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Different primary lysosomal trafficking defects lead to

common alterations in lipid trafficking, suggesting coop-

erative interactions among lysosomal lipids. However,

cellular analysis of the functional consequences of this

phenomenon is lacking. As a test case, we studied

cells with defective Niemann-Pick C1 (NPC1) protein, a

cholesterol trafficking protein whose defect gives rise to

lysosomal accumulation of cholesterol and other lipids,

leading to NPC disease. NPC1 cells also develop a sec-

ondary defect in acid sphingomyelinase (SMase) activity

despite a normal acid SMase gene (SMPD1). When acid

SMase activity was restored to normal levels in NPC1-

deficient CHO cells through SMPD1 transfection, there

was a dramatic reduction in lysosomal cholesterol. Two

other defects, excess lysosomal bis-(monoacylglycerol)

phosphate (BMP) and defective transferrin receptor (TfR)

recycling, were also markedly improved. To test its rel-

evance in human cells, the acid SMase activity defect in

fibroblasts from NPC1 patients was corrected by SMPD1

transfection or acid SMase enzyme replacement. Both

treatments resulted in a dramatic reduction in lysosomal

cholesterol. These data show that correcting one aspect

of a complex lysosomal lipid storage disease can reduce

the cellular consequences even if the primary genetic

defect is not corrected.
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Lysosomal lipid storage diseases (LSDs) are caused by
mutations in specific lysosomal hydrolases, trafficking
proteins or their co-factors, leading to the accumulation
of substrate compounds in late endosome-derived struc-
tures called lysosomal storage organelles (LSOs) (1,2). The
primary cellular abnormality often perturbs the trafficking
of multiple lipids and proteins, which probably contributes
to the overall pathophysiology of the disease (3,4). These
trafficking abnormalities and other secondary defects may,
in turn, amplify the cellular pathophysiology triggered by
the primary mutation. Identification and functional assess-
ment of these secondary defects may therefore offer
new therapeutic opportunities even if the primary genetic
defect is not corrected.

To test this concept, we studied cells lacking the late endo-
somal protein Niemann-Pick C1 (NPC1). NPC1, a mem-
brane protein, co-operates in some manner with NPC2,
a cholesterol-binding protein in the lumen of endosomes,
to transfer endocytosed cholesterol from the lumen to
the membrane of late endosomes (5,6). The cholesterol is
then transferred from the endosomal membrane to periph-
eral cellular sites through one or more processes that are
still under intense investigation [cf. (7)]. Cells lacking func-
tional NPC1 and NPC2 show defects in the transport of
cholesterol and other lipids from late endosomes to periph-
eral sites in the cell (8–10). Mutations in NPC1 and NPC2
give rise to Niemann-Pick C disease, which is character-
ized by hepatosplenomegaly, liver disease and potentially
devastating neurological disease (9,11,12).

At the cellular level, cells with defective NPC1 accumu-
late cholesterol along with excess sphingomyelin (SM),
glycosphingolipids and bis-(monoacylglycerol) phosphate
(BMP) (3,4,13). It remains unclear whether the primary
defect in NPC1 mutants is directly associated with choles-
terol transport or whether the cholesterol accumulation
is secondary to accumulation of other lipids, which asso-
ciate with cholesterol in membranes (4,10). In this regard,
it is noteworthy that cholesterol-enriched NPC cells and
tissues from NPC1-mutant mice and humans have a
secondary, post-translational defect in the activity of a lyso-
somal enzyme, acid sphingomyelinase (SMase) (14–19).
This alteration in acid SMase activity can be observed in
wild-type (WT) cells with increased levels of late endoso-
mal cholesterol resulting from incubation with low-density
lipoprotein (LDL) and progesterone (16). Thus, elevated
cholesterol and elevated SM appear to be synergistically
linked in a positive feedback loop.
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Figure 1: Legend on next page.
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Although the mechanism of suppression of acid SMase
activity by cholesterol is not known, we reasoned that this
defect might have functional significance. In particular,
primary deficiency of acid SMase (types A and B Niemann-
Pick disease) leads to cellular defects and disease charac-
teristics that share certain features with NPC disease. For
example, both types A/B and type C Niemann-Pick dis-
ease patients have hepatosplenomegaly and neurological
abnormalities (12,20), and we showed that macrophages
lacking acid SMase have defective late endosomal choles-
terol trafficking (21). We therefore wondered whether we
could correct some of the trafficking defects in cells with
NPC disease by correcting the secondary enzymatic activ-
ity defect ( i.e. acid SMase). In this study, we present cell
culture data that provide support for this concept.

Results

Restoration of acid SMase activity in NPC1-defective

CT60 cells by transfection with WT and/or C629S acid

SMase (SMPD1) cDNA

As a model of NPC1 cells, we studied CT60 cells,
which are NPC1-deficient CHO cells derived from a
parental line called 25RA (22,23). Consistent with previous
data (16), we found that CT60 cells had much lower acid
SMase activity than the 25RA cells (Figure 1A) despite no
decrease in acid SMase protein. In preparation for stud-
ies addressing the role of defective acid SMase activity
in CT60 cells, we sought to restore enzymatic activity in
these cells through human acid SMase gene (SMPD1)
transfection. For this purpose, we used two cDNA con-
structs: WT SMPD1 cDNA and a site-directed mutant
cDNA (C629S SMPD1), which encodes acid SMase in
which C-terminal Cys-629 of the enzyme is replaced with
Ser. Qiu et al. (24) proposed that C629S acid SMase mim-
ics a naturally occurring processed form of the enzyme that
has increased enzymatic activity. As shown in Figure 1A,

cells transfected with either form of the cDNA demon-
strated restoration of acid SMase activity to a level similar
to that in the parental 25RA cells, whereas those trans-
fected with a construct not containing the SMPD1 cDNA
(VEC) had a level of acid SMase activity similar to that in
non-transfected CT60 cells. Despite our hypothesis on the
potential functional consequences of acid SMase in NPC1
cells, we predicted that the overall quantitative effect of
the NPC1 mutation and subsequent acid SMase correc-
tion on total cellular SM mass would be relatively modest,
because only the pool of SM in late endosomes/lysosomes
should be accessible to this enzyme. We found that total
cellular SM mass was 20% higher in CT60 and CT60 cells
transfected with empty vector (CT60-VEC) compared with
that in 25RA cells (p < 0.05), and transfection of CT60
cells with WT or C629S SMPD1 cDNA lowered SM mass
close to the value in 25RA cells (data not shown). In sum-
mary, WT levels of acid SMase activity can be functionally
restored in CT60 cells through transfection with either WT
or C629S SMPD1 cDNA, thus allowing an assessment of
whether this restoration can correct trafficking defects in
these cells.

Restoration of acid SMase activity in CT60 cells leads

to a decrease in cholesterol accumulation in LSOs

Previous mechanistic studies have shown that enrichment
of membranes with SM can disturb cholesterol trafficking
because of SM–cholesterol interactions, perturbations in
membrane biophysical properties and defective interac-
tion of cholesterol transport proteins with SM-rich mem-
branes (5,21,25,26). We therefore wondered whether we
could correct some of the trafficking defects in NPC cells
by restoring normal levels of acid SMase activity. To test
this hypothesis, we quantified LSO filipin fluorescence in
CT60 cells stably transfected with the cDNA constructs
described in Materials and Methods. Shown in Figure1B,
a–c, is the expected increase in LSO filipin fluorescence in
CT60 or CT60-VEC cells compared with that in 25RA cells.

Figure 1: Decrease in cholesterol accumulation in LSOs by restoration of acid SMase activity in CT60 cells. A) CT60 cells were
transfected with empty vector (VEC) or with vector containing either the WT or the C629S SMPD1 cDNA constructs. Two days later,
extracts of these cells and non-transfected 25RA and CT60 cells were assayed for acid SMase activity. The activity levels in CT60-WT
and CT60-C629S cells were significantly different from those in non-transfected CT60 cells and CT60-VEC cells (p < 0.0001). B) The
five cell groups described in (A) were fixed and stained with filipin. The images are displayed with the same gray scale range. Scale
bar, 20 μm. C) Quantification of filipin fluorescence in the LSOs and D) in whole cells. Each bar in the data quantification represents the
average of 30 images from two independent experiments ±SEM. The CT60-WT and CT60-C629S values were significantly different from
the CT60 and CT60-VEC values (p < 0.0001). NB: The 25RA and CT60 cells used in this experiment are the same ones used in Figure
4, i.e. they express the hTfR. However, they have the same level of cholesterol accumulation in LSOs and the same response to acid
SMase restoration as cells not expressing the TfR (data not shown). E) Free cholesterol levels in each of the five cell groups described
in (A) were assayed by gas chromatography. Each bar represents an average of four samples from two independent experiments and
is normalized to CT60-VEC value, which was 45.7 ± 1.7 μg cholesterol/mg cell protein. The CT60-WT and CT60-C629S values were
significantly different from the CT60 and CT60-VEC values (p < 0.0001). F) Monolayers of the five groups of cells described above were
incubated for 2 h with 5 μg/mL LDL reconstituted with [14C]cholesteryl ester (CE). Lipid extracts of the cells were then fractionated by
thin-layer chromatography, and the areas of the plate corresponding to cholesterol and CE, which accounted for all of the radioactivity,
were scraped and counted for [14C]cpm. [14C]cholesterol represents hydrolyzed LDL–CE in the cells, and [14C]CE represents either
unhydrolyzed LDL–CE or hydrolyzed LDL-cholesterol that was re-esterified in the cells to CE. The data shown are derived from the total
LDL-derived cholesterol in the cells (free cholesterol + CE) and are mean of 5 values ±SEM. The values for cellular-free cholesterol
derived from LDL were similar among all the five cell types: 1.92, 1.88, 1.93, 2.05, 1.72 pmol/μg cell protein, respectively. None of the
differences in total or free LDL-derived cellular cholesterol among the five groups of cells reached statistical significance.
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Most importantly, the data show a striking loss of LSO
filipin fluorescence in the cells expressing WT or C629S
acid SMase (Figure 1B, d and e). Quantification of LSO
and whole-cell fluorescence confirmed these observa-
tions (Figure 1C,D). We and others have shown previously
that estimation of cholesterol levels using filipin assay is
comparable with free cholesterol levels quantified by bio-
chemical methods (27,28). To confirm our filipin results,
we also estimated the free cholesterol using gas chro-
matography (Figure 1E). A previous report showed that
the free cholesterol in control 25RA cells is only ∼40%
compared with that of CT60 cells (29). We obtained sim-
ilar data as can be seen by the ∼45–50% decrease in
free cholesterol content in control 25RA cells compared
with that in CT60 or CT60-VEC cells. In agreement with
our whole-cell filipin results, we found that the level of
free cholesterol was markedly decreased in CT60-WT and
CT60-C629S cells and approached the level found in 25RA
cells. Note that the loss of LSO filipin fluorescence in
the SMPD1-transfected cells could not be explained by a
decreased uptake of LDL-cholesterol, which was similar
among all five cell types (Figure1E). Thus, correcting the
acid SMase activity defect in NPC1-mutant CT60 cells has
a dramatic effect on improving a fundamental character-
istic of these cells, namely, cholesterol accumulation in
LSOs.

Cholesterol leaving LSOs in acid SMase-transfected CT60
cells might accumulate in other cellular membranes,
become esterified by acyl-CoA:cholesterol acyltransferase
and/or get effluxed from the cells. The fact that whole-
cell filipin fluorescence is lower in the SMPD1-transfected
cells and becomes comparable with that in the parental
25RA cells suggests that accumulation of high concentra-
tions of unesterified cholesterol in non-LSO sites is not a
major fate of the cholesterol. Moreover, when cells were
incubated with [3H]cholesterol-labeled LDL for 4 h and
then chased for up to 24 h, we did not observe an increase
in esterification in CT60 cells transfected with SMPD1
versus CT60-VEC cells (data not shown), suggesting that
trafficking to and esterification by ACAT in the endoplas-
mic reticulum (ER) are also not a major fate of the acid
SMase-mediated released LSO-derived cholesterol. How-
ever, efflux of the LDL-derived [3H]cholesterol, which is
markedly decreased in CT60 cells, was restored by ∼20%
after 24 h in SMPD1-transfected cells (Figure 2A). The cor-
responding acid SMase activity measurements are shown
in Figure 2B. These data suggest that a portion of the
cholesterol exiting the LSO in acid SMase-restored CT60
cells is effluxed, with the rest probably being distributed
diffusely to other cellular membranes.

Restoration of acid SMase activity in CT60 cells leads

to a decrease in BMP accumulation and an increase

in the half-life of transferrin receptor (TfR) recycling

The hydrophobic, acidic phospholipid, BMP, also called
lysobisphosphatidic acid (LBPA), has been shown to
accumulate within NPC1 cells (30,31). To test the possi-
bility that restoration of acid SMase activity could have

Figure 2: Partial correction of efflux of LDL-derived

[3H]cholesterol from CT60 cells by restoration of acid SMase

activity. A) Monolayers of 25RA, CT60, CT60-VEC, CT60-WT
and CT60-C629S were incubated for 4 h in serum-free medium
containing 10 μg/mL [3H]CE-labeled LDL. The cells were then
rinsed and incubated with fresh medium containing 50 μg/mL
HDL3 for the indicated times. Tritium radioactivity in the media
and cells was measured to calculate the percent [3H]cholesterol
in the medium. The values for CT60-WT and CT60-C629S cells
were significantly different from the other three values at 24 h
(p < 0.005). B) The bottom graph shows acid SMase activity in the
five groups of cells at 0, 8 and 24 h after incubation in conditions
nearly identical to those in (A), except that cells were incubated
with unlabeled LDL. The values for CT60-WT and CT60-C629S
cells were significantly different from that of CT60 and CT60-VEC
(p < 0.005).

a broad corrective effect on NPC cells, we investi-
gated whether BMP accumulation was also diminished
in SMPD1-transfected CT60 cells. Consistent with the
data cited above, CT60 cells accumulated much more
BMP than 25RA cells (Figure 3A, a–b). Cells transfected
with non-SMPD1-containing control vector also accumu-
lated large amounts of BMP (Figure 3A, c). In contrast,
cells transfected with WT or C629S SMPD1 had greatly
diminished accumulation of BMP (Figure 3A, d–e). The
quantified data are shown in Figure 3B. Thus, defective
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Figure 3: Decrease in BMP accu-

mulation in CT60 cells by

restoration of acid SMase activ-

ity. A) Anti-BMP immunofluores-
cence in 25RA, CT60, CT60-VEC,
CT60-WT and CT60-C629S cells.
Scale bar, 20 μm. B) Quantitation
of anti-BMP immunofluorescence
intensity. Each bar in the data quan-
tification represents the average of
20 images from two independent
experiments ±SEM. The values for
CT60-WT and CT60-C629S cells
were significantly different from
that of CT60 and CT60-VEC cells
(p < 0.01). NB: As in Figure 1, the
cells used here express the hTfR,
but they have the same level of
BMP accumulation in LSOs and
the same response to acid SMase
restoration as the cells not express-
ing the TfR (data not shown).

BMP accumulation, like defective cholesterol accumu-
lation, can be partially corrected by restoration of acid
SMase activity in NPC1-deficient cells.

We reported previously that the recycling rates of TfRs
are decreased in NPC1 cells compared with that in nor-
mal fibroblasts (30,32). Using 25RA and CT60 cells that
express the human transferrin receptor (hTfR) (30), we
were able to assess TfR cycling in the control and SMPD1-
transfected cells and to determine whether the decrease
in recycling in NPC1-deficient cells could be corrected by
restoration of acid SMase activity. To assay TfR recycling,

the cells were incubated with [125I]Tf to achieve steady-
state occupancy of the TfR with Tf. The Tf bound to the
cell surface was then removed, and the release of internal
Tf from the cells was monitored as a function of time. The
[125I]Tf released into the medium reflects the return of
TfR from endosomes to plasma membrane. The fraction
of [125I]Tf remaining in the cells decreases as a function of
time as a first-order process, and therefore the decrease
in cell-associated [125I]Tf fits an exponential decay curve.
We previously reported that the Tf efflux kinetics yielded
a t1/2 of 11.3 min for 25RA cells and 21.7 min for CT60
cells (30), which is consistent with our current results
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Figure 4: Recycling of the transferrin receptor in CT60 cells

is improved by restoration of acid SMase activity. The efflux
kinetics of [125I]-transferrin was measured in 25RA, CT60, CT60-
VEC, CT60-WT and CT60-C629S cells expressing the hTfR, as
described in Materials and Methods. The values for CT60-WT
and CT60-C629S cells were significantly different from that of
CT60 and CT60-VEC cells (p < 0.05).

(Figure 4). As expected, the TfR recycling defect persisted
in CT60-VEC cells. In contrast, cells expressing either WT
or C629S acid SMase displayed a marked improvement
in Tf trafficking, showing a t1/2 value close to that of
25RA cells. Thus, the defect in TfR recycling in CT60 cells,
similar to the defect in LSO cholesterol and BMP accu-
mulation, can be substantially corrected by restoration of
acid SMase activity.

Genetic restoration of acid SMase activity in human

NPC1 cells leads to a dramatic decrease in

cholesterol accumulation in LSOs

To the extent that the secondary defect in acid SMase
activity observed in NPC1 cells and in tissues from NPC
mice and humans contributes to one or more aspects
of NPC disease pathology (see Discussion), the data in
this report raise the possibility that correction of this
enzyme activity defect may be clinically beneficial. More-
over, because lysosomal pH is the same in control and
NPC1 fibroblasts (NPC Fbs) (4), the loss of acid SMase
activity was not due to abnormal lysosomal pH. To explore
this concept at the cellular level, we conducted a series of
acid SMase restoration experiments using skin fibroblasts
isolated from a compound heterozygous child with the late

infantile form of NPC1 disease. NPC1 expression in these
cells is undetectable by immunoblot analysis, and the cells
display a severe defect in trafficking lipoprotein-derived
cholesterol (33,34). As described previously (35), and ver-
ified by us (below), these fibroblasts also have a partial
defect in acid SMase activity. Filipin staining of the cells
revealed, as expected, intense LSO staining, indicative
of LSO cholesterol accumulation (Figure 5A, a–f and first
two bars of plot 5B). Cells transfected with the empty vec-
tor, which contained a GFP expression construct, showed
marked filipin staining that was indistinguishable from
untransfected cells (Figure 5A, g–i and third bar of plot 5B).
When the cells were transfected with either the WT or the
C629S SMPD1 cDNA construct, LSO filipin staining was
dramatically reduced in cells that were successfully trans-
fected (green) but not in cells that were not successfully
transfected (non-green), which acted as an internal nega-
tive control (Figure 5A, j–o and last two bars of plot 5B).

Restoration of acid SMase activity in human NPC1

cells by exogenous acid SMase also leads to a

decrease in cholesterol accumulation in LSOs

Lysosomal enzyme defects, unlike defects in lyso-
somal membrane proteins such as NPC1, can be
corrected both in vitro and in vivo using enzyme
replacement therapy (36,37). Indeed, this approach
is currently being tested in humans with primary
acid SMase deficiency (38) (http://www.genzyme.com/
research/medical/medi home.asp). This strategy takes
advantage of the fact that cells can endocytose lyso-
somal enzymes and deliver them in a functionally active
state to late endosomes and lysosomes (36). To apply this
concept to human NPC Fbs, the cells were pre-treated
in the absence or presence of recombinant human acid
SMase (rhASM) and then assayed for acid SMase activity
and LSO fluorescence after filipin staining. As shown in
Figure 6A, the defect in acid SMase activity in the NPC Fbs
was corrected by pre-treatment with rhASM. Most impor-
tantly, acid SMase replacement dramatically decreased
LSO filipin fluorescence (Figure 6B). Similar results were
obtained using NPC1 skin fibroblasts from a different
donor (GM18453) (Figure 6C). Thus, restoration of acid
SMase activity in NPC1 cells using two independent
methods, genetic and enzyme replacement, markedly
corrected the defect in LSO cholesterol accumulation.

Sub-cellular localization of exogenously added

rhASM

To ascertain whether exogenously added rhASM was
localized and processed in late endosomal organelles,
WT (GM05659) and NPC1 (GM03123) human fibroblasts
were incubated for 24 h in the absence or presence of
3 μg/mL of Alexa555-labeled rhASM. To remove surface
labeling, the cells were further incubated for 15 min in a
medium without enzyme. The cells were then washed,
fixed and stained with filipin for imaging and quantification.
The uptake of rhASM–Alexa555 was completely blocked
when the enzyme was added in the presence of excess
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Figure 5: Decrease in cholesterol accumulation in LSOs by genetic restoration of acid SMase activity in human fibroblasts.

A) Human WT (GM05659) and NPC (GM03123) Fbs were left untransfected or were transiently transfected with empty GFP-expressing
vector (VEC) or with GFP-vector containing either WT or C629S SMPD1 cDNA constructs. Two days later, the cells were washed with
PBS, fixed and stained with filipin. Standard UV and FITC filters were used for filipin imaging (all cells) or GFP imaging (transfected cells),
respectively. The displayed filipin images and GFP images are on the same gray scale range, respectively. Scale bar, 30 μm. B) The
bar graph shows LSO ratio values normalized to the NPC-VEC values (average of 20–30 images from three independent experiments
±SEM). The values for NPC and NPC-VEC fibroblasts were significantly different from those for NPC-WT and NPC-C629S fibroblasts
(p < 0.0001).

mannose-6-phosphate (10 mM) (data not shown). Conju-
gation of Alexa555 to the enzyme did not affect its activity
(data not shown). Shown in Figure 7 are filipin images
(A, D and G) and Alexa555 images (B, E and H) for WT,
NPC1 and NPC1+rhASM–Alexa555, respectively. Color
overlays for filipin (green) and rhASM–Alexa555 (red) are
shown in panels C, F and I of Figure 7. The images in the
inset are the zoomed color overlays of the regions marked
in Figure 7C,F,I. Exogenously added rhASM–Alexa555,
presumably internalized via the mannose-6-phosphate
receptor, specifically localized to cholesterol-laden storage
organelles (as shown in Figure 7C,I) and was not visible in
the plasma membrane or other cellular organelles. Quan-
tification of LSO filipin and Alexa555–rhASM intensity
after incubation with 0 or 3 μg/mL Alexa555 conjugated
rhASM for 24 h in WT and NPC (GM03123) Fbs (±SEM) is
shown in Figure 7J,K. Note that the higher level of uptake
of the rhASM in the NPC Fbs can be explained by the
previous finding that expression of IGF2/MPR is increased
in human NPC fibroblast (39).

Overcoming secondary inactivation of acid SMase

To validate our hypothesis that loss of acid SMase
activity is a secondary effect of cholesterol storage in
NPC1 patients, we treated normal (GM05649) and NPC1
(GM03123) fibroblasts with 0, 0.2 and 1.8 μg/mL rhASM.
Acid SMase activity was assayed in parallel with LSO filipin
quantification as shown in Figure 8A,B. The acid SMase
activity in wild-type fibroblasts (WT Fbs) (GM05659)
increased slightly with 0.2 μg/mL rhASM (p < 0.05), and
the activity did not increase further at 1.8 μg/mL (black
bars in Figure 8A). The minimal amount of LSO fil-
ipin staining evident in normal fibroblasts (GM05659)
remained low and constant for all doses of rhASM tested
(black bars in Figure 8B). In contrast, the addition of 0.2
μg/mL rhASM to NPC Fbs (GM03123) increased acid
SMase activity significantly with a corresponding modest
decrease in LSO filipin intensity (∼20%), which indicates
a decrease in LSO cholesterol accumulation (hashed bars
in Figure 8A,B). Most importantly, increasing the rhASM
dose to 1.8 μg/mL resulted in a marked reduction of
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Figure 6: Exogenous acid SMase decreases cholesterol accumulation in LSOs in human NPC fibroblasts. Parallel sets of human
WT (GM05659) and NPC (GM03123) Fbs were incubated in medium alone or, in the case of the NPC fibroblasts, medium containing
3 μg/mL recombinant human acid SMase (rhASM). Two days later, the cells were washed thoroughly with PBS and either lysed and
assayed for acid SMase activity (A) or fixed and stained with filipin for imaging and quantification (B). The images are displayed with the
same gray scale range. Scale bar, 15 μm. The quantified data in the bar graph represent LSO ratios normalized to the WT Fb values
(average of 60–66 images from three independent experiments ±SEM). C) Another human NPC Fbs (GM18453) was incubated with 3
μg/mL rhASM for 24 h, unlike 48 h in NPC1 (GM03123). Quantified data shown in bar chart are the normalized LSO ratios (normalized
to untreated NPC Fbs) in the presence and absence of recombinant enzyme. Data represents an average from two independent
experiments and 30–36 images ±SEM, p < 0.0001. The values for NPC fibroblasts in panels A, B and C were significantly different
from both the WT Fbs and the NPC fibroblasts treated with rhASM (p < 0.0001).

LSO filipin intensity (∼60%). Our earlier experiments
with genetic restoration of acid SMase in both CHO
and human NPC1 mutant cells (Figures 1 and 5) showed
an approximately 65–70% decrease in LSO filipin. Sim-
ilarly, addition of rhASM back to human fibroblast at a
higher (3 μg/mL) concentration (Figure 6) also resulted in
∼65–70% decrease in LSO filipin intensity. Thus, the
inhibited acid SMase activity in NPC1 cells can be res-
cued by high-dose exogenous rhASM treatment, which
presumably overcomes the enzyme inactivation process.

Discussion

The panoply of cellular perturbations triggered by dys-
functional mutations in individual lysosomal enzymes,
co-factors or transport proteins reflects multiple adverse
effects of excess substrate accumulation (1,2). For LSDs
involving the accumulation of certain lipids in LSOs, phys-
ical or biochemical consequences of accumulation of
these excess lipids may lead to secondary effects on
lysosomal/late endosomal processes that, in turn, could
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Figure 7: Addition of Alexa555-

conjugated rhASM to demon-

strate sub-cellular localization

of exogenous acid SMase. WT
(GM5659) and NPC (GM03123)
Fbs were incubated with or with-
out 3 μg/mL Alexa555-conjugated
rhASM for 24 h. To remove
surface-bound label, the cells
were further incubated for 15 min
with a growth medium without
the enzyme. Finally, the cells
were washed with PBS, fixed with
1.5% PFA and stained with fil-
ipin for imaging and quantification.
The uptake of rhASM–Alexa555
was completely blocked when
enzyme was added in the
presence of excess mannose-
6-phosphate (10 mM) (data not
shown). Filipin images in pan-
els (A, D and G) and the
Alexa555 images in panel (B, E
and H) for WT, NPC1 and NPC1 +
rhASM–Alexa555, respectively,
are displayed on the same gray
scale range. Color overlays for fil-
ipin (green) and rhASM–Alexa555
(red) are shown in panels (C, F
and I). The images in the inset
are the zoomed color overlays
of the region marked in (C, F
and I). Scale bar = 10 μm. Panel
(J) shows the quantification of
LSO filipin intensity after incuba-
tion with 0 or 3 μg/mL Alexa555-
conjugated rhASM for 24 h in WT
and NPC (GM03123) Fbs (values
are ±SEM, p < 0.001). Conjuga-
tion of Alexa555 to the enzyme
did not affect its activity. Panel
(K) shows the quantification of
rhASM uptake after incubation
with 0 and 3 μg/mL Alexa555-
conjugated rhASM for 24 h in WT
and NPC (GM03123) Fbs (values
are ±SEM, p < 0.05).

amplify the original defect or otherwise contribute to cel-
lular pathology (Figure 9). In any given LSD, one or more
of these secondary defects may be particularly impor-
tant, and those involving defects in lysosomal enzymes
may be more amenable to correction than those involving
the primary mutation (36,37). Thus, identification of such
processes could reveal potentially promising therapeu-
tic opportunities for certain LSDs. As an example, several
sphingolipid LSDs acquire a secondary defect in late endo-
somal cholesterol trafficking which can exacerbate the
lipid storage (3,4). In cell culture, correction of this sec-
ondary defect by cellular cholesterol depletion ameliorates

a key defect in these cells, namely, abnormal trafficking of
plasma membrane sphingolipids to lysosomes instead of
the Golgi (3). However, it remains unclear how sufficient
cellular cholesterol depletion could be achieved to treat
patients.

We considered the converse possibility that restoring SM
hydrolysis in LSOs might reduce cholesterol storage and
restore normal cellular membrane traffic. As a test case for
this concept, we studied NPC1 deficient cells. These cells
lack a membrane-bound late endosomal protein NPC1, but
have a secondary defect in a soluble lysosomal enzyme
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Figure 8: Decreased LSO cholesterol accumulation and

increased acid SMase activity are achieved in NPC1 human

fibroblasts by increasing amounts of rhASM. WT (GM5659)
and NPC (GM03123) Fbs were incubated with 0, 0.2 and 1.8
μg/mL rhASM for 24 h. To remove surface-bound label, the
cells were further incubated for 15 min with growth medium
without the enzyme. The cells were washed thoroughly with
PBS and either lysed and assayed for acid SMase activity (A) or
fixed and stained with filipin for imaging and quantification (B).
Each data point in plot (A) is representative of three wells in an
experiment, p < 0.05. Plot (B) represents LSO ratios normalized
to the untreated NPC Fb GM01323 values (average of 16–20
images from two independent experiments ±SEM), p < 0.005.

acid SMase that is amenable to reconstitution. Our data
show that correction of the secondary acid SMase defect
in NPC1-deficient cells markedly reverses the accumula-
tion of two lipids, cholesterol and BMP, and helps restore
membrane TfR recycling – all in the face of complete
absence of the NPC1 protein (Figures 3 and 4).

The hypothesis that correction of the acid SMase activity
defect in NPC1 cells would have a beneficial effect on
NPC cellular pathology is based on extensive biophysical

data focused on SM–cholesterol interactions (25,40,41).
It is well known, for example, that SMase treatment of
the plasma membrane can release cholesterol for delivery
to internal organelles (42). Cholesterol and SM can mutu-
ally stabilize each other in membrane bilayers, so removal
of excess SM should enable movement of cholesterol. In
the case of late endosomal membranes, Lobel, Storch and
colleagues (5) suggested that lipoprotein-derived choles-
terol is delivered to the late endosomal membrane via
a collisional mechanism involving cholesterol in complex
with the endosomal cholesterol-binding protein NPC2. The
authors showed that acceptor membranes enriched in SM
were relatively poor acceptors of the NPC2–cholesterol
complex, a finding that would predict the benefit of acid
SMase correction (5). Thus, just as cholesterol deple-
tion reduces SM accumulation (3), SM depletion might
reduce cholesterol accumulation in LSOs. Furthermore,
accumulation of ceramide, a product of the acid SMase
reaction, can displace cholesterol from ordered mem-
brane domains. The mechanism may involve competition
for sites in the membrane bilayer by small polar head
groups, which are constituents of both cholesterol and
ceramide (26). A very recent report provides additional
insight into how NPC1 and NPC2 might co-operate in
a cholesterol exchange reaction to transfer endocytosed
cholesterol from the lumen to the membrane of late endo-
somes (6). Other studies have also implicated a possible
role for a BMP-interacting protein called Alix in this trans-
fer process (13). Whether restoring acid SMase activity
in NPC1 cells enhances one or more of these processes
remain to be determined.

The demonstration in this study that defective acid SMase
activity in NPC1 cells is functionally important provides
a strong rationale for a future study addressing the
mechanism of acid SMase inactivation. Thomas et al. (15)
showed that acid SMase activity in NPC1 cells grown in
a medium containing 13% FBS was three times lower
than that in WT cells. However, when NPC Fbs are grown
in a medium containing delipidated serum, acid SMase
activity was restored to the normal WT level. These data
indicate that the increment in cellular lipid loading caused
by incubation in 13% serum is enough to inactivate acid
SMase. In terms of mechanism, it is possible that a
relatively low level of lipid accumulation caused initially
by mutant NPC1 may lead to defective processing of the
C-terminal Cys of acid SMase, which, according to the
data of Qiu et al. (24), would decrease enzyme activity.
This defect would then amplify the lipid trafficking defect,
as explained in this study (Figure 9).

If the suppression of acid SMase activity in NPC1 cells
is a secondary effect, increasing levels of the enzyme
may help overcome the inactivation. In support of this
concept, we observed that adding increasing amounts
of exogenous rhASM has no effect on cholesterol levels
in WT cells. On the contrary, there is a dose-dependent
decrease in LSO cholesterol with the addition of increasing
dose of rhASM to NPC1 cells. The treatment is effective
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Figure 9: Working model of

how acid SMase ameliorates

the trafficking defects in NPC1-

deficient cells. The primary
defect in cholesterol trafficking
caused by mutant NPC1 leads
to a secondary decrease in acid
SMase activity. The decrease in
acid SMase activity causes an
increase in intracellular SM, pre-
sumably in late endosomes and
possibly other sites, which ampli-
fies the original cholesterol traf-
ficking defect. Moreover, choles-
terol accumulation in the LSO and
perhaps other effects of NPC1
deficiency are associated with
trafficking defects in other lipids,
such as BMP, and perturbation of
vesicular trafficking of membrane
proteins, including TfR recycling.
Thus, these defects would also
be amplified by the secondary
decrease in acid SMase activ-
ity. Restoring the defect in acid
SMase activity breaks the amplifi-
cation cycle and thus helps correct
the aforementioned lipid and pro-
tein trafficking defects. See text
for details.

only after the secondary inactivation of acid SMase in
these cells is overcome. Once this secondary defect is
relieved by excess acid SMase, there is only 25–30%
residual cholesterol accumulation, presumably because of
the primary NPC1 mutation.

In terms of the possible pathophysiological importance of
our findings, hepatosplenomegaly with liver disease is a
major cause of NPC morbidity in the early years (43),
and liver and spleen SM accumulation is substantial
in NPC disease (9,11,12). With regard to NPC neu-
ronal disease, investigators are uncertain as to the role
of cholesterol versus other lipids, notably gangliosides,
and other processes, such as defective neurosteroido-
genesis (44–46). Nonetheless, a number of laboratories
have found that NPC neurons accumulate cholesterol in
cell bodies (47–49), and Walkey and colleagues demon-
strated that cholesterol and gangliosides accumulate in
the cerebral cortex, cerebellum and hippocampus of NPC
brains (44). Moreover, a specific pattern of cerebellar Purk-
inje cell loss observed in NPC disease is also seen in
Niemann-Pick A/B disease, where acid SMase deficiency
is the primary defect (50,51).

To the extent that SM accumulates in at least some
of the tissues of NPC patients, what is the evidence
that suppressed acid SMase activity is involved? There is
some direct evidence of defective acid SMase activity in
NPC tissues, including the first description of the disease
in NPC mice and subsequent follow-up studies (14–16).

However, some in vitro studies have not found a decrease
in acid SMase activity in certain cells and tissues from NPC
subjects (52). These observations might be explained by
the finding of Reagan et al. (16), and confirmed by us,
that the enzymatic defect requires cellular cholesterol
accumulation. Thus, a loss of acid SMase activity in vivo
may be apparent only after the disease has progressed to
the point where LSOs accumulate a threshold amount of
excess cholesterol. If so, acid SMase inactivation might be
an important amplification factor in advanced NPC disease
progression (Figure 9).

In summary, we have shown that key pathological features
of an LSD cell can be markedly improved by correcting
a secondary abnormality despite complete absence of
the protein responsible for the primary defect. In the
case of NPC1 disease, the secondary defect of acid
SMase inactivity is a more feasible therapeutic target
than the primary mutation (36,37). The data in Figure 6
demonstrate this concept at the cell level by show-
ing that the LSO cholesterol trafficking defect in two
different human NPC Fbs can be markedly corrected
by acid SMase enzyme replacement. A reduction of
up to 70% of the cholesterol overload in LSOs might
translate into clinical improvement. Indeed, replacement
therapy with acid SMase is being tested in humans who
have NPA and B disease with primary mutations in this
protein (38) (http://www.genzyme.com/research/medical/
medi home.asp). The challenge with NPC disease is to
achieve expression in the brain, but recent advances using
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SMPD1-containing adeno-associated virus vectors in mice
have shown promise in this regard (53,54). We propose
that careful examination of other LSDs may reveal similar
findings, and some of these findings may suggest new
approaches to therapy.

Materials and Methods

Materials
The tissue culture plasticware used in these experiments was purchased
from Fisher Scientific Co. Tissue culture media and other tissue culture
reagents were purchased from Invitrogen Corp. FBS was obtained from
Gemini Bio-Products. LDL (d, 1.020–1.063 g/mL) from fresh human
plasma was isolated by preparative ultracentrifugation as described
elsewhere (55). Radiochemicals were purchased from either Perkin-Elmer
Life and Analytical Sciences, Inc., or American Radiolabeled Chemicals,
Inc. All restriction enzymes, Antarctic phosphatase and T4 DNA ligase
were purchased from New England BioLabs. Recombinant human acid
SMase was prepared from transfected CHO cells and purified as previously
described (56). All other chemicals and reagents were from Sigma-Aldrich,
and all organic solvents were from Fisher Scientific Co.

Cells
CHO, 25RA (57) and CT60 cells (22,23) were grown in monolayer cultures
in Ham’s F12 medium containing 10% FBS. Human WT (GM05659) and
NPC (GM03123) Fbs, from Coriell Institute of Medical Research, were
cultured in Modified Eagle’s Medium (MEM) containing 10% FBS. The
NPC Fbs were derived originally from a 9-year-old compound heterozygote
female, with missense mutations in exon 6 of one allele (P237S) and exon
21 of the other allele (I1061T). The fibroblasts from this subject expressed
no detectable NPC1 protein by immunoblot analysis and, as expected, had a
severe defect in the trafficking lipoprotein-derived cholesterol (33,34). The
GM18453 NPC Fbs were derived from a male donor with a homozygous
mutation at I1061T. All cells were plated at a minimum of 24 h prior to
commencement of the experiment.

Acid SMase activity assay
Cell extracts were prepared by scraping cells into ice-cold 250 mM sucrose,
followed by sonication on ice twice for 10 seconds each using a Branson
Sonifier 450. To prepare the substrate, solvent from 0.1 μCi [choline-
methyl-14C] SM (52 mCi/mmol; Perkin-Elmer Life and Analytical Sciences)
was evaporated, and the labeled SM was resuspended in 20 μL of
assay buffer (100 mM sodium acetate pH 5.0, 100 μM ZnCl2) containing
2.7% Triton X-100 and vortexed for 2 min. The assay solution, which
was added to 1.5-mL microcentrifuge tubes on ice, consisted of 50 μL
assay buffer, 20 μL substrate and 20 μL of cell extract. After incubation
for 60 min at 37◦C, the reaction was terminated by adding 125 μL of
chloroform:methanol (2:1, v/v). The assay tubes were vortexed for 1 min
and then centrifuged 5000 × g for 5 min at 4◦C. A 50-μL aliquot of the
upper aqueous phase was removed for scintillation counting to determine
the amount of [14C]phosphorylcholine released from [14C]SM. The protein
content of the cell extracts was assayed using the method of Lowry (58).

Cellular cholesterol mass determination by gas

chromatography
In Ham’s F12 growth medium supplemented with 10% FBS, 25RA,
CT60, CT60-VEC, CT60-WT and CT60-C629 cells were grown. Lipids
were extracted from the cells with hexane:2-propanol (3:2) and separated
on a Varian Factor Four capillary column (VF-1 ms 30 m × 0.25 mm ID DF
0.25) using Varian 4000 GC/MS/MS system. The injector temperature was
270◦C. The following temperature gradient was used: initial temperature
was 115◦C, which was raised to 260◦C at 9◦C/min and held for 2.89 min,
then raised to 269◦C at 3◦C/min and again to 290◦C at 9◦C/min and

held for 4.67 min. Flow rate was 5 mL/min He(g). Electron ionization was
used with the current set at 10 μA. Total ionic current was used for
detection (50–1000 m/z). β-Sitosterol was used as an internal standard
for quantification of μg free cholesterol per mg cell protein. Protein
concentration was determined with modified Lowry reagent (Bio-Rad).

Sphingomyelin mass assay
Total cellular SM mass was quantified in lipid extracts of cells using
the TLC-Bartlett procedure as previously described (59,60), except that
the scraped thin-layer chromatography (TLC) spot was extracted with
methanol:chloroform (2:1)

Preparation of WT or C629S SMPD1 constructs
A plasmid containing the human cDNA for acid SMase (SMPD1) (56) was
digested with EcoRI to release the cDNA. The cDNA was then ligated
to phosphatase-treated, EcoRI-digested pBSIISK (Stratagene) to generate
pBS.SMPD1. To obtain the 3′ ends of the cDNA designed to encode WT
or C629S acid SMase, polymerase chain reaction (PCR) was conducted
using the high-fidelity Platinum Pfx DNA polymerase (Invitrogen) and the
pBS.SMPD1 plasmid as the template. For both constructs, a NotI site
was created after the stop codon to assist in the cloning process. The
primers for the WT construct consisted of the sense primer SMPD11469
(5′-ACTGTCTGAAGAGCTGGAGCT-3′) and the antisense primer 5′-
TTTTATTGCGGCCGCCTAGCAAAACAGTGGCCTTGG-3′. The sense primer
for the C629S construct was SMPD11469 and the antisense primer was
5′-TTTTATTGCGGCCGCCTAGGAAAACAGTGGCCTTGG-3′ (the codon for
serine in position 629 is underlined). Each PCR product was digested with
SphI (which cuts at position 1860 of SMPD1 cDNA) and NotI, and then
separately ligated to the 4.8-kb SphI-NotI fragment from pBS.SMPD1 to
generate pBS.WT or pBS.C629S, in which the polyadenylation sequence
was removed from the SMPD1 cDNA. The final vectors were created
in the expression vector pIRES-hrGFP II (Stratagene) by ligating the 6-kb
EcoRI–NotI fragment from the vector with the 2-kb EcoRI–NotI fragment
from either pBS.WT or pBS.C629S to generate pIRES.WT or pIRES.C629S.
The DNA sequence was confirmed for each construct. The vector pIRES-
hrGFP II consists of the SV40 promoter driving the expression of the
neomycin-resistance gene and a bicistronic expression cassette under the
control of the human cytomegalovirus promoter which contains a multiple
cloning site followed by an internal ribosome entry site (IRES) that is linked
to the GFP coding sequence.

Transfection of cells with the WT or C629S SMPD1

constructs
For transient transfection, CT60 cells in 16-mm wells were transfected with
340 ng empty vector (pIRES-hrGFP II; VEC), pIRES.WT or pIRES.C629S
using Lipofectamine 2000. For stable transfection, CT60 cells were
transfected with the empty vector, pIRES.WT or pIRES.C629S, and
then selected for growth in G418 (0.5 mg/mL) and named, respectively,
CT60-VEC, CT60-WT and CT60-C629S. Human fibroblasts were transiently
transfected using a reverse format with Effectene (Qiagen, Valencia, CA) as
the transfection reagent. Briefly, VEC, WT and C629S vectors (above) were
mixed with Effectene transfection reagent, enhancer and manufacturer-
supplied buffer (EC) in the ratio recommended by the manufacturer and
dispensed in different wells of a six-well plate. The fibroblasts were then
added to the above mixture in suspension and incubated overnight at 37◦C
in a tissue culture incubator. Fresh growth medium was added to the cells
and, after an additional 6 h of incubation, the cells were fixed and analyzed
for filipin and/or GFP staining (as described below).

Acid SMase enzyme replacement
Normal (GM05659) and NPC1 human fibroblasts (GM03123) were
incubated in a medium containing 3 μg/mL recombinant human acid SMase
(rhASM). Two days later, the cells were washed thoroughly with PBS, and
either lysed and assayed for acid SMase activity or fixed and stained with
filipin for imaging and quantification.
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NPC1 human fibroblasts GM18453 were treated with 3 μg/mL rhASM for
24 h before fixing, staining with filipin, imaging and quantifying.

Alexa555-conjugated rhASM enzyme replacement
For identifying the localization of rhASM in the cells, recombinant enzyme
was conjugated with Alexa555 (Invitrogen) according to the manufacturer’s
protocol. Normal (GM05659) and NPC1 human fibroblasts (GM03123) were
incubated in a medium containing 3 μg/mL Alexa555–rhASM for 24 h prior
to fixing and staining with filipin. Images were acquired using standard UV
and TRITC filters for filipin and Alexa555-labeled rhASM, and quantified.

Filipin staining
Cells were plated onto poly-d-lysine-coated 35-mm coverslip dishes in
a medium containing 10% FBS. After 1–2 days of growth, the cell
monolayers were washed three times with PBS and then fixed with
3% paraformaldehyde in PBS for 20 min at room temperature, followed
by three more washes with PBS. To detect free cholesterol, filipin was
added to the fixed cells (50 μg/mL in PBS) for 45 min at room temperature.
Finally, the cells were washed three times with PBS, and images were
acquired immediately after labeling.

Fluorescence microscopy
Fluorescence microscopy and digital image acquisition were carried out
using a Leica DMIRB microscope (Leica Mikroscopie und Systeme GmbH)
equipped with a cooled Charge Coupled Device (CCD) camera (Princeton
Instruments) and driven by MetaMorph Imaging System acquisition
software (MDS Analytical Technologies). All images were acquired using an
oil immersion objective (63×, 1.25 NA). Filipin was imaged using an A4 filter
cube obtained from Chroma Technology Corp.: 360-nm (40-nm bandpass)
excitation filter; 365 DCLP (DiChroic Long Pass) filter and 480-nm (40-nm
bandpass) emission filter. To minimize photo-bleaching of the filipin signal,
a neutral density filter transmitting 1.5% light was used to acquire images.
GFP was imaged using a standard FITC filter cube. Fluorescence crossover
from one channel to another was measured using single-labeled samples
of each probe and was found to be insignificant.

Image analysis
Images were analyzed using Metamorph (version 7.0 r4) image analy-
sis software from Molecular Devices (MDS Analytical Technologies). All
images were corrected for background before analysis. The average fil-
ipin and LSO ratio was calculated as described previously (61). The LSO
ratio was calculated based on low-thresholded region and high-thresholded
intensities in the filipin image as described previously (61). All data were
normalized to vector control values or, in the case of the human fibrob-
last – rhASM reconstitution experiment (Figure 5C), to the WT Fb value.

Cholesterol efflux assay
[3H]cholesteryl ester (CE)-labeled LDL was prepared as described by
Krieger (62). Briefly, the lipid core of LDL was replaced with [1,2,6,7-3H(N)]
cholesteryl oleate (American Radiolabeled Chemicals, Inc.). The specific
activity of the labeled LDL was 13.7 cpm/ng of protein. Cells were plated
in 24-well plates and incubated for 2 days in F12 medium containing 10%
lipoprotein-deficient serum. The cells were labeled by incubation for 4 h
in F12 medium containing 0.2% BSA and 10 μg/mL [3H]CE-labeled LDL.
At the end of this pulse period, the cells were washed and the medium
was replaced with F12/BSA medium containing 50 μg/mL HDL3. At the
indicated time points, 100 μL of media was removed and centrifuged for
5 min at 14000 × g to remove cellular debris, and the radioactivity in this
portion of the media was determined by liquid scintillation counting. After
the last time point, the cells were washed and the monolayer was dissolved
in 250 μL of 0.1N NaOH at room temperature for a minimum of 4 h. A
100-μL aliquot of the cell lysate was measured, and the percent efflux was
calculated as [(media cpm)/(cell + media cpm)] × 100. To obtain the value
for HDL3-stimulated efflux, the percent efflux in the absence of HDL3 was
subtracted from the percent efflux in the presence of acceptor.

Transferrin efflux kinetics as a measure of TfR

recycling
CT60 cells expressing the human TfR (CT60hTfR cells) (30) were sta-
bly transfected with the empty vector pIRES-hrGFPII, pIRES.WT or
pIRES.C629S and sorted for high levels of green fluorescence. The cells
were maintained in a medium containing G418 (0.5 mg/mL). The resulting
stable cell lines were named, respectively, CT60hTfR-VEC, CT60hTfR-WT
and CT60hTfR-C629S. The recycling of TfR from endosomes to cell surface
was measured as previously described elsewhere (63). Briefly, the cells
were plated in 12-well culture dishes in bicarbonate-buffered McCoy’s
medium. For each experiment and for each cell type, six plates were pre-
pared for six time points (3, 5, 10, 15, 30 and 60 min). Four wells in each
plate were pulsed with 5 μg/mL [125I]-labeled Tf, and the remaining two
wells were pulsed with 5 μg/mL [125I]-labeled Tf, with a 200-fold excess
of unlabeled Tf to ascertain non-specific binding. All plates were incubated
for 30 min and washed once with serum-free McCoy’s medium, once with
acid wash buffer (pH 5.0) and twice with efflux medium. Finally, the efflux
medium was added to each plate and incubated for varying time periods.
At the end of each chase time, the efflux medium was transferred to
collection tubes, and the cells were quickly washed once with the same
medium, which was then added to the collection tube. Solubilization solu-
tion was added to each well, triturated and transferred to another collection
tube. The cells were washed with water, and the washings were added to
the solubilization medium. The amount of [125I]-labeled Tf was measured
for all the efflux and cellular fractions, and the recycling rate of TfR was
determined.

BMP labeling
Cells seeded in poly-d-lysine-coated coverslip dishes and grown for 2 days
were fixed with 3% paraformaldehyde in PBS for 20 min at room tem-
perature. Fixed cells were subsequently permeabilized with 0.5% saponin
(to ensure complete immunolabeling of BMP within multivesicular lysoso-
mal compartments) and incubated with primary murine anti-BMP antibody
(Echelon Biosciences Inc.) for 45 min. The cell monolayers were washed
three times with PBS and then incubated with Alexa546-labeled goat anti-
mouse IgG for 1 h in the presence of 0.1% saponin. Finally, the cells were
washed three times with PBS. Images were acquired using wide-field epi-
fluorescence microscopy at 63× magnification and standard TRITC filters.

Assay for uptake of LDL-derived cholesterol
Cells were incubated for 2 h with 5 μg/mL [14C]CE-labeled LDL, which
was produced using the same method described above for [3H]CE-labeled
LDL. Lipids were extracted in hexane:isopropanol (3:2) and subjected to
thin-layer chromatography to separate free cholesterol and CE.

Statistics
Data are presented as mean ± SEM of triplicate experiments. Statistical
significance was determined using the Student’s t-test with unequal
variance or one-way ANOVA and the Tukey’s multiple comparison test using
GraphPad Prism version 4.03 for Windows (GraphPad Software).
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