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Niemann-Pick type C disease (NPC) is a lysosomal storage disorder
causing accumulation of unesterified cholesterol in lysosomal stor-
age organelles. Recent studies have shown that hydroxypropyl-
p-cyclodextrin injections in npc1™~ mice are partially effective in
treating this disease. Using cultured fibroblasts, we have investi-
gated the cellular mechanisms responsible for reduction of choles-
terol accumulation. We show that decreased levels of cholesterol
accumulation are maintained for several days after removal of cyclo-
dextrin from the culture medium. This suggests that endocytosed
cyclodextrin can reduce the cholesterol storage by acting from
inside endocytic organelles rather than by removing cholesterol
from the plasma membrane. To test this further, we incubated both
NPC1 and NPC2 mutant cells with cholesterol-loaded cyclodextrin
for 1 h, followed by chase in serum-containing medium. Although
the cholesterol content of the treated cells increased after the 1-h
incubation, the cholesterol levels in the storage organelles were later
reduced significantly. We covalently coupled cyclodextrin to fluores-
cent dextran polymers. These cyclodextrin-dextran conjugates were
delivered to cholesterol-enriched lysosomal storage organelles and
were effective at reducing the cholesterol accumulation. We demon-
strate that methyl-B-cyclodextrin is more potent than hydroxypropyl-
p-cyclodextrin in reducing both cholesterol and bis(monoacylgly-
cerol) phosphate accumulation in NPC mutant fibroblasts. Brief
treatment of cells with cyclodextrins causes an increase in choles-
terol esterification by acyl CoA:cholesterol acyl transferase, indicat-
ing increased cholesterol delivery to the endoplasmic reticulum.
These findings suggest that cyclodextrin-mediated enhanced cho-
lesterol transport from the endocytic system can reduce cholesterol
accumulation in cells with defects in either NPC1 or NPC2.

acyl CoA:cholesterol acyl transferase | cholesterol accumulation | lysosomal
storage organelles | bis(monoacylgycerol)phosphate, pinocytosis

iemann-Pick type C (NPC) disease is an autosomal recessive

lysosomal storage disorder. Abnormal accumulations of un-
esterified cholesterol and other lipids [e.g., bis(monoacylglycerol)
phosphate (BMP)] in late endosome/lysosome-like storage organ-
elles (LSOs) are hallmarks of the disease (1, 2). Accumulation of
cholesterol in the LSOs can be visualized by staining the cells with
filipin, a fluorescent polyene antibiotic that binds unesterified cho-
lesterol and can be used to assess cholesterol levels quantitatively
(3-6). Clinical manifestations of NPC disease include neuronal
degeneration, hepatosplenomegaly, and effects in other organs (1).
No effective treatment is currently available for NPC disease (7),
but recent studies involving administration of hydroxypropyl-p-
cyclodextrin (HPBCD) in npcI™~ mice showed improvements in
viability, hepatopathology, and neuropathology, including clear-
ance of cholesterol and glycosphingolipids (8-12). These animal
studies were not designed to address the molecular and cellular
mechanisms by which cyclodextrins (CDs) could reduce the cho-
lesterol accumulation in LSOs.

Studies using cultured cells have shown that various CDs can
remove cholesterol from the plasma membrane (PM) (13-15).
The cholesterol in LSOs of NPC-defective cells slowly exchanges
with other pools of cellular cholesterol (16), so one possible
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mechanism would be that CD lowers PM cholesterol and slowly
draws cholesterol from the LSOs. Removal of cholesterol from the
PM isknown to affect many signal transduction processes (17), and
this could potentially be responsible for some of the beneficial
effects seen in vivo. Alternatively, CDs, like other water-soluble
molecules, are internalized by fluid phase pinocytosis and deliv-
ered to late endosomes/lysosomes (LE/LY) (18). Consistent with
this, retention of CDs by cultured cells has been reported pre-
viously (15). Inside LE/LY, CDs could solubilize cholesterol so
that it could either be delivered to the limiting membrane of the
organelle or transported to other organelles.

Herein we present evidence that the reduction in cholesterol
accumulation is due to CD action from inside LE/LY and not as a
consequence of extraction of cholesterol from the PM. In agree-
ment with a recent report (19), we also observed increased ester-
ification of cholesterol by acyl CoA:cholesterol acyl transferase
(ACAT) upon treatment of NPC mutant cells with CD. In addi-
tion, we show that methyl-B-cyclodextrin (MBCD) is more potent
than HPBCD in reducing both cholesterol and BMP accumulation
in NPC1 and NPC2 mutant fibroblasts.

Results
Effects of $-CDs on Human NPC Mutant Cells. All of the studies showing
CD efficacy in murine models of NPC1 used HPBCD for treatment
(8-11). However, cell culture studies have shown that MBCD is
more potent in extracting, delivering, and exchanging cholesterol
than HPBCD (13-15). Therefore, we compared the efficacy of
MBCD and HPBCD in reducing cholesterol accumulation in LSOs
of NPC-defective cells. We examined the effects on NPC1
(GMO03123) and NPC2 (GM18455) human fibroblasts after treat-
ment with 300 pM CDs for 1 day. Treatment with either CD reduced
the cholesterol accumulation, as detected by filipin labeling (Fig. 1).
We used a previously described (20, 21) quantitative assay to
measure filipin labeling of the LSOs in NPC-defective cells. The CD
effects on LSO cholesterol accumulation in NPC1 and NPC2
mutant cells were dose and time dependent (Fig. 2). Both MBPCD
and HPBCD can reduce cholesterol accumulation in LSOs of NPC1
and NPC?2 fibroblasts to near-normal levels using low micromolar
concentrations. A comparison of LSO values for untreated NPC1,
NPC2, and apparently normal cells is shown in Fig S1. Most of the
decrease in LSO cholesterol occurred during the first 2 days of
incubation. MBCD is more potent than HPBCD in eliciting this
reduction (Table S1). This finding correlates well with previous
studies, which showed that MBCD is more potent than HPBCD at
extracting cholesterol from biological membranes (13-15).
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Untreated apparently
normal fibroblasts

Effect of CDs on cholesterol accumulation in NPC1-and NPC2-deficient

Fig. 1.
cells. (A) Background and shading corrected images of untreated (a and b),
MBCD-treated (c and d), or HPRCD-treated (e and ) GM03123 NPC1 cells (a, ¢,
and e) or GM18455 NPC2 (b, d, and f) mutant cells. NPC mutant cells were
treated with 300 uM CD for 1 day. (B) Untreated, apparently normal GM05659
cells, shown for comparison. Images were acquired as described previously
(21). (Scale bars, 100 pm.)

We also used gas chromatography/mass spectrometry to show
that overall cholesterol levels were reduced significantly upon
CD treatment (Fig. S2).

Effects of p-CDs After Treatment: Withdrawal Studies. To determine
whether the CD-mediated decrease in cholesterol accumulation
would be sustained after the compound has been removed from
the culture medium, we treated NPC1 and NPC2 mutant cells for 1
day with varying concentrations of MBCD or HPBCD (Fig. 3). The
cells were then washed extensively to remove the compounds and
returned to growth medium for up to 3 days. Cells that were
allowed to grow for 1 more day after treatment with CD had a
further decrease in LSO values when compared with cells that
were treated for the same length of time but fixed immediately
after treatment. After 2 and 3 days after treatment, cholesterol
accumulation in LSOs of both NPC1 and NPC2 mutant cells
started to increase, but there was still a significant reduction in
the LSO cholesterol accumulation even after 3 days in serum-
containing medium in the absence of extracellular CD.

The delayed nature of CD effects (i.e., a further decrease in
cholesterol accumulation after CD is removed from the medium)
provided an initial indication that CD is acting to transfer cho-
lesterol within the LSOs, as opposed to eliciting net efflux from
LSOs by lowering cholesterol levels in the PM.

Acute MBCD Treatments of NPC-Defective Cells. To determine whether
the reduction of free cholesterol in LSOs of NPC-defective cells
resulted from extraction of cholesterol by CD from the PM or from
inside the LSOs, we acutely treated cells for 1 h with MBCD in
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mediumwithout serum (to extract cholesterol from the PM), MBCD
in medium plus 10% FBS [to exchange cholesterol between serum
lipoproteins and the PM (13)], or MBCD loaded with cholesterol
[~5:1 (MBCD/cholesterol) ratio] to overload cells with cholesterol.
Cells that were fixed immediately after treatment with MBCD (with
or without serum) showed no marked decrease in LSO filipin
staining (Fig S3). The cells that were treated with MBCD/cholesterol
showed an overall increase in filipin staining (Fig. 4 B and D).
Quantitative analysis of images taken 24 h after the treatment with
CD revealed that regardless of the method of initial treatment there
was a significant reduction in filipin staining of LSOs of treated cells
as compared with untreated controls (Fig. 4). These findings are
consistent with a mechanism in which CD is acting from the inside
LY/LE to compensate for the lack of functional NPC1 or NPC2.

MpCD-Dextran Conjugates Also Reduce Cholesterol Accumulation in
NPC Mutant Cells. The endocytic uptake of dextran polymers and
their delivery to the LE/LY has been characterized in many studies
(18). To ensure CD delivery to LSOs, we covalently conjugated
MBCD to dextran polymers via a polyethylene glycol linker. As
shown in Fig. 54, MPCD—-dextran can also reverse cholesterol
accumulation in the LSOs of NPCl-defective cells. To visualize
CD trafficking we labeled MPCD-dextran conjugates with Alex-
aFluor546, and we observed that this conjugate was localized to
intracellular organelles that were labeled with filipin (Fig. 5B).
Thus, the MBCD-dextran—AlexaFluor546 polymer is in the LSOs.

Effects of Acute CD Treatments on Cholesterol Esterification. To
measure cholesterol levels within the endoplasmic reticulum in
response to brief CD treatments, we measured cholesterol ester-
ification by ACAT (Fig S4). We found increased esterification of
cholesterol several hours after a short (1-h) CD treatment of NPC1-
or NPC2-deficient cell lines. This increase was inhibited by com-
pound S58-035, an ACAT inhibitor (22), demonstrating that the
increase in esterification was mediated by ACAT. Corresponding
reductions in cholesterol accumulation upon MBCD treatment, as
measured by the LSO filipin assay, are shown in Fig. S5.

B-CD Effects on U18666A-Treated Fibroblasts. To test whether the
apparent ECs for clearance of cholesterol from LSO depended
on cholesterol levels accumulated and to examine this in an iso-
genic background, we used apparently normal human fibroblasts
(GMO05659) treated with various concentrations of the NPC phe-
notype-inducing compound U18666A (3-p-[(2-diethyl-amino)
ethoxy]androst-5-en-17-one). U18666A is a class II amphipathic
amine that has been reported to impair cholesterol efflux from LE/
LY and create an NPC-like phenotype in treated cells (23). The
extent of cholesterol accumulation in LSOs of U18666A-treated
cells is dose dependent (Fig. S64). This accumulation can be
reversed in a dose-dependent manner by using either MBCD or
HPBCD (Fig. S6 B and C). The ECjss for clearance of cholesterol
from U18666A-treated cells are summarized in Table S2, and the
dependence of ECsy on U18666A concentration is displayed in
Fig. S6D. Higher levels of cholesterol in the cells require higher
concentration of CD for clearance. The increased potency of
MBCD vs. HPBCD is demonstrated once again, and it seems to be
more prominent for higher levels of cholesterol accumulation.

Effects of p-CDs on BMP Accumulation in NPC-Defective Cells.
Because levels of BMP are also elevated in the LSOs of NPC
mutant cell (24), we examined the effects of CDs on BMP
accumulation in NPC mutant cells. Both MBCD and HPBCD
significantly reduced BMP accumulation, as measured by quan-
tification of images of cells stained with anti-BMP antibody (Fig.
6). This indicates that secondary lipid accumulation was reduced
along with cholesterol changes. Relative BMP levels in NPCI,
NPC2, normal, and normal cells treated with U18666A are
shown in Fig. S7.
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Fig. 4. Short-term MBCD treatment. NPC1 (A and B) and NPC2 (Cand D) mutant cells were treated for 1 h with 333 uM MBCD in growth media without serum, 333 uM
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CDs. A recent study (19) used cultured NPC1- and NPC2-deficient
cells to show that HPBCD treatment increased ACAT-mediated
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Fig. 5. MpCD-dextran localization and effects on LSO filipin in NPC1-
defective cells. (A) Cells were treated for 2 days with 50 pM MBCD or 50 pM
MBCD conjugated to dextran fixed with paraformaldehyde, stained, and
imaged as described previously (21). Cholesterol accumulation in LSOs was
measured by quantifying filipin fluorescence as described previously (20).
Data represent averages + SEM of one representative experiment (n = 8,
where n is total number of wells per condition used for quantification). (B)
Cells were incubated with AlexaFluor546-MpCD-dextran for 15 h followed
by a 3-h chase in growth medium. The cells were fixed and imaged by epi-
fluorescence microscopy. The MBCD concentration was 300 pM, with ~2
MBCD per 72-kDa dextran chain. (Scale bars, 11 pm.)

5480 | www.pnas.org/cgi/doi/10.1073/pnas.0914309107

esterification of cholesterol even in the absence of functional
NPC proteins.

We have examined the role of CD in reducing cholesterol ac-
cumulation in NPC mutant cells. CDs are hydrophilic, membrane-
impermeant molecules that can reach the inside of LE/LY via
pinocytosis, similar to other membrane-impermeant molecules
(18). Mammalian cells lack the enzymes for degradation of CDs
(25), so CDs delivered to LE/LY should remain intact.

Several lines of evidence suggest that the major effect of CDs in
reducing cholesterol accumulation is attributable to endocytosed
CD. The effects on cholesterol reduction in LSOs continue for
several days after extracellular CD has been removed from the
medium (Fig. 3). The slow loss of effectiveness of CD would be
consistent with reduced concentrations in the endocytic system as
a consequence of cell division and vesicular transport out of
lysosomes. We also found that brief (1-h) incubations with CD lead
to a reduction in LSO cholesterol after ~24 h in the absence of
extracellular CD. This was true even when the initial incubation
was with cholesterol-loaded CD, which caused an initial increase
in cellular cholesterol levels (Fig. 4). We also conjugated MBCD to
dextran polymers to ensure its delivery to the LSOs and found that
this compound was able to correct NPC1 deficiency (Fig. 54).
Additionally, we observed that these conjugates were delivered to
LSOs (Fig. 5B). These observations furnish further proof that CDs
can act from inside the lumen of the LSO.

Rosenbaum et al.
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Both NPC1 and NPC2 mutant cells were tested in this study, and
both cell types responded well to treatment by CDs. This indicates
that CDs are capable of replacing the function of either NPC1 or
NPC2. Because NPC2 is a small, soluble protein that has been
shown to transfer cholesterol between membranes in vitro (26), its
functional replacement by CD can be envisaged easily. The
mechanism underlying the ability of a CD to bypass the require-
ment for functional NPCI1 is less clear. NPC1 is a large trans-
membrane protein residing in the limiting membrane of LE/LY,
and its role in cholesterol efflux is not well understood despite
recent advances in understanding its cholesterol binding proper-
ties (27, 28). It is possible that to facilitate cholesterol egress from
LE/LY, NPC2 has to interact with NPC1 to deliver cholesterol to
the limiting membrane for egress (19, 27), whereas a CD can
bypass that requirement and deliver cholesterol directly to the
limiting membrane. Once in the limiting membrane, cholesterol
could leave the LE/LY by vesicular or nonvesicular transport
processes (29) to be delivered to other organelles.

To verify that the cholesterol liberated by CD treatments rea-
ches the cytosolic compartment, we measured esterification of
cholesterol by ACAT. We found that short treatments of either
NPC1 or NPC2 cells with either CD, followed by ~16-h chase, lead
to an increase in cholesterol esterification by ACAT, indicating
that more cholesterol is delivered to the endoplasmic reticulum in
CD-treated cells (Fig. S5).

BMP is an unusual lipid that is present in high levels in late
endosomes, and elevated levels of cholesterol associated with NPC
mutations or treatment with U18666A lead to elevated levels of
BMP in the LSOs (24, 30). To verify that the effects of CD treatment
go beyond merely cholesterol reduction, we measured BMP levelsin
treated and untreated cells. We found that the BMP levels were
reduced significantly by CD treatments (Fig. 6). This is consistent
with the observation in npcI ™'~ mice that CD treatments reduce
levels of storage of other lipids in addition to cholesterol (12).

Ultimately, our studies may have implications for development
of CD-based therapies for treatment of NPC disease. First, we find
that MBCD produces effects equivalent to those of HPBCD at
approximately 3-fold lower concentrations. This is consistent with
its better ability to extract cholesterol from biologic membranes
(13-15). This observation may be important because relatively
high amounts of HPBCD need to be injected to obtain a partial
therapeutic effect (8-12). Additionally, the observation that CD
works from inside LE/LY suggests that modifications that target
CDs for endocytic uptake and retention might significantly
enhance its potency. In conclusion, the studies presented in this
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article provide initial insights into the molecular and cellular
mechanism of action of CD-mediated reduction of cholesterol and
other lipids accumulations associated with NPC disease.

Materials and Methods

Materials and Reagents. MEM, FBS, and HBSS were from Invitrogen. Anti-BMP,
clone 6C4, antibody was from Echelon Biosciences. Other chemicals were
from Sigma Chemicals.

Cell Lines. Human fibroblast cell lines GM03123 (NPC1), GM 18455 (NPC2), and
GMO05659 (apparently normal) were cultured as described previously (21).

Antibody Staining. Anti-BMP immunofluorescence was performed as descri-
bed previously (16).

Automated Fluorescence Microscopy and Image Analysis. Filipin staining and
automated image analysis (LSO filipin assay) were performed as described
previously (21). Images were acquired using an ImageXpress™'“R° imaging
system from Molecular Devices (MDS Analytical Technologies) equipped
with a 300-W xenon arc lamp. A CoolSnapHQ camera (Roper Scientific) was
used to acquire images. The bright filipin intensity in the center of the NPC
mutant cells was quantified using the same threshold value for all fields
under all conditions in a given experiment.

MpCD-NH-(PEG);-CONH-Aminodextran Synthesis. Mono(GA—O—p-toIuenesulfonyl)
permethyl-p-cyclodextrin was added to a solution of NH,-(PEG)3-CONH-
aminodextran in formamide. The resulting solution was heated to 100 °C
andstirred for 48 h, at which point it was diluted with water and extensively
dialyzed against water. After lyophilization (x2), the title compound was
obtained as a white powder. If required, AlexaFluor546 was linked to the
construct by addition of MBCD-NH-(PEG)s-CONH-aminodextran to a sol-
ution of PBS followed by the addition of AlexaFluor546 NHS ester. The
resulting solution was stirred at ambient temperature for 48 h and was
dialyzed extensively against water and lyophilized (x3) to provide the dye-
labeled construct as a pink, cotton-like solid. Further details on the synthesis
of this and other intermediates may be found in S/ Materials and Methods.

Estimation of MBCD Substitution on Aminodextran. Dextran derivitization with
MBCD was estimated according to a method described previously (31). We
used a SpectraMax M2 fluorometer (MDS Analytical Technologies) to detect
changes in 1-naphthol fluorescence as the result of MBCD binding.

More details of materials and methods are supplied in S/ Materials
and Methods.
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