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People homozygous for mutations in the Niemann-Pick type C1 (NPC1) gene have physiological
defects, including excess accumulation of intracellular cholesterol and other lipids, that lead to
drastic neural and liver degeneration. The NPC1 multipass transmembrane protein is resident in
late endosomes and lysosomes, but its functions are unknown. We find that organelles containing
functional NPC1-fluorescent protein fusions undergo dramatic movements, some in association
with extending strands of endoplasmic reticulum. In NPCI mutant cells the NPCl-bearing
organelles that normally move at high speed between perinuclear regions and the periphery of the
cell are largely absent. Pulse-chase experiments with dialkylindocarbocyanine low-density li-
poprotein showed that NPC1 organelles function late in the endocytic pathway; NPC1 protein
may aid the partitioning of endocytic and lysosomal compartments. The close connection between
NPC1 and the drug U18666A, which causes NPCl-like organelle defects, was established by
rescuing drug-treated cells with overproduced NPC1. U18666A inhibits outward movements of
NPC1 organelles, trapping membranes and cholesterol in perinuclear organelles similar to those
in NPCI mutant cells, even when cells are grown in lipoprotein-depleted serum. We conclude that
NPC1 protein promotes the creation and/or movement of particular late endosomes, which

rapidly transport materials to and from the cell periphery.

INTRODUCTION

Human Niemann-Pick Type C (NPC) disease is an autosomal
recessive lipid storage disorder. The phenotype typically in-
cludes organomegaly and progressive neurodegeneration (re-
viewed in Pentchev et al., 1995). Although the gene responsible
for most cases of this disease, NPC1, has been cloned (Carstea
et al., 1997), its precise function remains a mystery. Cells lacking
functional NPC1 accumulate cholesterol in a lysosomal or late
endosomal compartment (Blanchette-Mackie ef al., 1988; Koba-
yashi et al., 1999). Normal cells respond to excess cholesterol by
reducing synthesis and increasing esterification of cholesterol,
but NPCI mutant cells fail in this type of homeostasis (Liscum
and Faust, 1987; Pentchev et al., 1987).

On the basis of the cholesterol accumulation and other met-
abolic changes in NPC1 mutant cells, it has been proposed that
the fundamental defect in NPC is a failure to properly trans-
port low-density lipoprotein (LDL)-derived cholesterol out of
lysosomes (Pentchev et al., 1984, 1987; Liscum et al., 1989).
NPC1 cells are apparently normal in their internalization and
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hydrolysis of LDL (Liscum and Faust, 1987), but some evi-
dence indicates that postlysosomal transport of free cholesterol
to other intracellular sites is delayed (Sokol et al., 1988; Liscum
et al., 1989; Neufeld et al., 1996).

Antibodies have been used to detect NPC1 protein in
organelles that contain late endocytic and lysosomal mark-
ers such as LAMP2 and Rab7, and that do not contain
mannose-6-phosphate receptor (MPR) (Higgins et al., 1999;
Neufeld et al., 1999). This localization is consistent with the
buildup of cholesterol in late endosomes and/or lysosomes
that occurs in NPC disease. The normal function of NPC1 in
preventing the buildup is unknown. It has been proposed
that NPC1 is present in vesicles that directly transport cho-
lesterol (Liscum and Munn, 1999; Neufeld et al., 1999) but
exploring this idea has thus far been restricted to staining
fixed cells.

Cholesterol has received the most attention in studies of
NPC1, but molecules other than cholesterol may play im-
portant roles in NPC1 cell alterations and in disease patho-
genesis. The cholesterol-laden organelles in NPC1 cells also
accumulate other lipids and proteins (Watanabe et al., 1998;
Kobayashi et al., 1999; Puri et al., 1999). NPC1 mutant cells
have a defect in fluid-phase endocytosis, measured using
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[*“C]sucrose (Neufeld et al., 1999), indicating that NPC1 may
be necessary for a general endocytic process and not choles-
terol transport per se. Two recent studies found that trans-
port of LDL-derived cholesterol from lysosomes to the
plasma membrane is not blocked in NPC1 cells (Cruz et al.,
2000; Lange et al., 2000). All these results emphasize how
much remains to be learned about the function of NPC1 and
the molecular basis of NPC pathology.

Aberrant organelle structures and localization remain
among the most striking cellular changes in NPC disease.
The possible functions of NPC1 in late endosomes or lyso-
somes, and indeed the detailed properties of NPC1-contain-
ing organelles, remain largely unknown. The studies pre-
sented here use the approach of monitoring the movements
of NPC1-bearing organelles to ask how organelle behavior
changes in the absence of functional NPC1. We demonstrate
the specific localization of NPC1-FP in a subset of endocytic
organelles, track the movements of those organelles, and
identify relationships between the NPC1 organelles and
other membrane-bound compartments. We show how loss
of NPC1 alters the dynamics of organelles in the endocytic
pathway and the movement of endocytosed cargo. A tem-
poral description of how these alterations may arise was
obtained using a drug that induces changes similar to those
caused by loss of NPC1. The results suggest where in mem-
brane and lipid trafficking NPC1 may normally function and
raise new questions about the relations between NPC1 and
the endoplasmic reticulum (ER).

Understanding the behavior and properties of organelles
containing NPC1 will help to address the substantial mys-
teries of NPC1 function. Resolving the mysteries is critical
for understanding the basis of Niemann-Pick disease and
devising prevention or treatment strategies.

MATERIALS AND METHODS

Materials

Nocodazole (Biomol, Plymouth Meeting, PA), U18666A (Biomol),
Fugene6 (Boehringer-Mannheim, Indianapolis, IN), fluorescent lip-
ids (Molecular Probes, Eugene, OR), filipin (Sigma, St. Louis, MO),
and LDL (Sigma) were purchased from commercial sources. F12
and CO,-independent media were purchased from Life Technolo-
gies (Gaithersburg, MD).

Anti-GFP (1:1000; Boehringer-Mannheim), anticaveolin (1:500,
Transduction Laboratories, Lexington, KY), anti-PMP70 (1:500;
Zymed, San Francisco, CA), anti-BCOP (1:500; Affinity BioReagents,
Golden, CO) were purchased from commercial sources. E7 tubulin
monoclonal (1:10) and UH1 LAMP-1 monoclonal (1:10) were pur-
chased from the Developmental Studies Hybridoma Bank; Anti-
mNPC1 (1:500) was a gift from W.S. Garver (University of Arizona
Health Sciences Center, Tucson, AZ), and anti-MPR was a gift from
S.R. Pfeffer (1:500) (University of Iowa, lowa City, Iowa). Sec61B-FP
and T2-FP were a gift from J. White; VAMP7-FP was a gift from R.
Advani (Stanford University, Palo Alto, CA). CHO-KI and PtK2
cells were purchased from American Type Cell Culture (Manassas,
VA). CT60 and 25RA CHO cells were a gift from T.Y. Chang
(Dartmouth University, Hanover, NH).

Construction and Expression of NPC1-FP

The mouse cDNA to NPC1 was provided by S. Loftus. Annealed
oligonucleotides from the Eco47IIl site to the end of the open
reading frame were used to replace the stop codon and add a 6xHis
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tag and Kpnl site. The modified cDNA was ligated into the Xhol and
Kpnl sites of pEGFP-N3, pEYFP-N3, and pECFP-N3 (Clontech, Palo
Alto, CA). A Notl fragment containing the mNPC1-FP fusion was
introduced into the NotI site of pCEP4 to allow for selection with
hygromycin. The cytomegalovirus promoter was used to drive ex-
pression.

Transfections with Fugene6 were carried out according to man-
ufacturer’s suggestions. For assessment of cholesterol clearance,
cells were fixed with 3% paraformaldehyde, stained with filipin (50
pg/ml) for 1 h, and scored for complementation 48 h after trans-
fection.

Stably expressing cells were selected with hygromycin (250 pg/
ml). Postnuclear supernatants were resolved on 4-12% gradient
gels, blotted, and probed with anti-green fluorescent protein (GFP)
to detect expression. Stably expressing cells stained with filipin
were indistinguishable from 25RA cells, the line from which CT60s
are derived.

Point mutations in NPC1-FP were introduced using Quikchange
(Stratagene, La Jolla, CA). We made five different point mutations
(Co4S, C98S, Y635C, Y635A, P692S) that had been reported to result
in a nonfunctional NPC1 localized to the correct compartment (Wa-
tari et al., 1999a,b). In our experiments four of the mutant NPC1-FPs
became concentrated primarily in the ER, a behavior typical of
incorrectly folded proteins. C98S and Y635C localized correctly in a
subset of cells, but each of these mutants had residual function;
examination of cells 2 to 3 d posttransfection demonstrated at least
partial clearing of accumulated cholesterol in a fraction of the cells.
The fifth mutant, P692S, had minimal function after 2 d (only ~5%
of the cells display partial clearing), and was correctly located in
about half of the cells, as determined by comparison to LAMP1
localization.

Immunofluorescence Microscopy

Cells were grown in chamber slides (Nalge Nunc International,
Rochester, NY), fixed in 3% paraformaldehyde, permeabilized, and
blocked with either 0.05% saponin or filipin and 10% normal goat
serum, and stained with primary antibody overnight in permeabi-
lization/blocking solution with 0.1% azide. Cells were washed three
times with phosphate-buffered saline and stained with the appro-
priate CY5-conjugated secondary antibody for 1 h. Cells were
washed again and mounted with VectaShield (Vector Labs, Burlin-
game, CA).

Cells were imaged using a Zeiss Axiovert SI00TV with a 100X/
1.40 Plan NeoFluar objective, MicroMax 1800Y charge-coupled de-
vice camera (Princeton Instruments, Trenton, NJ), and MetaMorph
software (Universal Imaging, Media, PA). Sequential images were
taken using fluorescein isothiocyanate and CY5 filters (Chroma,
Brattleboro, VT) and overlayed to determine colocalization. For
antibodies with significant perinuclear staining (MPR, BCOP), im-
ages were acquired using a Bio-Rad (Richmond, CA) MRC 1024
confocal microscope.

Live Cell Imaging and Analysis

Cells were grown in chambered cover glasses (LabTek) and just
before imaging, the media were changed to CO,-independent media
with 10% fetal calf serum. Cells were imaged using the epifluores-
cence microscope described above. Temperature was maintained at
37°C by using a heater blower device (constructed in-house by D.
Proffitt) and a Plexiglas environmental chamber (M&Ko, Union
City, CA).

Time-lapse imaging was performed using filters controlled by
Lambdal0 shutter drivers (Sutter, Novato, CA). For dual CFP/YFP
imaging, separate excitation and emission filters (JP4 set; Chroma)
were used to take two rapid sequential images at each time point.
Stacks of time-lapse images were analyzed using MetaMorph. For
tracking of a random sample of particle movements, 20 markers
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Figure 1. NPCI1-FP is correctly localized in CT60 CHO cells and is functional in clearing accumulated cholesterol. Extracts of CT60 cells
expressing GFP or NPC1-YFP were resolved on a 4-12% gradient gel and probed with an anti-GFP antibody (A). The NPC1-YFP stable line
produces predominant bands near 200 kDa (arrow), consistent with the glycosylated forms of NPC1-YFP (predicted molecular weight for
nonglycosylated fusion = 170 kDa). A faint smaller band (arrowhead), presumably a cleavage product, is also present, but the colocalization
of NPC1-GFP with anti-NPC1 antibody staining (B) indicates that the tag stays largely attached to NPC1. Bar, 5 um. Cells expressing
NPC1-YFP were antibody stained with various primary antibodies, followed by incubation with CY5-conjugated secondary antibody, and
imaged using the appropriate filter sets. The tagged protein localizes to organelles that contain LAMP1 (C) but do not contain the
cation-independent MPR (D). To determine whether the protein is localizing only to this compartment, other markers were examined,
including PMP70 (E), caveolin (F), BCOP (G), and VAMP7-FP (H). CT60 cells were transiently transfected with NPC1 and GFP (I) or
NPC1-GFP (J) and the amount of free cholesterol was evaluated by filipin staining in each case. NPC1-GFP is able to clear the accumulated
cholesterol as well as untagged NPC1 (97 * 1 versus 95 = 2% of expressing cells rescued). GFP alone has no affect on the accumulated
cholesterol (3.5 = 0.5%). Bar, 5 um.

Filipin NPC1#8FP

e

were randomly placed on images of cells. The fluorescent structure
closest to each marker was manually tracked for 10 s by using the
TrackPoints command of MetaMorph. To determine the percentage
of total particles undergoing vectorial movements, all particles in a
cell over a 10-s period were categorized based on displacement > or
<1.5 um. For quantification of movement to and from the perinu-
clear aggregate, streaming acquisition was used for 30 s and the
total number of events was counted. P values for statistical signifi-
cance were measured using the t test for nonpaired data.

Over short time periods (<10 min), fluorescence imaging had no
effect on the motility or localization of NPC1-FP organelles. Some
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aggregation of NPC1-organelles, similar to that seen with U18666A
treatment, occurred with cells irradiated for 2 h. However, all
NPC1-FP-producing cells treated with U18666A had perinuclear
aggregates even if they were not irradiated during the 2 h.

Dil LDL Time Course

Cells were washed with F12 (10% lipoprotein-deficient serum
[LPDS]) and then labeled for 3 min at 37°C with F12 (10% LPDS)
with 30 ug/ml Dil LDL. This short pulse was followed by a variable
chase period in F12 (10% LPDS + 50 ug/ml LDL) at 37°C. Following
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this period, cells were washed with phosphated-buffered saline and
fixed for 10 min with 3% paraformaldehyde. Images were acquired
using confocal microscopy. For assessment of muotility, live cells
were imaged as described above at the indicated times.

Online Supplemental Material

Quicktime movies that accompany many of the figures are available
at the MBC Web site.

RESULTS
Functional Integrity of NPC1-FP

To follow NPC1 in living cells, sequences coding for the
fluorescent proteins EGFP, EYFP, or ECFP were fused in
frame to the C terminus of mouse NPC1. The genes were
expressed in CT60 cells, Chinese hamster ovary (CHO) cell
derivatives that carry null mutations in NPC1 (Cadigan et al.,
1990; Cruz et al., 2000). Antibodies against GFP detect a band
of ~200 kDa in blotted protein extracts from stably trans-
fected NPC1-FP cells, consistent with the expected size for
the glycosylated form of an intact NPC1-FP protein (Figure

Previous studies have shown that NPC1 protein is located
in organelles that contain late endocytic and lysosomal
markers (LAMP-2 and Rab-7) but do not contain MPR (Hig-
gins et al., 1999; Neufeld et al., 1999). Most of the NPC1-FP
organelles colocalized with the late endosomal/lysosomal
marker LAMP-1 (Figure 1C) and not with the trans-Golgi,
late endosomal marker MPR (Figure 1D), the peroxisomal
marker PMP70 (Figure 1E), caveolin (Figure 1F), or the Golgi
marker BCOP (Figure 1G). Nearly all NPC1-FP containing
organelles, organelles ~0.5-1.5 um in size with tubules up to
7 pm in length, could also be labeled with VAMP7-FP (Fig-
ure 1H), a marker of late endosomes/lysosomes (Advani et
al., 1998, 1999). An additional population of small structures
(=500 nm) contained VAMP7-FP but not NPC1-FP. All of
these established criteria indicate that the NPC1-FP protein

Figure 2 (facing page). NPCI-FP localizes to moving structures
that are variable in their rates and direction. NPC1-FP was observed
in punctate and tubulovesicular structures that moved both toward
and away from the perinuclear region at a broad range of speeds.
The paths of several structures over 30 s are shown in A, with the
number of the path next to the organelle’s initial position. The
instantaneous speeds of the tracked particles are plotted versus
time, demonstrating the stop-and-go nature of the movements (B).
We examined the movements of 200 randomly chosen structures
from 10 cells and characterized the movements based on maximum
speed, displacement, and direction (C and D). Large NPC1-FP rings
move toward the nucleus while simultaneously decreasing in size
(E). Images taken every 30 s for 30 min revealed that structures that
appeared stably localized over shorter intervals, undergo a retrac-
tion toward the perinuclear region. Two retracting rings are pointed
out with an arrow and arrowhead. Note the changing tubular
structures extending from the rings, particularly at 6 min (asterisks).
Bar, 5 u m. Video 1 accompanies Figure 2A. NPC1-FP localizes to
moving structures that are variable in their rates and direction.
Images were acquired every second for 30 s and played back at a
rate of six images per second. Video 2 accompanies Figure 2E. Slow
retraction of large NPC1-FP rings. Images were acquired every 30 s
for 30 min and played back at a rate of six images per second.
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is correctly targeted to a late-endosomal and/or lysosomal
compartment.

The aberrant cholesterol metabolism of CT60 cells can be
restored to a largely normal state by complementation with
NPC1 (Watari et al., 1999a; Cruz et al., 2000), so the effects of
the fluorescent protein tags on function were assessed with
this assay. In CT60 cells, free cholesterol accumulates in
large abnormal vesicles (1-3 um) that can be labeled with
the fluorescent antibiotic filipin (Cadigan et al., 1990). Fol-
lowing transient transfection, nearly all cells expressing ei-
ther untagged NPC1 (95 *+ 2%; Figure 1I) or NPC1-FP (97 =
1%; Figure 1]) had an unequivocal decrease in cholesterol
content compared with nontransfected cells in the same
culture or cells transfected with GFP alone (3.5 * 0.5%; our
unpublished results). Thus, the NPCI1-FP plasmids pro-
duced intact fusion proteins that resemble the endogenous
NPCI1 protein in function and localization.

NPC1-FP Organelles Participate in Three Kinds of
Movements

The proper function and localization of NPC1-FP provided
an opportunity to meaningfully observe movements of or-
ganelles containing NPC1-FP. In stably transfected CT60
cells, three types of NPC1-FP-containing organelle move-
ments occurred. We refer to the types of movement as
vectorial, Brownian, and slow retraction (Figure 2 and vid-
eos 1 and 2).

The most striking movements of the NPC1 organelles
were rapid vectorial movements (Figure 2A, tracks 1, 3, 4,
and 6; video 1). Vectorial movement primarily followed
paths either toward or away from the nucleus, often be-
tween relatively stable perinuclear and peripheral aggre-
gates of NPC1-containing membranes. During a 10-s period,
~39% of NPCI1-FP organelles engaged in vectorial move-
ments with a displacement of >1.5 um (Figure 2D). Roughly
equal numbers moved toward or away from the nucleus;
some individual organelles rapidly changed direction.
Speeds ranged from 0.45 to 3.8 um/s. Vectorial movements
are dependent upon, and follow, microtubules (Ko and
Scott, unpublished data). Similar distribution and dynamics
were observed in several other fibroblast and epithelial cell
types, including, CHO-KI, 10T1/2, SW13, MDCK, and PtK2.

Most NPC1-bearing organelles also underwent apparent
Brownian movements, short continuous back-and-forth
movements with little if any translational movement (Figure
2A, tracks 2 and 5). These movements continued after the
cytoskeleton was disrupted with 40 uM nocodazole (our
unpublished results). NPC1-FP-containing organelles inter-
sperse vectorial movements with longer periods of only
Brownian movement (Figure 2B), as do lysosomes labeled
with acridine orange (Herman and Albertini, 1984; Matteoni
and Kreis, 1987).

The third type of movement, slow retraction, is observed
during longer time-lapse experiments. Large (~2 um)
NPCl1-positive “rings,” the rings being cross-sectional views
of organelles with NPC1 on their surfaces, move toward the
nucleus at ~0.01 um/s. Usually, 0-3 such rings were
present in each cell. The rings moved toward the nucleus
while undergoing a simultaneous reduction in diameter
(Figure 2E; video 2). Numerous smaller NPC1-containing
organelles moved rapidly along the surfaces of these rings
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Figure 3. NPCI1-FP vesicles associate with and move with the ER. CT60 cells stably transfected with NPC1-YFP were transiently transfected
with Sec61beta-CFP, an ER-resident protein. Twenty-four hours posttransfection, the two proteins were visualized by sequential exposures
(0.5s CFP and 1 s YFP) taken every 5 s. Images at each interval were merged and the relative motions of the labeled structures were examined.
(A) The eight frames show an organelle with NPC1-YFP that is localized at the end of an ER segment (arrow). The two move a distance of
~3 pm to associate with another ER segment (arrowhead) (0-55 s). The vesicle and ER then appear to retract along this second segment of
ER until resting at the junction between the two segments (55-180 s). (B) An NPC1-FP organelle (arrow) moves a distance of ~16 um while
pulling a segment of ER with it. Bar, 2 um. Video 3 accompanies Figure 3A. NPC1-YFP organelles associate with the ends of ER segments
labeled with Sec61B-CFP. Sequential CFP and YFP images were acquired every 5 s for 3 min and played back at a rate of six images per
second. Video 4 accompanies Figure 3B. NPC1-YFP organelles appear to pull middle segments of ER labeled with Sec61B-CFP. Sequential
CFP and YFP images were acquired every 5 s forl min and played back at a rate of six images per second.

and also engaged in vectorial movement to and from the
rings.

NPC1 Organelles Interact with the ER

The dramatic movements of NPC1 organelles are suggestive
of a role in directed transport of cargo such as LDL-derived
cholesterol. Loss of NPC1 function has been linked to de-
layed transport of cholesterol to the ER and plasma mem-
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brane (Sokol et al., 1988; Liscum et al., 1989; Neufeld et al.,
1996), so we looked for evidence of fusion between NPC1
organelles and the ER or plasma membrane. Fusion of post-
Golgi transport “containers” with the plasma membrane has
been demonstrated in thin PtK2 cells for VSVG3-GFP
(Toomre et al., 1999). NPC1-FP organelles did not undergo
the characteristic docking and rapid disappearance reported
for VSVG3-GFP, based upon observing many cells for peri-
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ods >10 min. NPC1-FP organelles are often located near the
Golgi, but two-color observations by using the marker T2-FP
(Storrie et al., 1998) did not reveal any clear interaction (our
unpublished results).

In contrast, a close apposition between the ER and NPC1
organelles was observed repeatedly. The ER was labeled
with Sec61B-FP (Rolls et al., 1999). NPCl-containing or-
ganelles were present at the ends of ER strands and move
with the strands as they extend (Figure 3A; video 3). Some
NPC1 organelles moved long distances (up to 20 um) while
seemingly pulling against the middle of a segment of ER; the
resultant force caused a distortion in the shape of the NPC1
organelle (Figure 3B; video 4). The rapid bleaching of fluo-
rescent lipids (BODIPY-lactosylceramide, BODIPY-sphingo-
myelin) made any transfer of fluorescent lipids between
NPC1 organelles and the ER difficult to observe, so whether
such transfers occur remains an open question.

Cells Lacking Functional NPC1 Have Reduced
Vectorial Movement of NPC1-FP Organelles

NPC1 function is required for the vectorial movements of
NPCl1-containing organelles. For these experiments we
marked the NPC1 compartment in NPCI mutant cells (CT60
cells) with nonfunctional NPC1 protein. Of five mutant
NPC1-FP constructs (see MATERIALS AND METHODS),
P692S was chosen as the best available marker of the normal
NPCl-containing compartment in cells lacking functional
NPCI. As a second way of tracking relevant cell compart-
ments, the movement of VAMP7-FP was followed in CT60
cells. VAMP7-FP is normally located in the same organelles
as NPC1, as well as in many tiny vesicles that have no
detectable NPC1. By following movements of the large
VAMP7-containing organelles in CT60 cells, we observed
how the distribution and movements of organelles that nor-
mally contain NPC1 were altered by the absence of func-
tional NPCI.

The lack of functional NPC1 severely affected vectorial
movements. Brownian movements, slow retraction, and
some movements in close association with the ER continued
in cells that had no functional NPC1 (our unpublished re-
sults), but vectorial movements were strikingly reduced
(Figure 4). Most movements of organelles containing
VAMP7-FP, followed during 60-s periods, consist of short
forays without a clear direction (Figure 4A; video 5). Data
from tracking 100 organelles show a decrease in both max-
imum speed (mean = 0.31 * 0.32 versus 0.84 = 0.82 um/s;
p < 0.0001) and displacement (mean = 0.50 = 0.64 versus
1.8 = 2.5; p < 0.0001) during a 10-s interval (Figure 4B). In
mutant cells drastically fewer organelles undergo vectorial
movement (Figure 4C), which is not due to a reduced num-
ber of the organelles. We find on average 130-160 or-
ganelles/cell with or without functional NPC1, although in
NPCl-expressing cells the number is probably an underes-
timate due to local aggregations. In NPC1-YFP stably ex-
pressing cells, 37% (+4%) of all NPC1 organelles are en-
gaged in vectorial movement during a 10-s period. In CT60
cells far fewer organelles with VAMP7-FP or P692S NPC1-
CFP moved, 4.4% (£1.7%; p < 0.0001) and 7.7% (+4.6%; p <
0.0001), respectively.
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Figure 4. NPCl-containing organelles display reduced movement
in cells lacking functional NPC1. To monitor the movements of the
NPCl1-containing compartment in cells lacking functional NPC1,
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CT60 cells to mark the abnormal organelles. Representative tracks
for VAMP7-FP are shown in A. Quantification of the movement of
100 randomly chosen organelles from five cells (B) shows that the
speed and displacement of these organelles are severely decreased
in CT60 cells. Observations of all the fluorescent organelles within
cells showed that the fraction engaged in vectorial transport is
decreased in cells lacking functional NPC1 or expressing an NPC1
mutant with reduced function (P692S) (C). Bar, 5 © m. Video 5
accompanies Figure 4A. Reduced movement of VAMP7-FP or-
ganelles in NPCI mutant cells. Images were acquired every second
for 1 min and played back at a rate of six images per second.

NPC1-bearing Organelles Participate in Late Events
in the Endocytic Pathway

The reduced organelle movements in NPC1 mutant cells
could reflect either a requirement for NPC1 in motility or the
shifting of NPC1 into a nonmotile compartment. Evidence
for the second possibility was obtained in pulse-chase ex-
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with Dil-LDL (30 uM) for 3 min and then fixed following a 3-, 10-, 30-, and 120-min chase period. The fraction of all Dil-labeled structures
that colocalized with NPC1-GFP, VAMP7-GEFP, or only the enlarged VAMP7-GFP organelles was quantified for 10 cells at each time point
(A). Dil shows significant colocalization with NPC1-GFP or VAMP7-GEFP at 10 min and later time points, indicative of NPC1-FP being present
in late endosomes and the terminal endocytic compartment. The enlarged VAMP-GFP organelles colocalize with Dil beginning at 30 min, but
the bulk of the Dil has not reached these organelles until 2 h (C). In living cells, the fraction of all Dil-labeled structures engaged in vectorial
movement (displacement >1.5 um) was quantified at 10, 30, and 120 min (B). Similar amounts of movement were seen early in the endocytic
pathway (10 and 30 min) regardless of the presence of NPC1. Following these normal early movements, loss of NPC1 prevents further Dil
movement (2 h) and results in the sequestration of Dil in the cholesterol-laden organelles. Bar, 5 um.
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Figure 6. Overexpression of NPC1 results in decreased sensitivity
to U18666A. NPC1-YFP expressing cells were plated with 25RA
cells and treated for 24 h with 0, 0.3, 3, and 10 uM U18666A (A-D).
YFP fluorescence is shown on the left and filipin staining on the
right. The low concentration of U18666A (0.3 uM) is able to induce
cholesterol accumulation in 25RA cells but not in the cells overex-
pressing NPC1-YFP. Increasing the U18666A is able to overcome
this suppression, as shown with intermediate (3 uM) and high
concentrations (10 uM) of the drug. Bar, 5 um.

periments monitoring Dil LDL movement through the en-
docytic pathway.

Dil LDL uptake rates serve to identify specific organelle
compartments and can show which compartments contain
NPCI. Following a brief pulse with Dil LDL (30 ug/ml for
3 min), cells were fixed at various times and the distributions
of NPC1-FP and Dil were compared (Figure 5A). After a
3-min chase period, Dil is in a compartment, presumably
early endosomes, which does not contain NPC1. After 10
min nearly half of the Dil colocalized with a subset of
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NPCl1-containing structures. This is consistent with some of
the NPC1-FP organelles being late endosomes, because Dil
LDL enters this compartment with a half-time of 8 min in
CHO cells (Salzman and Maxfield, 1989). Colocalization in-
creased to ~70% of the Dil at 30 min; this degree of colocal-
ization remained fairly constant for the ensuing 2 h, indicat-
ing that NPCI-FP is also present in the terminal
compartment. At these later time points, the LDL has disin-
tegrated (Ohashi et al., 1992), but the Dil continues to serve
as a membrane marker. From these experiments it appears
that NPC1-FP is present in both late endosomes (colocaliz-
ing with Dil at ~10 min) and the terminal endocytic com-
partment (colocalizing with Dil from ~30 min onward). The
terminal compartment is traditionally called a lysosome but
is perhaps more accurately described as a late endosome/
lysosome hybrid (reviewed in Luzio et al. 2000).

In NPC1 mutant cells, enlarged organelles accumulate,
and Dil LDL uptake identifies them as the terminal endo-
cytic compartment or an aberrant compartment with no
simple equivalent in a normal cell. Dil LDL enters VAMP?7-
positive organelles, i.e., organelles that normally contain
NPC1, with similar kinetics in the presence or absence of
functional NPC1. Therefore, early events in the endocytic
pathway do not require NPC1 function. In wild-type cells,
30 min of Dil LDL uptake puts 70% of the label in late
endosomes and the terminal compartment, but in cells with-
out functional NPC1, only ~15% of the structures labeled
with Dil were enlarged organelles and most of these were
near the cell periphery (Figure 5C). By 2 h, most of the Dil
signal was found within the lumen of the perinuclear cho-
lesterol-laden organelles (Figure 5C) and this did not change
even following an 18-h chase (our unpublished results). This
delayed and persistent colocalization of the enlarged or-
ganelles and Dil indicates that the organelles are the termi-
nal endocytic compartment or an intermediate arrested after
the late endosome step of the endocytic pathway.

The relationship between endocytic compartments and
the decreased vectorial movements seen in NPC1 mutant
cells was revealed by live cell imaging following variable
chase periods. In cells with functional NPC1-FP, nearly 30%
of Dil-labeled organelles were engaged in vectorial move-
ments after a 2-h chase. In cells lacking functional NPC1,
<10% of the Dil was engaged in vectorial movement at the
same time point. The lack of NPC1 causes Dil to become
sequestered in enlarged organelles with reduced motility.
Earlier time points (10 and 30 min) show that the movement
of Dil LDL is initially indistinguishable between normal and
NPC1 mutant cells (Figure 5B). This suggests that deliveries
from early endosomes to late endosomes and from late
endosomes to the terminal compartment are normal in
NPC1 mutant cells. Functional NPC1 allows Dil-labeled or-
ganelles to reach the terminal compartment and then con-
tinue to move between perinuclear and peripheral locations,
perhaps recycling late endosomal and/or lysosomal mem-
branes for more rounds of endocytosis. Cells lacking func-
tional NPC1 accumulate Dil in enlarged terminal endocytic
organelles that remain sequestered in the perinuclear region.
This trapping process, a failure of Dil cycling, follows suc-
cessful early inward movements of organelles that carry Dil
LDL.
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U18666A Alters the Dynamics of Perinuclear NPC1
Organelles

To observe the sequence of changes that results in mem-
brane accumulation in the terminal compartment, we used a
drug that causes NPC1-like cholesterol accumulation. Recent
studies suggest that class 2 amphiphiles, such as U18666A,
act upon NPC1 or in the same pathway (Lange et al., 2000).
We tested the relation between NPC1 and the class 2 am-
phiphiles by seeing whether overexpression of NPC1 sup-
presses the accumulation of cholesterol induced by the
drugs. U18666A induces partial cholesterol accumulation at
doses as low as 30 nM in 25RA cells, the parental line of
CT60 (Cadigan et al., 1988). In contrast, NPC1-YFP-produc-
ing cells treated with this concentration (and up to 1 uM)
have filipin staining that is indistinguishable from untreated
cells (Figure 6B). At a 100-fold increase in concentration (3
uM), the cells accumulate cholesterol to a level intermediate
between untreated cells and treated 25RA cells (Figure 6C).
At higher concentrations (10 uM), NPC1-YFP-expressing
cells are no longer resistant to the U18666A treatment (Fig-
ure 6D). Similar results were obtained in CHO-KI cells over-
expressing NPC1-YFP (our unpublished results). NPC1-
YFP-expressing cells are resistant to induction of cholesterol
accumulation by another class 2 amphiphile, progesterone
(Butler et al., 1992). In 25RA control cells, 1 uM progesterone
causes cholesterol accumulation, whereas accumulation in
NPC1-YFP-expressing cells requires ~100-fold more (our
unpublished results). These results provide further evidence
that the class 2 amphiphiles affect NPC1 or a closely related
cell function.

By monitoring the changes induced by U18666A over
time, we observed alterations in NPC1 organelle movements
that preceded the bulk of cholesterol accumulation. During
the first 2 h after addition of U18666A to 10 uM, tubular

Figure 7 (facing page). The formation of cholesterol-laden or-
ganelles in cells treated with U18666A. Cells were incubated with 10
uM U18666A and imaged every 30 s for the first 2 h of treatment
(A). By 2 h, all cells displayed a prominent perinuclear aggregate
formed from the loosely associated, dynamic perinuclear cluster of
NPC1 organelles present in untreated cells. (B) Images (100) taken
over 25 s have been merged to show the tracks of movement into
and out of this perinuclear cluster in untreated cells and cells treated
for 3 h with U18666A. Quantification of the movement to and from
the perinuclear aggregate (C) reveals decreased movement out of
the aggregate at 1-1.5 h and decreased movement in both directions
by 2.5-3.5 h. The effects of U18666A did not require the presence of
exogenous sources of cholesterol as shown by filipin staining in D.
Cells incubated in F12 without serum for 48 h (D1) still formed
enlarged cholesterol-laden organelles when incubated for the final
24 h with U18666A (D2), though the overall amount of cholesterol
was not as high as that seen in cells grown in F12 (+10% fetal bovine
serum) for 24 h with U18666A (D3). nuc, nucleus; bar, 5 um. Video
7 accompanies Figure 7B untreated. Movements of perinuclear
NPC1-FP organelles in untreated cells. Images were acquired ap-
proximately every 0.25 s for 50 s and played back at a rate of 15
images per second. Video 8 accompanies Figure 7B 3 h U18666A.
Decreased movements of perinuclear NPC1-FP organelles in cells
following U18666A treatment. Images were acquired approximately
every 0.25 s for 25 s and played back at a rate of 15 images per
second. Video 6 accompanies Figure 7A. The formation of abnormal
organelles in cells treated with U18666A. Images were acquired
every 30 s for 2 h and played back at a rate of six images per second.
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extensions decrease while aggregation of perinuclear NPC1
organelles increases (Figure 7A; video 6). The size of the
organelles that contribute to the aggregate increases with
continued incubation, presumably as more membrane is
delivered to the organelles.

Such a dramatic change in NPC1-FP organelle localization
could be caused either by increased transport into the pe-
rinuclear region or by elimination of vectorial transport of
NPC1-FP organelles out of the more stationary perinuclear
NPCI1-FP organelles. Short time-lapse images (30 s) were
examined following a 2- to 3-h incubation with U18666A. In
contrast to the many rapidly moving, small, perinuclear
organelles in untreated cells, few organelles engaged in
vectorial movement to and from the perinuclear aggregate
following this incubation (Figure 7B; video 7 and 8). We
measured movements at 1-1.5 h and 2.5-3.5 h after U18666A
introduction. At the earlier time point the number of inward
directed events remained the same, while outward move-
ments were decreased (2.7 = 1.8 versus 5.3 = 2.4 outward
events/cell/30 s; p < 0.0008). During the later time interval,
both directions of movement were severely decreased, pre-
sumably because most of the NPC1 organelles were now in
the aggregate (Figure 7C). We conclude that U18666A inhib-
its the movement of organelles toward the cell periphery,
causing their accumulation in the perinuclear region.

U18666A had its effects regardless of the presence or
absence of LDL. Cells grown for 48 h in media with 10%
LPDS, or no serum, still formed enlarged perinuclear NPC1
organelles when incubated with U18666A for the last 24 h,
though the overall level of filipin fluorescence was less than
in cells grown in media with normal LDL levels (10% fetal
bovine serum) (Figure 7D). Even when grown with LPDS
the cells had perinuclear aggregates after 4 h of incubation
with U18666A (our unpublished results). This suggests that
LDL-derived cholesterol is cargo that accumulates in or-
ganelles that lack functional NPC1; the aberrant organelles
form regardless of LDL import.

Vesicular Traffic Out of the NPC1 Compartment
that Continues Without Functional NPC1

Traffic out of perinuclear organelles appears to be largely
blocked in cells lacking functional NPC1 based on the loss of
the rapidly moving NPCl-positive/VAMP7-positive or-
ganelles. However, small VAMP7-FP-positive vesicles that
lack NPC1 continue to emerge from the enlarged organelles.
These VAMP7-FP “dots” move rapidly (up to =10 um/s)
along the surface of the enlarged cholesterol-laden or-
ganelles and appear to be budding off, even in CT60 cells
that lack NPC1 function (Figure 8 and video S1). Loss of
NPC1 blocks the emergence of only specific structures from
the cholesterol-laden organelles.

DISCUSSION

Dynamic Movements of NPC1-bearing Organelles
and Transport Functions

In this study Dil tracing, microscopy of living cells, and drug
treatments have been applied to the study of NPC1, a pro-
tein necessary to prevent a severe neurodegenerative lipid
storage disorder. The movements of NPCl-bearing or-
ganelles, and how they change in mutant or drug situations,
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Figure 8. Some vesicular traffic continues out of cholesterol-laden organelles in NPC1 mutant cells. Images from CT60 cells transiently
transfected with VAMP7-YFP were taken using streaming acquisition. VAMP7 localizes to the large abnormal organelles found in NPC, as
well as VAMP7-positive, NPC1-negative vesicles that continue to move rapidly without functional NPC1. The arrow at 0.6 s points at a bright
VAMP?7 spot. At 4.6 s, this structure begins to extend off of the parent organelle. Between 5.5 and 5.7 s, what appears to be a fission event
occurs as the tubule is severed. Bar, 1 um. Video 9 accompanies Figure 8. Continued movement of VAMP7-positive/NPC1-negative vesicles
out of cholesterol-laden organelles. Images were acquired every 0.25 s for 6 s and were played back at a rate of four images per second.

offer clues about NPC1 function. We characterized the
movements of NPC1 organelles to provide a baseline set of
normal cellular activities in which these organelles partici-
pate. Then, by examining the movements in cells lacking
functional NPC1, we determined that the dramatic vectorial
movements were decreased while other movements were
not affected. Using the drug U18666A we were able to ob-
serve the progression of cellular events that leads to an
NPCl1-like phenotype.

NPCI1-FP organelles are engaged in fast, vectorial move-
ments between more stable peripheral and perinuclear
membranous aggregates. The buildup of cholesterol in
NPC1 mutant cells could be related to flaws in this move-
ment. A current view of cholesterol uptake is that LDL is
delivered by the endocytic pathway to lysosomes, and then
cholesterol moves from the lysosomes primarily via the
plasma membrane to the ER (Liscum and Munn, 1999). How
might NPC1 organelle movement be related to this path-
way? In NPC1 mutant cells cholesterol accumulates in late
endosome or lysosome-like organelles, indicating a possible
block in transport to the plasma membrane. NPC1-bearing
transport vesicles could carry cholesterol from lysosomes to
the plasma membrane (Liscum and Munn, 1999; Neufeld et
al., 1999), though we observed no fusions between NPC1
organelles and the plasma membrane. A second route of
trafficking from lysosomes to the plasma membrane could
be facilitated by the small VAMP7-positive, NPC1-negative
structures. In fact, Lafont ef al. (1999) showed that VAMP7 is
in sphingolipid-cholesterol rich “rafts” that move to the
apical plasma membrane. The continued budding of
VAMP7-positive structures out of the enlarged cholesterol-
laden organelles could explain why a recent study showed
no defect in lysosome to plasma membrane movement of
cholesterol in NPC1 mutant cells (Lange et al., 2000). The
movements of VAMP7-positive/NPC1-negative vesicles in-
dicate that loss of NPC1 function prevents only a subset of
the movements out of the perinuclear NPC organelles. The
NPC1 mutation therefore discriminates between finely con-
trolled aspects of organelle export.
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ther studies have suggested a cholesterol transport route
from lysosomes to the ER that does not involve the plasma
membrane (Neufeld ef al., 1996, Underwood et al., 1998). The
ER is clearly affected by loss of NPC1 function, since NPC1
mutant cells fail to make an appropriate homeostatic re-
sponse to excess cholesterol. Normally, cholesterol levels are
sensed by sterol-sensitive proteins embedded in the ER,
including SCAP and HMG-CoA reductase (Brown and
Goldstein, 1999). Our two-color time-lapse experiments re-
vealed a close association between NPC1-bearing organelles
and parts of the ER.

One possible consequence of this association is that it
allows a transfer of cholesterol between NPC1 organelles
and the ER. Mutation of NPC1 would result in lower ER
cholesterol content or lower flux of cholesterol through the
ER. This would eliminate the homeostatic response to excess
cholesterol, as occurs in NPC1 mutant cells. Another possi-
bility is that changes in the latticework of the ER are guided
by the actions of NPC1 organelles. We observe an associa-
tion of the tips of extending strands of ER with organelles
rich in NPC1. A possibly related phenomenon has been seen
before. Allan and Vale (1994) identified “globular domains”
at the tips of extending ER strands that appear to be attach-
ment points for motors participating in strand extension. If
NPC1 played a critical role in organelles that guide ER
strand extension, new contacts between the ER and other
membrane compartments could be created or regulated by
NPCI. In the absence of NPC1, the failure to make particular
ER contacts might prevent SREBP cleavage-activity protein
(SCAP) and 3-hydroxy-3-methylglutaryl-CoA reductase
from sensing the cell’s abundant cholesterol.

NPC1 Function in the Terminal Stages of
Endocytosis

In NPC1 mutant cells, abnormal enlarged cholesterol-laden
organelles are formed. The cellular events that lead to the
formation of the aberrant organelles are unknown. The
movements of the abnormal organelles are severely de-
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creased compared with NPC1 organelles in normal cells.
Similar changes are caused by U18666A and we used this
drug to observe early changes in the dynamics of NPC1
organelles. Confidence in U18666A as a meaningful mimic
of NPC1 loss of function is bolstered by our finding that
overexpressed NPC1 suppresses the effects of the drug. This
is a strong indication that NPC1 may be the target of
U18666A or that the two act along the same pathway. For
example the drug could inhibit an upstream activator of
NPC1, in which case heightened NPC1 could replace the lost
upstream regulator.

The first dramatic change in response to U18666A is a
decrease in outward vectorial movements of NPC1 or-
ganelles. This decrease precedes most of the cholesterol
accumulation in cells treated with U18666A, so the dimin-
ished movements are, initially at least, not due to the bloat-
ing of the organelles. Tubular extensions and movement
involving the perinuclear NPC1 organelles are significantly
decreased within the first few hours of incubation with the
drug. Late endosomes and lysosomes appear to continue to
fuse in the perinuclear region, while their exit from the
perinuclear organelles may be blocked.

Examining these findings in light of our Dil LDL studies
suggests a general role for NPC1 in the late stages of the
endocytic pathway. If NPC1 is not working, movements of
NPCI1 organelles are severely reduced and they accumulate
in perinuclear regions. The Dil LDL pulse-chase experi-
ments suggest that these aberrant organelles are most simi-
lar to a terminal endocytic compartment. In cells lacking
functional NPC1, cholesterol-laden organelles accumulate
Dil after a 2-h chase. Dil that reaches these enlarged or-
ganelles is trapped there, no longer undergoing vectorial
movements. In contrast, in cells with functional NPC1 the
Dil continues to engage in vectorial movement after a 2-h
chase and even after an overnight chase. Movements that
normally occur after endocytic cargo reaches the terminal
compartment fail to occur in cells lacking functional NPC1.
NPC1 may be involved in partitioning late endosomal and
lysosomal components so they can participate in another
round of endocytic trafficking and degradation.

NPC1 might control organelle partitioning events by af-
fecting membrane transfer or transport events. A transporter
function is suggested by the similarity of the NPC1 sequence
and topology to resistance-nodulation-cell division per-
meases (Tseng et al., 1999). Some members of this family
mediate transport of hydrophobic molecules through a pro-
ton-antiport mechanism. NPC1 could affect lipid, protein, or
small molecule transport to properly partition organelles or
their cargoes.

NPC1 might cause vesicles or organelles to bud from
hybrid late endosomal/lysosomal organelles. By moving a
lipid molecule from one leaflet of the organellar membrane
to the other a distortion in the lipid bilayer would be intro-
duced that could act either in vesicle formation or scission.
Such a mechanism of action has been demonstrated for
MDR?2, an ABC transporter that functions as a “flippase” to
move phosphatidlycholine from one leaflet to the other,
possibly causing budding of vesicles within the canalicular
space (Ruetz and Gros, 1994). Other proteins related by
sequence to NPC1 could function in analogous ways. The
SCAP transmembrane protein, a sterol sensor critical for
cholesterol homeostasis, escorts sterol regulatory element-
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binding proteins (SREBPs) from the ER to the Golgi under
conditions of low sterols (Nohturfft et al., 1999). SCAP could
facilitate budding of ER-to-Golgi transport vesicles.

The dynamic movements of NPC1 organelles, movements
that we find depend upon NPC1 function, must be critical
for maintaining cell homeostasis. Learning how NPC1 af-
fects membrane compartments and transport events is im-
portant for understanding cell functions and for developing
new approaches to preventing or healing NPC1 disease.
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