
shown to depend on the cholesterol content of the endoso-
mal membranes (Lebrand et al., 2002), we hypothesized that
the function of MLN64 may be related to the recruitment of
this machinery. To test this, we analyzed the expression
levels and membrane association of Rab7 and dynein in
control and MLN64-depleted cells. The levels of dynein and
Rab7 were not significantly altered upon MLN64 depletion
(Figure 5A), and the proteins were predominantly mem-
brane associated (Figure 5B). Both in control and MLN64
siRNA-treated cells, overexpression of RILP resulted in the
juxtanuclear clustering of enlarged endosomes harboring
the protein (Figure 5C). However, RILP overexpression was
unable to rescue the scattering of Dil-LDL-labeled endo-
somes in the majority of MLN64-depleted cells (Figure 5C).
Together, these data suggest that MLN64 depletion did not
impair the late endosomal recruitment of the Rab7-RILP-
dynein machinery.

MLNG64 Modulates the Association of Actin with Late
Endosomes and Affects Actin-dependent Fusion of Late
Endocytic Organelles

To analyze how MLN64 influences late endosome move-
ment, we followed the trafficking of Dil-LDL-labeled endo-
somes in control and MLN64-depleted cells. In control cells,
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Figure 4. Depletion of MLN64 does not im-
pair the sorting of EGF from early endosomes
but retards EGF degradation. (A) MLN64-de-
pleted cells (MLN64siRNA) were incubated
with rhodamine-labeled EGF for 30 min, fur- B
ther incubated for 1.5 h, fixed, and stained
with antibodies against EEA1 and Lampl.
Images are confocal and represent a single
focal plane. Bars, 20 um. (B) Control (GL2)
or MLN64-depleted cells (MLN64siRNA)
were fed rhodamine-labeled EGF for 1 h and
further incubated for 1.5 or 3 h. The mean
intensity of cell-associated EGF fluorescence
was analyzed from 15 cells at each time
point, *p < 0.05 between GL2 control and
MLNG64siRNA.

Rhodamine-EGF
fluorescence intensity
arbitrary units

the endosomes exhibited bidirectional movements to and
from the cell periphery (Figure 6, A and C, and Supplemen-
tal Videos 1 and 3) at an average velocity of ~0.6 um/s. This
movement was microtubule dependent because it was in-
hibited by the microtubule-depolymerizing agent nocoda-
zole (Supplemental Figure 1). In MLN64-depleted cells, the
Dil-LDL-labeled endosomes typically traveled in the cell
periphery producing trajectories that often outlined the cell
(Figure 6B and Supplemental Video 2). Such an altered
pattern of endosome movement was observed in ~80% of
MLN64 knockdown cells. The average velocity of these or-
ganelles was comparable with that in control cells. The
movement also was dependent on microtubules as judged
by the loss of organelle motility upon nocodazole treatment
(Supplemental Figure 1). Pharmacological disruption of ac-
tin has been shown to alter the movement of late endosomes,
resulting in lost bidirectionality, rapid random movements,
and dispersion of cargo-containing organelles to the cell
periphery (Durrbach et al., 1996; Cordonnier et al., 2001).
Indeed, when control HelLa cells were incubated with 0.2
uM cytochalasin D, the Dil-LDL-labeled endosomes exhib-
ited movements that were closely similar to those observed
upon MLNG64 depletion (Figure 6D and Supplemental Video
4). The bidirectional, stellate trajectories were lost and the
tracks typically outlined the cell periphery.

It has been shown that the fusion of late endosomes with
preexisting lysosomes (van Deurs et al., 1995) and with each
other (Kjeken et al., 2004) is facilitated by actin in mamma-
lian cells. In addition, homotypic fusion of vacuoles in yeast
has been shown to be regulated by organelle-bound actin
(Eitzen et al., 2002). The enlargement of late endosomes upon
MLN64 overexpression (Figures 1A and 2, B and C) sug-
gested a potential role for the protein in the fusion of late
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endocytic organelles. To assess endosome fusion, we ana-
lyzed the ability of late endosomes and/or lysosomes to mix
in control or MLN64-depleted HeLa cells fused with PEG.
The cells were incubated with either rhodamine- or fluores-
cein-labeled dextran overnight, cocultured, fused with PEG,
and further incubated for 1 h. The degree of mixing of the
green and red signals was assessed as a measure of endo-
some clustering and/or fusion. At this time point, significant
overlap of the signals was found in control cells (Figure 7).
When cells were incubated with 0.2 uM cytochalasin D, the
signal overlap was greatly reduced. This argues for the
involvement of the actin cytoskeleton in the process that
leads to the fusion of late endocytic organelles. The low
cytochalasin D concentration applied did not grossly affect
cell morphology (Figure 7). Analogously to the actin pertur-
bation, the depletion of MLN64 significantly inhibited endo-
some fusion as suggested by the reduced signal overlap
(Figure 7). To analyze the effect of MLN64 overexpression,
WT MLN64-GFP or ASTART-GFP-expressing cells were
fused with rhodamine dextran—labeled cells and endosome
fusion monitored similarly as described above. We found
WT MLN64 overexpression to stimulate the fusion of late
endocytic organelles approximately two- to threefold,
whereas ASTART had no significant effect (Figure 7). The
enhancement was cytochalasin D sensitive, suggesting that
MLN®64 is involved in the actin-mediated fusion of late
endocytic organelles. It is possible that MLN64 has direct
fusogenic activity, but the effects on endosome fusion also
could be secondary to the effects on endosome positioning:
peripherally scattered endosomes could simply have fewer
opportunities to engage in fusion compared with perinucle-
arly clustered endosomes.

3879



M. Holttd-Vuori et al.

A B

GL2 MLN64siRNA
GL2  MLN64siRNA P S P S
MLN64 . — Rab7
Rab7 | . _— - - Dynein IC
Dynein IC eGP sy P -tubulin

]
Dil-LDL Overlay

MLN64siRNA

RILP Dil-LDL Overlay

Figure 5.

e 100 7 m RNA alone
2 O RNA + RILP
g
o2
£5 50 |
£
25
8
GL2 MLNB4siRNA

Rab7-RILP-dynein machinery in MLN64-depleted HeLa cells. (A) Cells were transfected with control siRNA oligos (GL2) or oligos

targeted against MLN64 (MLN64siRNA). Aliquots (30 ug) of cell lysates were analyzed by Western blotting using anti-MLN64 C-terminal,
anti-Rab, or anti-dynein IC antibodies. (B) PNS from control (GL2) or MLN64-depleted cells (MLN64siRNA) was pelleted at 100 000 g and
total membrane pellets (P) and supernatants (S) analyzed by Western blotting using anti-Rab?7, anti-dynein IC, or anti-g-tubulin antibodies.
(C) Cells were transfected with siRNAs alone or cotransfected with a plasmid encoding HA-tagged RILP, labeled with Dil-LDL, fixed and
stained with anti-RILP antibodies. Bars represent percentage of cells with perinuclear clustering of Dil-LDL-positive organelles from two
independent experiments (111-158 cells in total). Images are confocal and represent a single focal plane. Bars, 20 um.

These observations led us to study actin organization in
HeLa cells overexpressing or depleted of MLN64. The over-
all organization of the actin cytoskeleton was not perturbed
upon altering the level of MLN64 protein (our unpublished
data). In control cells, a subset (~20%) of dextran-labeled
late endocytic organelles was decorated with actin patches
or extensions (Figure 8A). This is in accordance with a recent
study demonstrating that a subset of late endosomes can
nucleate actin in vitro (Kjeken et al., 2004). In MLN64-de-
pleted cells, however, the cargo bearing dispersed endo-
somes were situated between the peripheral actin cables,
and endosome-associated actin labeling was seldom ob-
served. In contrast, WT MLN64 overexpression increased
the number of actin patches in MLN64-positive late endo-
somes, whereas ASTART had no significant effect (Figure 8,
A and B). A similar phenotype of increased phalloidin la-
beling was observed in MLN64-overexpressing endosomes
in COS cells (our unpublished data). Arp2/3 complex plays
a key role in the regulation of actin polymerization and
localizes to sites of dynamic actin (Machesky and Gould,
1999). We therefore analyzed the subcellular localization of
p34-Arc, a subunit of the Arp2/3 complex, in MLN64-de-
pleted or -overexpressing cells. As shown previously, anti-
p34-Arc immunostaining was visualized in lamellipodia as
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well as in cytoplasmic punctate structures (Welch et al., 1997)
(Figure 9A). Analogously to phalloidin staining, the overall
staining pattern of p34-Arc was not perturbed upon altering
MLNG64 levels (our unpublished data). However, when in-
dividual MLN64-overexpressing endosomes were analyzed,
we found that WT MLN64 but not ASTART significantly
increased the number of organelles decorated with p34-Arc
immunoreactivity (Figure 9B). Conversely, MLN64 deple-
tion resulted in a moderate but significant decrease in p34-
Arc labeling of late endocytic organelles.

To analyze the association of late endocytic organelles
with actin cytoskeleton in vitro, we studied the amount of
Lamp?2 cosedimenting with actin under conditions when
microtubules were depolymerized. The nocodazole treat-
ment and a short centrifugation time (5 min) were used to
promote conditions that favor pelleting of membranes in
association with the actin cytoskeleton. Under these condi-
tions, a minor fraction of actin and Lamp2 was recovered in
the pellet both in control and MLN64-depleted cells. In
contrast, B-tubulin was hardly detectable (Figure 10A).
Addition of cytochalasin D to the PNS did not abolish the
sedimentation of actin or Lamp2 (our unpublished data).
However, the fraction of Lamp2 pelleted relative to ac-
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Figure 6. MLN64 depletion and actin disruption have similar effects on endosome motility in HeLa cells. Control (GL2) (A) or MLN64-depleted
cells (MLN64siRNA) (B) were labeled with Dil-LDL and then imaged for 4 min (1 image/s). In C and D, untransfected cells were labeled with
Dil-LDL and further incubated for 2.5 h, the last 1 h with or without 0.2 uM cytochalasin D, and imaged as described in A and B. The trajectories
of labeled endosomes from a field of cells are shown (left). Cell boundaries are sketched with dotted lines. Boxed areas are depicted in the top left
insets. Video frames at 2-s intervals are shown, and the individual endosomes producing the tracks outlined in the top left insets are indicated with
arrowheads. Examples of stellate trajectories are highlighted in red and peripheral trajectories in blue. Bars, 20 wm.

tin was clearly reduced compared with control without menting with actin (Figure 10, A and B). These data suggest
cytochalasin D (Figure 10B). Similarly to actin disruption, that Lamp2-positive organelles displayed reduced associa-
MLN64 knockdown decreased the fraction of Lamp2 cosedi- tion with actin when MLN64 was depleted.
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Figure 7. Effect of MLN64 depletion or overexpression in the
fusion of late endocytic organelles in HeLa cells. Nontransfected
and GL2 control or MLN64siRNA-transfected cells were labeled
with fluorescein or rhodamine-conjugated dextrans. Alternatively,
cells were transfected with GFP-fused WT MLN64 or ASTART. The
cells were then cocultured as indicated, fused with PEG, and incu-
bated for 1 h either in normal growth medium or medium supple-
mented with 0.2 uM cytochalasin D. The degree of overlay was
determined by Pearson’s correlation coefficient. The values are from
23 to 55 individual cells, *p < 0.05 between GL2 control and GL2 +
cytochalasin D, MLN64siRNA, or WT MLN64-GFP overexpression,
*p < 0.05 between WT MLN64-GFP overexpression and WT
MLNG64-GFP overexpression + cytochalasin D. Images are confocal
and represent a single focal plane. Bar, 20 um.

DISCUSSION

MLNG64 is a cholesterol-binding protein whose physiological
role is not understood. It has been suggested to function in
the export of late endosomal cholesterol to other cellular
acceptors, such as mitochondria, perhaps acting as a down-
stream effector of the NPC1 and NPC2 proteins (Strauss et
al., 2002; Zhang et al., 2002). However, in a recent study
describing a mouse with mutated START domain of
MLNG64, no obvious sterol-related phenotype was observed
(Kishida et al., 2004). Consistently with this study, the find-
ings presented here did not reveal an indispensable role for
MLNG64 in late endosomal cholesterol export. Overexpres-

3882

sion of MLN64 did not reduce cholesterol accumulation in
NPCl1-deficient cells but instead was able to promote late
endosomal sterol deposition in COS cells. Moreover, MLN64
depletion did not result in an NPC-like cholesterol accumu-
lation in late endocytic organelles nor did it impair cellular
cholesterol homeostasis as measured by cholesterol esterifi-
cation or efflux. Although these findings do not exclude the
possibility that MLN64 transfers sterol from late endocytic
organelles to other cellular sites, the most obvious effects of
MLN64 depletion were found on endosome dynamics in-
stead of cellular sterol balance.

Endosomes are thought to contain a mosaic of structural
and functional domains (Gruenberg, 2001). For example,
specific membrane domains defined by distinct Rab proteins
have been visualized in early and late endosomes (Sonnich-
sen et al., 2000; Barbero et al., 2002). Similarly, MLN64 seems
to reside in distinct membrane domains of late endosomes
(Alpy et al., 2001; this study). In cells depleted of MLN64, the
movement of endocytic cargo containing late endosomes
was altered, leading to their dispersal to the cell periphery.
The peripheral endosomes were motile and moved along
microtubules. Importantly, the dispersion phenotype could
not be complemented by MLN64 mutants deficient in sterol
binding. This suggests that MLN64-mediated changes in
sterol distribution of late endosome membranes contribute
to their correct positioning, perhaps by affecting the associ-
ation of endosomes with cytoskeletal elements. Although
cholesterol is normally not enriched in late endocytic or-
ganelles (Holttd-Vuori ef al., 2002; Kobayashi et al., 2002;
Mobius et al., 2003), it has a substantial effect on their dy-
namics (Ko et al., 2001; Zhang et al., 2001; Lebrand et al.,
2002). It has been shown that abnormal cholesterol loading
influences the association of late endosomes to microtubules
via the Rab7 cycle (Lebrand et al., 2002). However, we did
not observe impaired recruitment of the Rab7-RILP-dynein
machinery in MLN64-depleted cells, nor were we able to
rescue the endosome dispersion with overexpression of
RILP. These results suggest that the molecular mechanism
underlying the organelle dispersion in MLN64-depleted
cells is distinct from the Rab7-dynein machinery.

The actin cytoskeleton has been implicated in the dynam-
ics of late endosomes and lysosomes. Disrupting filamen-
tous actin results in the redistribution of late endocytic or-
ganelles to the cell periphery, altered endosome motility and
inhibition of cargo degradation (van Deurs ef al., 1995; Durr-
bach et al., 1996; Cordonnier ef al., 2001). The involvement of
actin in endosome/lysosome motility may improve the
probability of organelle fusion and content mixing required
for lysosomal proteolysis (van Deurs et al., 1995). Indeed,
actin has been shown to be involved in the fusion between
mature endosomes and lysosomes in mammalian cells (van
Deurs et al., 1995), between isolated late endosomes (Kjeken
et al., 2004) and in vacuole fusion in yeast (Eitzen et al., 2002).
However, the molecular mechanisms governing the binding
of actin to late endosomes remain poorly understood.

Several lines of evidence suggest that MLN64 modulates
the interaction of late endosomes with actin. First, the effects
of MLN64 depletion on late endosomal dynamics were strik-
ingly similar to those of actin disruption, i.e., scattering of
late endocytic organelles, attenuated cargo degradation, and
impaired clustering and/or fusion of late endocytic or-
ganelles. Conversely, overexpression of MLN64 enhanced
fusion in an actin-dependent manner. Second, endosomal
MLNG64 levels correlated with the association of actin with
late endosomes. MLN64 overexpression resulted in the in-
creased formation of actin patches on the organelles harbor-
ing the protein, whereas upon MLN64 depletion, late endo-
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Figure 8. MLN64 modulates the association
of actin with late endosomes in HelLa cells.
(A) Phalloidin staining of GL2 control and
MLNG64siRNA-transfected cells labeled with
fluorescein-conjugated dextran and Hela
cells transfected with GFP-fused WT MLN64
or ASTART. The percentage of late endocytic
organelles decorated with actin patches was
analyzed from confocal sections of four to 10
individual cells at high magnification, n of
endosomes =358 per treatment, *p < 0.05
between GL2 control and MLN64siRNA or
WT MLN64-GFP overexpression. Images are
confocal and represent a single focal plane.
Bars, 2 um. (B) Three-dimensional rendering
of WT MLN64-GFP-positive endosomes
stained with phalloidin is shown from two
angles. Grid spacing, 1 um.
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Figure 9. MLN64 modulates the association of p34-Arc with
late endosomes in HeLa cells. (A) Control HeLa cells were
stained with anti-p34-Arc and anti-Lamp1 antibodies. Images
are confocal and represent a single focal plane. Arrowheads
(left) point to the prominent lamellipodial p34-Arc staining
that is only partially visible in the section. Bar, 20 um. (B) GL2
control and MLN64siRNA transfected cells were stained with
anti-p34-Arc and anti-Lampl antibodies. WT MLN64 or
ASTART overexpressing cells were stained with anti-p34-Arc
and anti-MLN64 (N-terminal) antibodies. The percentage of
late endocytic organelles decorated with p34-Arc was calcu-
lated from 10 to 12 individual cells as in Figure 8A, n of
endosomes =624 per treatment, *p < 0.05 between GL2 control
and MLN64siRNA or WT MLN64-GFP overexpression. Images
are confocal and represent a single focal plane. Bars, 2 um.

cytic structures had fewer actin patches. Third, the Arp2/3 tion upon decrease of MLN64 levels. This finding suggests

complex subunit p34-Arc showed a similar tendency, being that MLN64 is part of the machinery governing actin nucle-
increasingly associated with late endocytic organelles upon ation from late endosomes. Fourth, when MLN64 was
MLN64 overexpression and exhibiting diminished associa- depleted late endocytic organelles displayed reduced asso-
3884 Molecular Biology of the Cell
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Figure 10. MLN64 depletion decreases the sedimentation of
Lamp2-positive organelles with actin. (A) PNS from control (GL2)
or MLN64-depleted cells (MLN64siRNA) was incubated in the pres-
ence of 100 uM nocodazole and pelleted at 100,000 X g for 5 min.
Aliquots of PNS before centrifugation (input) and pellets were
immunoblotted using anti-Lamp2, anti-actin, and anti-B-tubulin an-
tibodies. The amount of Lamp2 and actin pelleted was determined
by densitometric scanning and expressed as percentage of input
(mean of 12 samples). *p < 0.05 between GL2 and MLN64siRNA.
(B) The fraction of Lamp2 sedimented was normalized with the
fraction of actin pelleted. GL2 + CytD indicates PNS of control
(GL2) cells incubated in the presence of 4 uM cytochalasin D. Bars
represent mean of seven to 12 samples.

ciation with actin, as suggested by the decreased cosedimen-
tation of Lamp2-positive membranes with actin. Finally,
actin-dependent late endosome dynamics seemed to be
functionally connected to MLN64-mediated sterol transfer
as MLN64 mutants defective in cholesterol binding and
endosomal sterol loading were not able to rescue endosome
dispersion in MLN64-depleted cells.

Interestingly, the transmembrane region of MLN64
(ASTART) is capable of interacting with cholesterol, perhaps
to retain cholesterol on its way to the cytoplasmic START
domain (Alpy et al., 2005). We found that the ASTART
mutant also promoted sterol accumulation in late endo-
somes, albeit less effectively than the WT protein. Previ-
ously, overexpression of ASTART MLN64 was reported to
result in an NPC-like cholesterol accumulation phenotype
(Zhang et al., 2002). These effects may be explained by the
residual sterol affinity of ASTART, which might act in coop-
eration with the WT protein present in the cells. However,
ASTART was not sufficient to restore the endosome disper-
sion or increase endosome actin recruitment, suggesting that
the function of the cholesterol-binding START domain is
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needed to support actin-dependent late endosome dynam-
ics.

There is no evidence to suggest that the connection be-
tween MLN64 and actin is direct. Rather, we envisage that
MLNG64-induced changes in the sterol distribution of the
endosome membrane may promote the recruitment of com-
ponents of the actin nucleation machinery. The precise
mechanism of actin recruitment remains to be elucidated but
may involve, for example, phosphoinositides that are known
regulators of actin dynamics and sensitive to the cholesterol
content in the membrane (Kwik et al., 2003). Interestingly,
recent data indicate that sterol enrichment of yeast vacuolar
membranes promotes actin remodeling and enhances vacu-
ole membrane fusion (Tedrick ef al., 2004). We propose that
MLN64-mediated local sterol enrichment of late endosomal
membranes facilitates the association of late endosomes with
the actin cytoskeleton, thereby governing their motility, deg-
radative activity, and fusion. As such, MLN64 would set
precedence for linking the sterol organization and actin-
mediated dynamics of late endocytic organelles in mamma-
lian cells.
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