Cholesterol-binding molecules MLN64 and ORP1L
mark distinct late endosomes with transporters

ABCA3 and NPC1*
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Abstract Cholesterol is an essential lipid in eukaryotic cells
and is present in membranes of all intracellular compart-
ments. A major source for cellular cholesterol is internal-
ized lipoprotein particles that are transported toward acidic
late endosomes (LE) and lysosomes. Here the lipoprotein
particles are hydrolyzed, and free cholesterol is redistrib-
uted to other organelles. The LE can contain over half of
the cellular cholesterol and, as a major sorting station, can
contain many cholesterol-binding proteins from the ABCA,
STARD, and ORP families. Here, we show that metastatic
lymph node 64 (MLN64, STARD3) and oxysterol-binding
protein-related protein 1L (ORP1L) define two subpopula-
tions of LE. MLN64 is present on a LE containing the cho-
lesterol transporter ABCA3, whereas ORPI1L localizes to
another population of LE containing Niemann Pick type C1
(NPC1), a cholesterol exporter. Endocytosed cargo passes
through MLN64/ABCA3-positive compartments before it
reaches ORP1L/NPCl-positive LE. The MLN64/ABCA3
compartments cycle between LE and plasma membrane and
frequently contact “later” ORP1L/NPCl-containing LE.Hl
We propose two stages of cholesterol handling in late endo-
somal compartments: first, cholesterol enters MLN64/AB-
CA3-positive compartments from where it can be recycled
to the plasma membrane, and later, cholesterol enters ORP1L/
NPC1 endosomes that mediate cholesterol export to the
endoplasmic reticulum.—van der Kant, R., I. Zondervan, L.
Janssen, and J. Neefjes. Cholesterol-binding molecules MLN64
and ORP1L mark distinct late endosomes with transporters
ABCA3 and NPCl1. J. Lipid Res. 2013. 54: 2153-2165.
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Cholesterol is a key component of cellular membranes
and is essential for the regulation of membrane rigidity,
cellular compartmentalization, enzyme function, and the
production of steroid hormones (1). A major source of
cellular cholesterol is the endocytosis of lipoproteins from
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the cell surface and subsequent processing of these parti-
cles in late endosomal (LE) and lysosomal compartments.
At the plasma membrane of cells, low-density lipoprotein
receptors (LDLR) internalize lipoprotein particles by
clathrin-coated endocytosis. These lipoprotein particles,
including VLDL and LDL, are a major source of choles-
terol in most cells. After initial endocytosis, the lipopro-
teins are transported toward acid LE compartments where
cholesteryl esters are hydrolized by acid lipases to generate
free unesterified cholesterol (1). This free cholesterol can
subsequently be transferred to other compartments, such
as recycling endosomes, the endoplasmic reticulum (ER),
the plasma membrane (PM), and mitochondria (1-4).
Late (multivesicular) endosomes can contain over half of
the total cellular cholesterol content (5), and many cho-
lesterol-binding proteins localize to these compartments
to control the flow of intercellular cholesterol. How the
functions of these proteins relate to each other and how
they communicate to distribute the LE cholesterol to
other compartments is unclear. Metastatic lymph node
64 (MLNG64), also known as STARD3, is a lipid-binding
protein from the steroidogenic acute regulatory protein
(StAR)-related lipid transfer domain (START) protein
family with two functional domains: a C-terminal domain
containing the START domain that projects into the cyto-
plasm and an N-terminal 4-transmembrane domain (6).
MLNG64 is reported to be involved in the egress of choles-
terol from LE to mitochondria (4, 7), and it regulates late
endosomal tethering and fusion dynamics involving actin
(8). Another cholesterol-binding protein that controls LE
dynamics is the oxysterol-binding protein-related protein
1L (ORP1L). ORP1L is recruited to LE membranes by bind-
ing to the small GTPase RAB7, and it is part of a tripartite
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complex of RAB7, RAB7-interacting lysosomal protein
(RILP), and ORPIL that regulates recruitment of the dy-
nein motor and the homotypic fusion and vacuole protein
sorting (HOPS) complex to late endosomes and thereby
minus-end transport and tethering (9-12). Although
ORPI1L is probably not directly involved in shuttling cho-
lesterol out of the LE, it is able to sense the amount of
cholesterol on the cytosolic face of the LE-limiting mem-
brane and induces contact sites between LE and the ER to
control binding of the dynein motor and the HOPS com-
plex to RAB7-RILP (10, 12). Cholesterol levels thus con-
trol positioning and tethering of LE. Another protein
associating with the RAB7-RILP complex that controls LE
transport is neuronal ceroid lipofuscinosis protein CLN3.
When mutated, this protein causes classical juvenile onset
neuronal ceroid lipofuscinosis, a fatal inherited neurode-
generative lysosomal storage disorder in which lipopig-
ments accumulate in lysosomes (13). Proteins of the ATP
binding cassette class A (ABCA) proteins have recently
been shown to be present in LE compartments due to a
conserved targeting motif (14). ABCA proteins are trans-
porters that use ATP to drive translocation of various
substrates, including lipids, across membranes. ABCA3
probably functions as lipid pump for the translocation of
phospholipids and cholesterol into lysosomal-like organ-
elles (lamellar bodies) (15).The different cholesterol-
binding proteins on late endosomes are likely involved in
different steps of cholesterol transport and handling, and
different diseases are associated with these molecules. Mu-
tations in ABCA3 cause fatal respiratory distress syndrome
in newborns, probably due to a defect in lamellar body
biogenesis where exocytosis is required for the formation
of the lipid surface-lining layer of the alveolar epithelium
of lungs (15). Cholesterol egress from the LE into the ER
requires proteins such as Niemann Pick type C protein 1
(NPC1) and NPC2, which transfer cholesterol from the
lumen of the LE into the LE-limiting membrane (16, 17).
Mutations in the Niemann Pick type C proteins cause a
fatal, neurodegenerative disorder in which cholesterol ac-
cumulates in LE and disturbs transport when the altered
cholesterol content is sensed by ORP1L (10).

How cholesterol is transferred from the LE to the ER is
debated. Cholesterol could be directly transferred from
the LE to the ER (18) possibly mediated by an ER-resident
protein of the oxysterol-binding protein family (ORP5)
(19). However, only about 30% LE cholesterol is directly
transported from LE to the ER, whereas 70% passes
through the plasma membrane prior to esterification in
the ER (2). LE cholesterol is rapidly moved toward the
plasma membrane, whereas reesterification in the ER
shows a 0.5-1 h lag, arguing against direct LE to ER move-
ment of cholesterol (3). MLN64 has been shown to egress
cholesterol from LE to mitochondria even in the absence
of functional Niemann-Pick type C1 proteins (4, 7).

Apart from these findings, little is known about the exact
localization and cross-talk between the different choles-
terol sensing and transferring proteins on the LE. Here,
we address the location of MLN64 in relation to ORP1L.
We show that MLLN64 and ORPI1L define two distinct LE
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compartments. Whereas MLN64 is present in “early” AB-
CA3-positive LE compartments, ORP1L defines a popula-
tion of “late” late endosomes labeled by the cholesterol
transporter NPC1. The subcompartments possibly reflect
sites where LE cholesterol is handled differently to ensure
proper cellular homeostasis of this essential and complex
hydrophobic molecule.

EXPERIMENTAL PROCEDURES

Reagents

Rabbit anti-GFP and rabbit anti-mRFP antibodies were gener-
ated in-house using purified Hiss-mRFP and His-GFP recombinant
proteins, respectively. The rabbit-anti MLN64 serum was gener-
ated in-house using purified His-START domain of human
MLNG64. Other antibodies used were anti-NPC1 (Novus Biologi-
cals), rabbit anti-ORPIL (gift from V. Olkkonen, National Public
Health Institute, Helsinki, Finland), mouse anti-CD63 (20), mouse
monoclonal anti-EEA1 (BD Biosciences), anti-HA (Roche), anti-
EEA1 (BD Biosciences), anti-M6PR (Affinity Bioregeants), and
anti-NPC1 (BD Biosciences).

Cell culture

MelJuSo cells were cultured in Iscove’s modified Dulbecco’s
medium (IMDM; Invitrogen) supplemented with 8% FCS. SKBR3
cells were cultured in Dulbeco’s modified Eagle medium (DMEM)
supplemented with 8% FCS in a 5% COyhumidified culture
hood at 37°C.

Microscopy

Transfected cells were fixed 24 h posttransfection with 4%
formaldehyde in PBS for 30 min and permeabilized for 5 min
with 0.05% Triton X-100 in PBS at room temperature. Nonspe-
cific binding of antibodies was blocked by 0.5% BSA in PBS for
40 min, after which cells were incubated with primary antibodies
in 0.5% BSA in PBS for 1 h at room temperature. Bound primary
antibodies were visualized with Alexa-Fluor secondary antibody
conjugates (Invitrogen). Cells were mounted in Vectashield
mounting medium (Vector Laboratories). For methanol fixation,
cells were fixed for 5 min in ice-cold methanol, subsequently
blocked by 0.5% BSA in PBS for 40 min, and treated similar to the
formaldehyde-fixed samples. All specimens were analyzed by con-
focal laser-scanning microscopes (TCS-SP1, TCS-SP2, or AOBS;
Leica) equipped with HCX Plan-Apochromat 63x NA 1.32 and
HCX Plan-Apochromat 1bd.bl 63x NA 1.4 oil-corrected objective
lenses (Leica). The acquisition software used was LCS (Leica).

Constructs and cloning

RILP and ORPIL constructs have been described previously
(9, 10, 21). YFP-MLN-64 was a kind gift from Dr. F. Alpy (Dé-
partement de Pahtologie Moléculaire, Insitut de Genetique et de
Biologie Moleculaire et Cellulaire, Communauté Urbaine de
Strasbourg, France). YFP-MLN64 M307R, N311D was generated us-
ing site-directed mutagenesis and was sequence verified.

Ovalbumin and LDL uptake and transport

Cells transfected with ORP1L, AORD, AORDPHDPHD,
MILNG64, or combinations of these were incubated at 37°C with
Alexa647-conjugated ovalbumin (Molecular Probes) or Dil-LDL
(Molecular Probes, final concentration 20 pg/ml) in serum-free
medium for 20 min. After washing, cells were cultured, fixed
after various culturing times, and then analyzed as described.



Image quantification

To measure MILN64 accumulation at the plasma membrane, a
region of interest (vector) was drawn over cells and a histogram
showing the intensity over the vector was generated in Image].
For the other figures, the Manders M1 and M2 coefficients (the
percentage of channel A that colocalizes with channel B and re-
verse) were calculated using the JaCoP plugin in Image].

RESULTS

Localization of endogenous MLN64 on late endosomal
compartments and the plasma membrane

To study the endogenous localization of MLN64, we gen-
erated a rabbit anti-serum antibody against the C-terminal
START domain of human MLN64. This anti-serum recog-
nized MLN64 by WB (Fig. 1A); human MLN64 has a pre-
dicted molecular weight of 49 kDa. Expression levels of
MILNG64 are reported to be similar in most tissues, with
the exception of higher expression in lung and blood cells
(8, 22). We were unable to detect significant endogenous
MLN64 in HelLa and MelJuSo cells, but we could detect
endogenous MLN64 in the breast cancer cell line SKBR3
in which MLLN64 is amplified. To study the localization of
MLN64, we fixed untransfected and MLNG64-YFP-trans-
fected SKBR3 cells with paraformaldehyde (PFA), permea-
bilized cells with Triton-X100, and stained for MLLN64 using
our antibody. Our antibody recognized high levels of
MLN64 in MLN64-YFP-transfected cells (Fig. 1B). In untrans-
fected cells, endogenous MLN64 showed a vesicular stain-
ing pattern in addition to a nuclear background staining.
Vesicular staining was not observed when cells were stained
with preimmune serum (supplementary Fig. I). Previous
studies employing tagged MLN64 revealed that MLLN64
is a late endosomal protein (4, 6-8).We confirmed the lo-
calization of endogenous MLN64 at CD63-marked late
endosomes (Fig. 1C). MLN64 was absent from early endo-
somes (EEAI labeled) or mannose-6-phosphate-receptor
(M6PR)-positive vesicles (Fig. 1C). Fixation and permeabi-
lization can affect epitope accessibility (23). As an alterna-
tive for PFA/Triton-X100 fixation, methanol can also be
used. Under these conditions, we again observed a vesicu-
lar staining of MLLN64 that colocalized with CD63. In addi-
tion, we detected staining for MLN64 at the plasma
membrane (Fig. 1D). Our data suggest that endogenous
MLNG64 is present at the plasma membrane and in late
endosomes.

MLNG64 cycles to the plasma membrane

Although lysosomes are the supposedly end-stage for
most cargo internalized from the plasma membrane, many
lysosomal proteins are found at the plasma membrane as
the result of late endosomal-plasma membrane fusion.
These include LE markers, such as CD63 and CD83, which
are usually rapidly recycled back to late endosomes by tar-
geting signals in their cytoplasmic tail (24, 25). When we
expressed YFP-tagged MLN64 at high levels, we observed a
small fraction at the plasma membrane (Fig. 2A). To further
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test that MLN64 cycles between the plasma membrane
and LE, we blocked endocytosis by expression of domi-
nant-negative (DN) dynamin (26). MLN64 accumulated
at the plasma membrane when endocytosis was blocked

(Fig. 2B).

ORPI1L and MLNG64 localize to distinct late
endosomal subpopulations

MILNG64 is proposed to regulate late endosomal dynam-
ics. Silencing of MLLN64 results in dispersion of late endo-
somes and a delay in degradation of endosomal cargo (8).
Another cholesterol-binding protein that controls late
endosomal dynamics is ORPI1L. ORPIL regulates late en-
dosomal transport by recruiting the ER protein VAP-A,
which removes dynein from LE (10). ORP1L also regulates
multivesicular body formation (27). As both ORP1L and
MLNG64 localize to late endosomes, we hypothesized that
they could act in assembly to control cholesterol-dependent
processes at LE. However, we observed that only a minor
fraction of ORP1L and MLNG64 colocalized on the same
vesicles, whereas the majority of ORP1L and MLLN64 local-
ized to different compartments (Fig. 3A). ORP1L was lo-
cated on (and clustered) small CD63-positive LE, whereas
MLNG64 was located on other, enlarged LE compartments
that also contained the LE marker CD63. In fact, these
cholesterol-sensing proteins subdivided the late endo-
somes. MLN64 and ORPI1L vesicles were located adjacent
to each other, while colocalization was observed on only a
few vesicles. To further study the dynamics of the ORPIL
and MLNG64 vesicles, we performed live-cell imaging on
cells overexpressing ORP1L and MLN64 (supplementary
Movie I and Fig. 3B). Again, we observed mutual exclusion
of ORP1L and MLN64 on vesicles that closely localized.
Vesicles with ORP1L moved together with vesicles contain-
ing MLN64 over long distances in the periphery of cells,
indicating some sort of interaction or tethering between
these vesicles. To further verify these findings, we expressed
ORPI1L in cells and stained for endogenous MLN64 or ex-
pressed MLN64 while staining for ORP1L (supplementary
Fig. II). Again a predominant mutual exclusion of closely
adjacent vesicles of both types was observed. ORP1L is part of
a tripartite complex of RAB7-RILP-ORP1L. As ORP1L and
MLNG64 are on different vesicles, we wondered whether
RILP and MLN64 are also mutually exclusive. Indeed,
whereas ORPIL and RILP localized to same vesicles
(Fig. 3C, upper panel), RILP and MLN64 localized to dif-
ferent late endosomal subpopulations (Fig. 3C, lower
panel). Together, our data suggest that MLN64 and
RAB7-RILP-ORPI1L localize to distinct late endosomal
subpopulations.

Cholesterol-binding ORD domain of ORPI1L is
involved in spatial separation of ORP1L and MLN64
within late endosomes

ORPIL and MLN64 both contain a cholesterol-sensing
domain that can bind cholesterol at the cytosolic site of the
late endosomal-limiting membrane. To test whether these
domains are important for the mutual exclusion of MLN64
and ORPIL within the late endosomal compartment, we
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Fig. 1. Endogenous MLN64 on late endosomal compartments and the plasma membrane. (A) Lysates of

SKBR3 and MelJuSo cells transfected with YFP-MLN64 or YFP were analyzed by SDS-PAGE and WB before
probing with anti-MLN64 antibodies. Position of marker proteins is indicated. (B) SKBR3 cells untrans-
fected (upper cells) or transfected with MLN64-YFP (lower left) were paraformaldehyde (PFA) fixed, per-
meabilized, and immunolabeled by anti-MLN64 antibodies before imaging by confocal microscopy. Zoom-ins
of merged pictures indicated. Scale bar: 10 pm. n > 100. (C) SKBR3 cells were PFA fixed, permeabilized, and
stained by anti-MLN64 antibodies (green) and anti-CD63, anti-EEA1, or anti-M6PR antibodies (red) before
imaging by confocal microscopy. Zoom-ins of merged pictures indicated. White arrowheads indicate colocal-
ization. Scale bar: 10 pm. Right panel: Quantification of colocalization using Manders coefficient. Plotted is
the percentage of MLLN64 signal also positive for the indicated markers. N > 25. *#**P < (.001. (D) SKBR3
cells were fixed by methanol and stained by anti-MLLN64 antibodies (green) and anti-CD63 antibodies (red),
and then imaged by confocal microscopy. Zoom-ins of merged pictures indicated. Scale bar: 10 m. n > 100.
White arrowheads indicate plasma membrane location.

expressed proteins with mutations in these domains. The
START domain of MLLN64 requires two amino acids (M307
and N311) for cholesterol binding; a MLN64(M307R,
N311D) mutation has been reported to be deficient in
cholesterol binding (8). We verified the late endosomal lo-
cation of a MLN64(M307R, N311D)-YFP construct (Fig. 4A).
Expression of this construct with ORPIL again yielded
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mutual exclusion of both proteins within late endosomes
(Fig. 4B, upper panel), suggesting that cholesterol bind-
ing by the MLN64 START domain is not essential for spa-
tial segregation of MLN64 and ORPIL. We then tested
whether the cholesterol-binding ORD domain of ORPI1L
is involved by coexpressing a truncation mutant of ORPIL
missing the ORD domain (ORPI1L-AORD) and MLN64.
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Fig. 2. MLNG64 cycles to the plasma membrane. (A) MelJuSo cells overexpressing high levels of MLN64-YFP (indicated MLN64) were
immunolabeled by anti-CD63 antibodies and imaged by confocal microscopy. Zoom-ins of merged pictures indicated. Scale bar: 10 pm.
n > 100. White arrowheads indicate plasma membrane staining. (B) MelJuSo cells expressing MLLN64-YFP in combination with dominant-
negative dynamin were PFA fixed, permeabilized, and immunolabeled with anti-dynamin antibodies before imaging by confocal micros-
copy. Zoom-ins of merged pictures indicated. Scale bar: 10 pm. n > 100. White arrowheads indicate plasma membrane location. Intensity
histograms over indicated lines for the MLLN64 channel are shown. Black arrows indicate peaks originating from plasma membrane staining

at the edge of cells.

Again a predominant exclusion of both proteins within LE
could be observed (Fig. 4B, middle panel). However, in
about 20% of cells, we observed enlarged vesicles in the
periphery of cells that were positive for both MLN64 and
ORPIL-AORD. In addition, under these conditions of
ORP1L-AORD expression, the MLN64-positive LE clus-
tered (Fig. 4B and supplementary Fig. III). ORP1L has two
conformations on the late endosomal membrane: the
ORPI1L-AORD mutant reflects a cholesterol-unbound
conformation, whereas ORP1L-AORDPHDPHD reflects a
membrane-bound conformation of the ORD domain, which
occurs when LE cholesterol is high (10). Upon coexpres-
sion of this ORP1L mutant with MLLN64, MILLN64 vesicles
did not label for ORP1L-AORDPHDPHD. However, most
ORP1L-AORDPHDPHD endosomes acquired low levels
of MLNG64, suggesting fusion and retention of the two

MLN64/ABCA3 and ORP1L/NPCI1 define distinct late endosomes

proteins in a fused compartment (Fig. 4B, lower panel).
We validated our observations by expressing tagged
ORP1L-AORDPHDPHD in SKBR3 cells and staining for
endogenous MLN64 (Fig. 4C). Again, MLN64 localized to
ORP1L-AORDPHDPHD-positive vesicles. Correct expres-
sion at expected molecular weight of all ORPIL and
MLN64 mutants was verified by Western blotting (supple-
mentary Fig. IV). Our data indicate that the mutual exclu-
sion of ORPIL and MLN64 within the LE compartment
involves the cholesterol-binding domain of ORPIL but
not cholesterol binding by the START domain of MLLN64.

MILNG64 defines an early late endosomal compartment
preceding ORP1L-containing late endosomes

If MLN64 and ORPI1L define two LE subcompartments,
how are these related? We expressed MLN64 and ORP1L
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Fig. 3. ORPIL and MLN64 localize to late endosomal subpopulations. (A) MelJuSo cells expressing MLN64-YFP (green) and mRFP-
ORPIL (red) were PFA fixed, permeabilized, and immunolabeled with anti-CD63 antibodies (blue) before imaging by confocal micros-
copy. Zoom-ins of merged pictures indicated. Scale bar: 10 pm. n > 100. White arrowhead indicates a vesicle positive for both MLLN64 and
ORPIL. Right panel: Quantification of colocalization using Manders coefficient. Plotted is the percentage of signal A that is also positive
for signal B for the indicated combinations. n > 25, ¥¥*P < (0.001.(B) MelJuSo cells expressing MLN64-YFP (green) and ORP1L-mRFP (red)
were imaged by time-lapse confocal microscopy. Merged zoomed snapshots at different time points are shown (right panel). White arrow-
heads indicate MLN64-positive and ORP1L-positive vesicles interacting over prolonged times. Images correspond to supplementary Movie
I. (C) MelJuSo cells expressing ORP1L-GFP and mRFP-RILP (upper panel) or expressing MLN64-YFP (green) and mRFP-RILP (red)
(lower panel) were PFA fixed, permeabilized, and immunolabeled with anti-CD63 antibodies (blue) before imaging by confocal micros-
copy. Zoom-ins of merged pictures indicated. Scale bar: 10 wm. Right panel: Quantification of colocalization using Manders coefficient.
Plotted is the percentage of signal A that is also positive for signal B for the indicated combinations. n > 25, **#*P < 0.001.

in cells before feeding cells with fluorescent LDL to study
the trafficking of LDL through these compartments (Fig.
5A). At early time points (20 min pulse followed by 30 and
60 min chases), MLLN64-positive vesicles acquired the fluo-
rescent LDL (Fig. bA). At later time points (3 h and 5 h
after the original pulse), the LDL accumulated in ORP1L
vesicles while the signal decreased in MLLN64 vesicles. We
repeated these experiments using fluorescent ovalbumin
as a fluid-phase endocytosis marker (Fig. 5B). Again at early
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time points (20 min pulse followed by 30 and 60 min chases),
MLNG64-positive vesicles acquired the fluorescent ovalbu-
min (Fig. bA, B), while at later time points (3 h and 5 h
after the original pulse), the ovalbumin had left the
MLNG64-positive vesicles and entered ORP1L-positive vesi-
cles. These data suggest that internalized cargo first enters
MLN64-containing late endosomal compartments and sub-
sequently enters ORP1L-containing compartments. Dur-
ing live imaging, we again observed extensive cotrafficking
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cal microscopy. Zoom-ins of merged pictures indicated. Scale bar: 10 wm. Right panels: Quantification of
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tion of colocalization using Manders coefficient. Plotted is the percentage of signal of ORP1Lwt or ORP1L-

AORDPHDPHD that is also positive for endogenous MLN64. n > 25, ***P < 0.001.

of MLLN64- and ORP1L-positive vesicles in the cell periph-
ery after 3 h of pulse with fluorescent ovalbumin (Fig. 5C
and supplementary Movies Il and III). These data also sug-
gest that endocytosed cargo reaches “early” (MLN64-posi-
tive) late endosomal compartments that transfer cargo to
“later” (ORP1L-positive) late endosomes.

MLNG64 and ORPI1L localize with different late
endosomal cholesterol pumps ABCA3 and NPC1
Cholesterol metabolism in late endosomes is regulated
by a number of cholesterol-binding and transporting pro-
teins. Regulators also include lipids, such as lysobisphos-
phatidic acid (LBPA), which have been suggested to
regulate cholesterol levels in LE (28). LBPA is exclusively

found in late endosomes, and we wondered whether it
would localize to MLLN64-positive, ORP1L-positive, or both
LE compartments. We stained ORPIL- and MLN64-ex-
pressing cells with an antibody against LBPA (Fig. 6A). A
fraction of both compartments labeled for LBPA. Choles-
terol egresses from LE by the action of the Niemann Pick
type C1 (NPC1) protein (16, 18) and acts upstream from
ORPIL (10). We labeled cells for NPC1 and observed that
NPC1 almost exclusively localized to ORP1L-positive vesi-
cles while being absent from MLN64-positive late endo-
somes (Fig. 6B). Members of the ABCA family can pump
cholesterol across membranes and localize to late endo-
somes and the PM (14, 29). Similar to MLLN64, ABCA3 lev-
els are high in lung (15). MLN64 and ABCA3 colocalized
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Fig. 5. Endocytic cargo passes from a MLN64-positive compartment to an ORP1L-positive compartment. (A) MelJuSo cells expressing
MLNG64-HA (green) and GFP-ORPIL (red) were incubated with Dil-LDL (blue) for 20 min (pulse) followed by a chase for indicated time
points. Cell were then PFA fixed, permeabilized, and immunolabeled with anti-HA antibodies (green). Zoom-ins of merged pictures indi-
cated. Scale bar: 10 pm. Lower panel: Localization of Dil-LDL in HA-MLN64 or GFP-ORP1L vesicles was quantified using Manders coeffi-
cient [the percentage of blue pixels (LDL) overlapping with green (MLLN64) or red (ORP1L) pixels]. n > 25. (B) MelJuSo cells expressing
MLN64-YFP (green) and mRFP-ORP1L (red) were incubated with Cy5-ovalbumin (blue) for 20 min (pulse) followed by a chase for indi-
cated time points. Zoom-ins of merged pictures indicated. Scale bar: 10 wm. n > 100. Lower panel: Localization of Cy5-Ovalbumin in
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on CD63-positive LE (Fig. 6C). Unlike NPC1, ABCA3 did
not localize to ORP1L-positive LE (Fig. 6C). ORP1L
vesicles represent cholesterol-rich endosomes (10) and
overexpression of MLNG64 also accumulates cholesterol
in enlarged MLNG64-positive compartments (4, 6-8, and
data not shown). We wondered whether ABCA3 would
also label vesicles accumulating cholesterol, like MLN64.
We stained cells transfected with ORPIL and ABCA3
with filipin to detect free cholesterol and observed that
the enlarged ABCA3-positive vesicles were also loaded
with cholesterol (Fig. 6D). Our data indicate that MLLN64
and ABCA3 are cholesterol-binding proteins on choles-
terol-rich late endosomal compartments preceding later
late endosomes in which NPCI and ORP1L act together
to coordinate cholesterol egress and late endosomal
transport.

DISCUSSION

Egress of cholesterol from late endosomes requires the
coordinated action of multiple cholesterol-binding and
transporting molecules present on location. Here, we
studied two proteins with cholesterol-sensing capabilities
at the cytosolic leaflet of LE that regulate late endosomal
dynamics, MLN64 and ORP1L. We show that these pro-
teins locate to two late endosomal subpopulations. MLLN64
is a membrane-integrated protein, and we show that it cy-
cles with vesicles between LE and the PM and accumulates
at the PM when endocytosis is blocked. This is similar to
other late endosomal proteins, such as CD63, CD83, and
HLA-DM (24, 25, 30-32). LDL and fluid-phase cargo first
enter MLNG64-positive LE before transport into ORP1L-
positive LE, defining MLN64-positive LE as “early” late en-
dosomes and ORP1L-positive LE as “late” late endosomes.
ORPI1L is recruited to LE endosomes by the small GTPase
RAB7, which also recruits RILP to membranes. RILP re-
cruits the dynein motor for minus-end transport to late
endosomes, and overexpression of RILP induces strong
clustering of LE vesicles near the microtubule organizing
center (20). Conversely, silencing of RILP or a dominant-
negative mutant of RILP (20) results in the scattering of
endosomes as has been observed for MLN64 depletion,
indicating that these may represent similar processes.
However, we find that RILP and MLLN64 are not on the
same vesicles. This supports an observation by Holtta-
Vuori and colleagues that RILP expression was unable to
rescue the scattering of Dil-LDIL-labeled endosomes in
MLNG64-depleted cells (8). Our data indicates that the
CD63-containing LE can be subdivided into a subpopula-
tion of MLN64-positive LE and a later subpopulation of
late endosomes marked by RAB7-RILP-ORP1L.

The ORPIL- and MLN64-positive subpopulations dis-
played frequent contacts over longer periods of time (Fig.
3B and supplementary Movies I-III). We also observed a
small fraction of LE containing both MLLN64 and ORPI1L.
This can be expected when cargo is transferred from
MLNG64- to ORP1L-positive late endosomes by kiss-and-run
events or, alternatively, by fusion of MLN64-containing LE
with ORP1L-positive vesicles and fast sorting away from
membrane-embedded MLN64. We have no evidence that
MLNG64 actively dissociates ORPIL from membranes.
MILNG64 has been proposed to promote endosomal teth-
ering between endosomes via actin (8), and this might
explain the interactions between ORP1L and MLN64 en-
dosomes over long periods of time in living cells. If ORP1L-
and MLNG64-positive vesicles are able to (partially) fuse to
exchange cargo, how is their spatial separation then
achieved? A possible explanation might be fast tubulation
and fission events that separate MLN64 and ORP1L vesi-
cles quickly after they have formed a hybrid organelle. Tu-
bulation and fission depend on the coordinated action of
dynein and kinesin motors (32, 33), and ORPIL controls
the recruitment of dynein motors to LE (10). ORPIL al-
lows binding of the dynein motor under high LE choles-
terol conditions, but it changes conformation when cho-
lesterol is low in order to remove the dynein motor and
allow for plus-end transport of LE by the kinesin motor
(10). We observed that expression of an ORPI1L mutant
(ORP1L-AORDPHDPHD) that stabilizes dynein motor bind-
ing to LE induced colocalization of MLN64 on ORPI1L-
AORDPHDPHD-positive late endosomes. This might
indicate that MLLN64 and ORPIL vesicles are normally
separated by the fission-opposing actions of kinesin and
dynein motor activities, a process controlled by functional
ORPI1L. Similarly, this might explain why the expression
of ORP1L-AORD, which prevents dynein motor recruit-
ment and therefore might disturb fission events, induces
enlarged vesicles also positive for MLLN64.

What is the role for the different subpopulations of late
endosomes? If LE is separated in two subpopulations that
precede each other and associate with different cholesterol-
sensing proteins, they possibly have different roles in cho-
lesterol trafficking, transfer, and distribution. ORP1L and
the cholesterol transporter NPC1 localize on a subset of
LE, whereas MLN64 and the cholesterol transporter
ABCA3 localize on another LE subpopulation. The ORP1L/
NPCI1 vesicles might reflect a final stage in the internaliza-
tion of LDL and transport of cholesterol from LE to the
ER for further cellular distribution (10, 17, 19). Based on
our observations and previous literature, we propose that
the MLN64/ABCA3-positive late endosomes reflect an
earlier stage in late endosomal maturation in which LDL is
first hydrolyzed and free cholesterol can still be recycled
back to the PM and/or cholesterol can be effluxed from

YFP-MLNG64 or mRFP-ORP1L vesicles was quantified using Manders coefficient [the percentage of blue pixels (Ovalbumin) overlapping
with green (MLNG64) or red (ORP1L) pixels]. n > 15. (C) MelJuSo cells expressing MLN64-YFP (green) and ORP1L-mRFP (red) incubated
with Cy5-ovalbumin (blue) for 20 min (pulse) followed by a chase for 3 h were imaged by time-lapse confocal microscopy. Merged, zoomed
snapshots at different time points are shown (right panel). White arrowhead indicates MLN64-positive, ORP1L-positive, and Ovalbumin-
positive vesicles interacting over prolonged times. Images correspond to supplementary Movie II.
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the cell via apolipoproteins. The exact function of ABCA3,
which supposedly pumps lipids back into the lysosome
(34), is unknown. ABCA3 might import cholesterol or
other required lipids from laminar-body biogenesis from
other donor organelles into the LE (Fig. 7), or ABCA3
might be involved in the recycling of lipids from organ-
elles, such as mitochondria, into LE where these then be-
come available for redistribution to other compartments
by NPCI-ORP5 (19) or Hrs (35). Alternatively, ABCA3
might be involved in the loading of free LE cholesterol or
other lipids onto HDL or pulmonary surfactant lipopro-
tein particles, thereby decreasing LE lipid load. ABCA3
has previously been shown to be involved in early steps of
late endosomal biogenesis (15), and both MLN64 and
ABCAS3 have higher expression in lung where ABCA3 has
been shown to be important for the secretion of late endo-
somal lipids at the PM. Cholesterol destined for the mito-
chondria passes through the PM (36). MLN64 is involved
in the egress of cholesterol from LE to mitochondria (4)
in a process that is independent of NPC1 (7), indicating
that MLN64 may be involved in the trafficking of choles-
terol upstream of NPC1- and ORP1L-containing late endo-
somes as an additional step for LE cholesterol export. The
existence of two consecutive late endosomal compartments,

internalized cargo

early LE

late LE ((\

\:\\*‘“--v:x

Sesesesis

each different in cholesterol handling to donor compart-
ments, might explain earlier observations that one pool of
LE cholesterol is quickly transported to the plasma mem-
brane while another pool of LE cholesterol is transported
to the ER more slowly (2, 3, 18) and that NPC2 can func-
tion in cholesterol delivery to mitochondria independent
of NPC1 (37).

Increased levels of MLLN64, such as observed in breast
and prostate cancer (38-41), might stimulate the transfer
of cholesterol from LE to mitochondria where steroido-
genesis occurs to produce hormones, such as progester-
one, estrogen, and testosterone, required for tumor growth.
Conversely, this would result in a decrease of cholesterol
traffic toward “later” late endosomes and the ER. Indeed,
overexpression of MLLN64 in macrophages increases cho-
lesterol efflux and prevents increases in ER cholesterol
esterification in response to acetylated LDL inducing an
antiartherogenic lipid phenotype (42).

In summary, MLN64 and ORP1L define two subpopula-
tions of late endosomes that precede each other in matu-
ration stages. The cholesterol influx pump ABCA3 is
present on MLNG64-positive “early” late endosomes and
the cholesterol effluxer NPCl1 is present on ORP1L-positive
“late” late endosomes (Fig. 7). MLN64/ABCAS3 vesicles can

Recycling to PM

Transport to mitochondria
Apolipoprotein loading
Pulmonary surfactant loading

Transport to ER

Fig. 7. Model of cholesterol dynamics in MLN64/ABCA3 and ORP1L/NPCI vesicles. LDL particles de-
rived from internalization enter via early endosomes into a MLLN64/ABCA3-positive “early” late endosome
where LDL can be hydrolyzed and cholesterol released. From here, cholesterol can be recycled to the plasma
membrane by the action of MLN64/ABCA3 vesicles. Alternatively, cholesterol is further transported to
ORP1L/NPCl-positive “late” LE that can contact the ER to export cholesterol from the LE to the ER for

further distribution throughout the cell.

MLN64/ABCA3 and ORP1L/NPCI1 define distinct late endosomes

2163



cycle to the plasma membrane, whereas ORP1L/NPCI1
vesicles reflect a later stage in endocytosis. Together our
findings indicate that these late endosomal subpopula-
tions define different states of cholesterol handling Bl

The authors thank V. Olkkonen and F Alpy for providing
reagents.
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