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Cyclodextrin overcomes deficient
lysosome-to-endoplasmic reticulum transport
of cholesterol in Niemann-Pick type C cells
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A handoff model has been proposed to explain the egress from
lysosomes of cholesterol derived from receptor-mediated endocyto-
sis of LDL. Cholesterol is first bound by soluble Niemann-Pick C2
(NPC2) protein, which hands off the cholesterol to the N-terminal
domain of membrane-bound NPC1. Cells lacking NPC1 or NPC2 accu-
mulate LDL-derived cholesterol in lysosomes and fail to deliver LDL
cholesterol to the endoplasmic reticulum (ER) for esterification by
acyl-CoA acyltransferase (ACAT) and for inhibition of sterol regula-
tory element-binding protein cleavage. Here, we support this model
by showing that the cholesterol transport defect in NPC1 mutant cells
is restricted to lysosomal export. Other cholesterol transport path-
ways appear normal, including the movement of cholesterol from
the plasma membrane to the ER after treatment of cells with 25-
hydroxycholesterol or sphingomyelinase. The NPC1 or NPC2 block in
cholesterol delivery to the ER can be overcome by 2-hydroxypropyl-
B-cyclodextrin, which leads to a marked increase in ACAT-mediated
cholesterol esterification. The buildup of cholesteryl esters in the
cytosol is expected to be much less toxic than the buildup of free
cholesterol in the lysosomes of patients with mutations in NPC1 or
NPC2.

cholesterol esterification | NPC1 and NPC2 proteins | sphingomyelinase

wo cholesterol-binding proteins, NPC1 and NPC2, act in con-

cert to export lipoprotein-derived cholesterol from lysosomes
(1, 2). Cholesterol enters lysosomes when cholesteryl ester (CE)-
rich LDL enters cells by receptor-mediated endocytosis. Within
lysosomes, the CEs of LDL are hydrolyzed by acid lipase, and the
liberated cholesterol exits the lysosome en route to the endoplasmic
reticulum (ER) and the plasma membrane (3). The dual require-
ment for NPC1 and NPC2 was discovered through studies of cells
from patients with Niemann-Pick type C disease (2). These patients
harbor two loss-of-function alleles at one or the other of these loci.
As a result, cholesterol is trapped in lysosomes, and this excess
lysosomal storage causes death through liver, lung, and brain failure
(1). In a mouse model of this disease, toxicity was ameliorated and
lifespan was extended by treatment with 2-hydroxypropyl-pB-
cyclodextrin (HPCD), which binds to cholesterol and facilitates its
exit from lysosomes even in the absence of NPC1 (4). Within 24 h,
HPCD treatment led to a decline in free cholesterol and a marked
increase in CE in the liver and brain of these mutant mice. The
mechanism of this change is unknown.

Recent studies have begun to clarify the separate roles of NPC1
and NPC2 in the lysosomal export process. NPC2, a soluble 132-aa
protein, binds to cholesterol by attaching to the ring structure and
the hydrophobic isooctyl side chain (5-7). In contrast, NPCI is an
intrinsic membrane protein containing 1,278 aa and 13 putative
membrane-spanning helices. Its N-terminal domain, referred to as
NPCI1(NTD), projects into the lysosomal lumen (8, 9). Through
recombinant DNA technology, NPC1(NTD) can be prepared as a
water-soluble fragment of 240 aa in length. Infante, et al. (6)
demonstrated that NPC1(NTD) binds to cholesterol in an orien-
tation opposite to that of NPC2 (10). In NPC1, the 3B-hydroxyl
group of cholesterol is buried, and the isooctyl side chain is exposed.
Because of this difference in binding orientation, NPC1(NTD), but
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not NPC2, can bind to oxysterols such as 25-hydroxycholesterol
(25-HC) that have a polar hydroxyl attached to the side chain (6).

The above in vitro findings led to the following working model
for the exit of LDL-derived cholesterol from the lysosomes (10).
After liberation from LDL, cholesterol is bound immediately by
NPC2. This binding shields cholesterol from water and prevents its
precipitation. NPC2 carries the cholesterol to the lysosomal mem-
brane, where it transfers cholesterol to NPC1(NTD) without the
sterol ever passing through the aqueous phase.

The working model predicts that the actions of NPC1 and NPC2
are restricted to late endosomes and lysosomes, the only locations
in which both required proteins coexist at high levels. In earlier
studies, Lange, et al. (11) suggested that the movement of choles-
terol from endosomes and lysosomes to the plasma membrane is
not defective in cells lacking functional NPC1. Moreover, Cruz, et
al. (12) reported that the initial movement of LDL-derived cho-
lesterol from the lysosomes to the plasma membrane does not
require NPC1, but the subsequent internalization of plasma mem-
brane cholesterol and its recycling back to the plasma membrane
do. Neither of these conclusions could be reconciled easily with the
above working model for NPC2/NPC1 interaction in lysosomes.

To address some of these questions, we here report a series of
studies in which we measured the effects of lipoprotein-derived
cholesterol and cellular cholesterol on ER regulatory processes in
cells with mutations in NPC1 and NPC2. By using acyl-CoA
acyltransferase (ACAT) activity as a measure of ER cholesterol
delivery, we show that the movement of cholesterol from the
lysosomes to the ER is blocked in NPC1- and NPC2-deficient cells
and that this block can be alleviated by the treatment of the cells
with HPCD.

Results

After uptake by receptor-mediated endocytosis, LDL-derived
cholesterol is liberated in lysosomes, and a portion is transported
to the ER, where it binds to Scap and blocks the proteolytic
cleavage of sterol regulatory element-binding proteins
(SREBPs) (13). Within the ER, some of this cholesterol is
esterified to form CE. The esterification reaction can be mon-
itored by incubating cells with ['#Cloleate and determining the
incorporation of radioactivity into CE (14). Fig. 1 A-C shows an
experiment in which we compared esterification in control
human fibroblasts and cells from a subject who is a compound
heterozygote for mutations at the NPC1 locus (P237S substitu-
tion in one allele and 11061T in the other). The cells were
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Fig.1. Role of NPC1insterol-mediated cholesteryl ester formation (A-C) and inhibition of SREBP-2 processing (D and E) in control and NPC1 mutant human fibroblasts.
On day 0, nontransformed fibroblasts were set up in medium A with 10% FCS at 2 X 10% cells per 60-mm dish. On day 3, cells were refed with the same medium, and
on day 5, cells were switched to medium A with 10% human lipoprotein-deficient serum (LPDS). (A-C) Cholesterol esterification. On day 7, each dish received medium
A containing 10% LPDS, 50 uM compactin, 50 uM sodium mevalonate, and the indicated concentration of LDL (A), 25-hydroxycholesterol (25-HC) (B), or cholesterol/
methyl-B-cyclodextrin (MCD) complex (C). After 5 h at 37 °C, each monolayer was pulse-labeled for 2 h with 0.2 mM sodium [“CJoleate-albumin (7,966 dpm/nmol). The
cells were harvested for measurement of the content of cholesteryl [*Cloleate. Each value is the average of duplicate incubations. (D and E) Immunoblot analysis of
SREBP-2 processing. On day 7, after incubation for 5 h with the indicated concentration of LDL, 25-HC, or cholesterol/MCD, N-acetyl-leucinal-leucinal-norleucinal was
added at a final concentration of 25 ug/mL. After 1 h at 37 °C, six dishes were harvested and pooled for preparation of nuclear extract and 100,000 X g membrane
fractions, which were analyzed by immunoblotting as described in S/ Materials and Methods. P, precursor form of SREBP-2; N, cleaved nuclear form of SREBP-2.

depleted of cholesterol by prior incubation in medium contain-
ing lipoprotein-deficient serum. Thereafter, the cells were incu-
bated for 5 h with a source of sterol, after which they were
pulse-labeled for 2 h with [!“CJoleate and incorporation into
cholesteryl [*CJoleate was measured. Whereas cholesterol ester
synthesis increased markedly in control cells treated with LDL,
no such increase was seen in the NPC1 mutant cells (Fig. 14).
This result is similar to that reported by others (15, 16).

In contrast to the difference with LDL, both cell lines responded
equally when cholesterol was added in complex with methyl-3-
cyclodextrin (MCD), which likely delivers cholesterol to cells with-
out passing through lysosomes (Fig. 1C). As shown by Pentchev et
al. (15) and Liscum and Faust (16), both cell lines also responded
when incubated with 25-HC, which stimulates cholesterol esterifi-
cation by causing cholesterol to translocate from the plasma mem-
brane to ER (17, 18). A similar set of responses was seen when we
measured the inhibition of SREBP-2 cleavage (Fig. 1 D and E). In
control cells, but not NPC1 mutant cells, LDL blocked SREBP-2
cleavage, resulting in a decline in the nuclear form of SREBP-2. In
contrast, cholesterol/MCD and 25-HC blocked SREBP-2 cleavage
equally in the two cell lines.

We next tested whether 25-HC can stimulate the esterification of
total cell cholesterol in peritoneal macrophages from mice with a
homozygous defect in NPC1 (npc"#h mice) (Fig. 2 A and B). To
measure the esterification of total cholesterol, we preincubated
wild-type and NPC1 mutant cells with [*H]cholesterol for 24 h to
radiolabel all cholesterol pools. The [*H]cholesterol equilibrates
with cellular cholesterol, the vast majority of which is located in the
plasma membrane (19, 20). We then washed the cells and incubated
them with 25-HC for various times, after which we measured the
proportion of cellular [*H]cholesterol that had been converted to
[*H]CE. As shown in Fig. 2 A and B, neither cell line esterified its
cholesterol in the absence of 25-HC. In the presence of 25-HC,
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~5% of total cell cholesterol was esterified within 8 h in both
wild-type and NPC1 mutant macrophages. Similar results were
obtained in NPCl-deficient hamster cells by Wojtanik and
Liscum (21).

To determine whether 25-HC could stimulate the esterification
of newly synthesized cholesterol in NPC1 mutant cells, we prein-
cubated cultured fibroblasts from wild-type and npc™/"" mice with
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Fig.2. 25-Hydroxycholesterol (25-HC) stimulated esterification of total cellular
cholesterol in macrophages from wild-type and NPC1 mutant mice. On day 0,
peritoneal macrophages from wild-type (A) or npc"h/nih mice (B) were set up in
medium B with 10% FCS as described in S/ Materials and Methods. On day 1, the
cells were incubated with medium B containing 10% FCS and 8.3 nM [3H]choles-
terol (132,000 dpm/pmol; added in ethanol at a final concentration of 0.05%).
After 24 h at 37 °C, each dish was washed with 5 mL of PBS with 0.2% BSA, after
which the cells received fresh medium B with 0.2% BSA. After 12 h at 37 °C, each
monolayer received medium B with 0.2% BSA in the absence or presence of 5
ng/mL25-HC. After incubation for the indicated time, the cells were harvested for
measurement of the content of [3H]cholesteryl ester (CE) and [3H]cholesterol, as
described in S/ Materials and Methods. Each value is the average of duplicate
incubations and represents the percentage of [3H]cholesterol incorporated into
[BH]ICE relative to [3H]cholesterol content at zero time. Zero time values for
[3H]cholesterol were 10.0 and 14.5 pmol/mg of protein for wild-type and npchinih
macrophages, respectively.

Abi-Mosleh et al.


http://www.pnas.org/cgi/data/0910916106/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0910916106/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0910916106/DCSupplemental/Supplemental_PDF#nameddest=STXT

Lo L

3H-Cholestery| Esters
(% of newly synthesized chol.)

P

[\

AR AN

A wild type B NPC1ni/nih

50
L

40 +25-HV . +25_,_y0
30 -

of °
20 - /

w0l ® -25HC | o/® -25-HC

o9 Y @ ot — o
0 2 4 6 80 2 4 6 8
Time of Chase (hours)

0

Fig. 3.  25-Hydroxycholesterol (25-HC) stimulated esterification of newly syn-
thesized cholesterol in fibroblasts from wild-type and NPC1 mutant mice. On day
0, fibroblasts from wild-type (A) and npch/nih (B) mice were set up in medium B
with 10% FCS and 4 X 104 cells per 60-mm dish. On day 3, cells were switched to
medium B with 5% newborn calf lipoprotein-deficient serum (LPDS). On day 4,
cells were incubated in medium Cwith 5% LPDS and pulsed-labeled with 167 uM
[3H]acetate (333 dpm/pmol) for 3 h at 14 °C to label newly synthesized choles-
terol. After the pulse, each monolayer was washed twice with 3 mL of PBS with
0.2% BSA and then chased at 37 °C with medium B containing 5% LPDS, 50 uM
compactin (to inhibit cholesterol synthesis), 50 uM sodium mevalonate, and 0.1
mM sodium oleate-albumin in the absence or presence of 3 ug/mL 25-HC. At the
indicated time of chase, the cells were harvested for measurement of [3H]cho-
lesteryl ester (CE) and [3H]cholesterol. Each value is the average of duplicate
incubations and represents the percentage of [3H]cholesterol incorporated into
[3HICE relative to [*H]cholesterol content at zero time. Zero time values for
cellular [3H]cholesterol were 160 and 192 pmol/mg of protein in wild-type and
npcnihinih fibroblasts, respectively.

[*H]acetate at 14°C (Fig. 3 A and B). At this temperature the
[*H]acetate is incorporated into [*H]cholesterol in the ER, but exit
from the ER is slowed, leading to a buildup of newly synthesized
[*H]cholesterol in the ER (22). We then warmed the cells to 37 °C
and measured the esterification of this newly synthesized [*H]cho-
lesterol. In the absence of 25-HC, none of the [*H]cholesterol was
esterified in either cell line. In the presence of 25-HC, both cells
lines converted >40% of the newly synthesized [*H]cholesterol to
[*H]CE within 8 h (Fig. 3 4 and B).

In previous studies, we demonstrated that NPC1(NTD) binds
both cholesterol and 25-HC (6). Studies of NPC1 mutants con-
firmed that cholesterol binding to NPCI1(NTD) is necessary for
NPC1 to transport cholesterol from the lysosomes to the ER (10).
In Fig. 4, we show an experiment designed to determine whether
NPCl is necessary to transport 25-HC from the lysosomes to the
ER. We studied fibroblasts from a control subject and a subject with
NPC1(P237S/11061T) that had been immortalized by transfection
with a cDNA encoding the catalytic subunit of telomerase, h\TERT
(23). We extracted all of the cholesterol of LDL and reconstituted
the hydrophobic core of the particle with 25-HC oleate. This
reconstituted LDL enters cells through the LDL receptor, where-
upon the 25-HC oleate is cleaved in lysosomes and the liberated
25-HC suppresses cholesterol synthesis (24). Fig. 4 shows that native
LDL failed to block SREBP-2 cleavage in the mutant NPC1 mutant
fibroblasts (lane K). In contrast, LDL reconstituted with 25-HC
oleate functioned in the mutant cells as well as it did in the control
cells (compare lanes D-H and L-P). Thus, 25-HC can exit lyso-
somes without NPC1. This result is consistent with the findings of
Dahl et al. (25), who showed that LDL reconstituted with 25-HC
oleate could suppress cholesterol synthesis in NPC1-deficient ham-
ster cells.

Studies of cholesterol esterification and inhibition of SREBP-2
processing are indirect measures of the concentration of cholesterol
in the ER. To measure the concentration of cholesterol in the ER
directly, we took advantage of a newly described technique for
isolating pure ER membranes from cultured cells (20). In this
procedure, cell homogenates are subjected to a two-step gradient
ultracentrifugation (Fig. 54). The heavy membrane fraction from
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Fig. 4. Inhibition of SREBP-2 processing by LDL-derived 25-hydroxycholesterol

(25-HC), but not LDL-derived cholesterol, in NPC1 mutant human fibroblasts. On
day 0, hTERT-control and hTERT-NPC1 human fibroblasts were set up in medium
A with 10% FCS and 7 X 10* cells per 60-mm dish. On day 2, the medium was
switched to medium A with 5% human lipoprotein-deficient serum (LPDS). On
day 4, the cells were incubated for 5 h in medium A containing 5% LPDS, 50 uM
compactin, 50 uM sodium mevalonate, and one of the following additions: 1
ng/mL 25-HC (lanes B, J), 100 pg of protein per milliliter of LDL (lanes C, K), or the
indicated concentration of LDL reconstituted with 25-HC oleate (r-[25-HC
oleate]LDL) (lanes D-H, L-P). Cells then received N-acetyl-leucinal-leucinal-
norleucinal at a final concentration of 25 pug/mL. After a further 1 h at 37 °C,
triplicate dishes were harvested and pooled for preparation of nuclear extract
and 100,000 X g membrane fractions, which were analyzed by immunoblotting
for SREBP-2 and Scap as described in S/ Materials and Methods. P, precursor form
of SREBP-2; N, cleaved nuclear form of SREBP-2.

the second gradient (iodixanol fraction IV) contains pure ER
membranes as shown by its content of the ER marker Sec61« and
its lack of markers for the plasma membrane (transferrin receptor)
and lysosomes (Lamp-1 and NPC1) (Fig. 5B). Fig. 5C shows
individual fractions from the iodixanol gradient, illustrating the
wide separation between the ER marker glucose-6-phosphatase
and the lysosomal marker acid phosphatase. To perform the
experiment, hTERT-transformed control human fibroblasts and
NPC1 mutant cells were incubated with LDL or with cholesterol
complexed to MCD. Fig. 5D shows that both forms of cholesterol
blocked the production of nuclear SREBP-2 in control cells, but
only the cholestero/MCD complex had this effect in the NPC1
mutant cells. When control cells were incubated with either LDL
or cholesterol/MCD, the cholesterol content of ER membranes
rose above the 5% threshold that we showed (20) is necessary to
block SREBP-2 processing (Fig. SE). In the NPC1 mutant cells,
LDL failed to increase the ER cholesterol content, whereas cho-
lesterol/MCD caused the normal increase (Fig. SE).

In earlier studies, we showed that the treatment of cultured cells
with sphingomyelinase (SMase) leads to inhibition of SREBP
processing and an increase in CE synthesis (26). We postulated that
this was caused by the disruption of cholesterol/sphingomyelin
complexes in the plasma membrane, with the resultant transloca-
tion of the plasma membrane cholesterol to the ER. To measure the
concentration of cholesterol in the ER directly and to determine
whether NPC1 is necessary for this transport, we performed the
experiment shown in Fig. 6. Control hTERT-transformed human
fibroblasts or NPC1 mutant cells were incubated at 37 °C for 2 h
with SMase. We restricted the incubation to 2 h to guard against any
toxicity from the SMase treatment. In the dishes used to measure
SREBP-2 cleavage, we included an ACAT inhibitor to block the
esterification of cholesterol in the ER. We used B-migrating very
low density lipoprotein (8-VLDL) to deliver cholesterol to lyso-
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Fig. 5.

NPC1

Control

Cholesterol content of purified endoplasmic reticulum (ER) membranes from control and NPC1 mutant human fibroblasts. (A) Endoplasmic reticulum

membrane fractionation scheme. (B and C) Immunoblot and enzymatic analysis of membrane fractions. On day 0, 13 dishes of hTERT-control and hTERT-NPC1
fibroblasts were set up in medium A with 10% FCS and 4 X 10° cells per 100-mm dish. On day 3, the cells were harvested, and the ER membranes were prepared as
described in SI Materials and Methods and shown in A. Equal volumes of each membrane fraction were subjected to immunoblot analysis for the indicated organelle
markers (B) or assayed for the indicated enzyme activity (C). (D and E) Analysis of SREBP-2 cleavage (D) and cholesterol content of purified ER membranes (E).
hTERT-control and hTERT-NPC1 fibroblasts (13 dishes for each condition) were set up as described above. On day 2, cells were switched to medium A with 5% human
lipoprotein-deficient serum (LPDS). On day 3, cells were switched to medium A with 5% LPDS, 5 uM compactin, and 50 uM sodium mevalonate. On day 4, the cells
received the same medium with 50 wM compactin and supplemented with either 100 g of protein per milliliter of LDL or 20 ug/mL cholesterol/methyl-B-cyclodextrin
(MCD) complex as indicated. After incubation for 6 h at 37 °C, the cells were harvested. (D) A portion of the harvested cells (5% of total) was fractionated and subjected
to immunoblot analysis for SREBP-2. P, precursor form of SREBP-2; N, cleaved nuclear form of SREBP-2. (E) The remaining 95% of the harvested cells were used to purify
the ER membranes. Lipids were extracted, and the amount of cholesterol and phospholipids was quantified as described in ref. 20. Cholesterol content in E is expressed
as the molar percentage of total lipids (phospholipids + cholesterol). Each bar represents the mean = SEM from five experiments.

somes, because this lipoprotein is richer in cholesterol than LDL.
The SMase treatment blocked SREBP-2 cleavage in both the
control and the NPC1 mutant cells (Fig. 6A4). 25-Hydroxycholes-
terol also blocked cleavage in both cell lines, but S-VLDL failed to
block cleavage in NPC1 mutant cells. As shown in Fig. 6B, SMase
treatment increased CE synthesis similarly in control and NPC1
mutant fibroblasts. The SMase elicited the accumulation of similar
amounts of cholesterol in the ER in both cell lines (Fig. 6C), a result
consistent with previous findings in NPC1-deficient CHO cells (27).
These data indicate that NPC1 is not required for the movement of
cholesterol from the plasma membrane to the ER in response to
SMase treatment.

As mentioned in the Introduction, the treatment of NPCI-
deficient mice with cyclodextrin increased CE content in a variety
of tissues (4). To determine whether this increase is attributable to
ACAT, we studied cells from patients with defects in either NPC1
or NPC2 (Fig. 7). Both of the mutant cell lines failed to show an
increase in ACAT-mediated CE synthesis in the presence of LDL
(Fig. 7A4), but both showed a normal increase in this rate when
incubated with 25-HC (Fig. 7B). To measure the effect of HPCD,
we preincubated the cells with LDL to load the lysosomes with
cholesterol. The cells then were switched to medium with or
without 0.1% HPCD. After varying times, the cells were pulse-
labeled for 2 h with [““Cloleate, and incorporation into CE was
measured. In control cells, CE synthesis declined after HPCD
treatment (open triangles in Fig. 7 C and D), likely because HPCD
removes cholesterol from cells. In striking contrast, HPCD caused
a burst of CE synthesis in both NPC1 and NPC2 mutant cells. The
rate of synthesis increased for 10 h and then declined, presumably
as the cholesterol from the lysosomes was depleted. Fig. 7D shows

40f6 | www.pnas.org/cgi/doi/10.1073/pnas.0910916106

the rate of cholesterol esterification after prior incubation for 6 h
with varying concentrations of HPCD. In the NPC1 and NPC2 cells,
this rate was maximal at 0.1-0.3% HPCD. Cholesteryl ester syn-
thesis was blocked by the ACAT inhibitor Sandoz 58-035, confirm-
ing that it was catalyzed by the ACAT in the ER (Table S1).

Discussion

The current studies establish several points about the function of
NPCI1 in human and animal cells: (i) Although NPC1 is essential
for egress of lipoprotein-derived cholesterol from lysosomes, it
is not required for the egress of lipoprotein-derived 25-HC (Fig.
4); (if) NPC1 is not required for 25-HC to stimulate the
esterification of cellular cholesterol, an event that requires the
translocation of cholesterol from the plasma membrane to
the ACAT enzyme (Figs. 2 and 3); (iii) NPC1 is not required for
the delivery of cholesterol to ER membranes when the choles-
terol is added to cells in complex with MCD (Figs. 1 and 5); (iv)
NPC1 is not required for the translocation of cholesterol from
the plasma membrane to the ER membranes upon treatment
with SMase (Fig. 6); and (v) HPCD releases stored cholesterol
from the lysosomes of cells with NPC1 or NPC2 mutations,
whereupon a portion of the liberated cholesterol is transferred
to the ER for esterification (Fig. 7). The latter findings provide
a mechanism to explain the finding by Liu et al. (4) that HPCD
treatment increased the content of CE in the liver and brain of
NPC1 mutant mice.

The ability of LDL-derived 25-HC, but not LDL-derived cho-
lesterol, to exit lysosomes in the absence of NPC1 is likely attrib-
utable to the greater water solubility of 25-HC, which allows the
25-HC to diffuse to and through the lysosomal membrane after

Abi-Mosleh et al.
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Fig. 6. Sphingomyelinase (SMase) treatment of control and NPC1 mutant
fibroblasts stimulates cholesteryl ester (CE) synthesis. On day 0, h\TERT-control and
hTERT-NPC1 human fibroblasts were set up in medium A with 10% FCS at either
7 X 104 cells per 60-mm dish (A and B) or 4 X 10° cells per 100-mm dish (C). On day
2, cells were switched to medium A with 5% human lipoprotein-deficient serum
(LPDS). (A) Immunoblot analysis of SREBP-2 cleavage. On day 4, the cells were
incubated with medium A containing 5% LPDS, 50 uM compactin, 50 M sodium
mevalonate, 0.1% DMSO, and 10 ug/mL ACAT inhibitor Sandoz 58-035. After 30
min at 37 °C, cells received SMase (200 milliunits per milliliter), B-migrating very
low density lipoprotein (B-VLDL) (10 pg of protein per milliliter), or 25-
hydroxycholesterol (25-HC) (1 ug/mL) as indicated. After 2 h at 37 °C, triplicate
dishes were harvested and pooled for preparation of nuclear extract and
100,000 X g membrane fractions, which were analyzed by immunoblotting for
SREBP-2. P, precursor form of SREBP-2; N, cleaved nuclear form of SREBP-2. (B)
Cholesterol esterification assay. On day 4, each dish received medium A with 5%
LPDS, 50 uM compactin, and 50 uM sodium mevalonate in the absence or
presence of 200 milliunits per milliliter of SMase. After 1 h at 37 °C, each mono-
layer was pulse-labeled for 1 h with 0.2 mM sodium ['*CJoleate-albumin (32,433
dpm/nmol). Cells were harvested for measurement of cholesteryl ['“Cloleate.
Each value is the average of duplicate incubations. (C) Analysis of the cholesterol
content of purified endoplasmic reticulum (ER) membranes. On day 3, cells from
13 dishes (100 mm) for each condition were switched to medium A containing 5%
LPDS, 5 uM compactin, and 50 uM sodium mevalonate. On day 4, cells received
the same medium supplemented with 50 uM rather than 5 M compactin in the
absence or presence of 200 milliunits per milliliter of SMase. After 2h at 37 °C, the
cells were harvested, and the ER membranes were purified as described in S/
Materials and Methods and Fig. 5. Cholesterol and phospholipids were quanti-
fied as described in Fig. 5E. Cholesterol content is expressed as the molar per-
centage of total lipids (phospholipids + cholesterol). Each bar represents the
mean *+ SEM from three experiments.

liberation from the LDL by lysosomal acid lipase. NPC2 cannot be
involved in this transfer, because 25-HC does not bind to the
sterol-binding site on NPC2 (5-7). However, 25-HC does bind to
the sterol-binding site on NPC1(NTD) (23). We believe that 25-HC
binding to NPC1(NTD) is simply a consequence of the fact that the
side chains of bound sterols are exposed on the surface of this
protein, thereby permitting hydrophilic substitutions (10). There is
no evidence to indicate that the 25-HC binding reflects a functional
activity of NPC1.

Although the pathways by which cholesterol moves retrograde
from the plasma membrane to the ER have not been established,
the current data suggest that this movement does not require NPCI1.
Evidence comes from the observation in NPC1 mutant macro-
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Fig. 7. Cholesteryl ester formation in control, NPC1 mutant, and NPC2 mutant
human fibroblasts treated with 2-hydroxypropyl-g-cyclodextrin (HPCD). (A-D)
On day 0, nontransformed control fibroblasts, NPC1 mutant fibroblasts, and
NPC2 mutant fibroblasts were set up in medium A with 10% FCSand 2 X 10,2 X
104, and 7 X 104 cells per 60-mm dish, respectively. On day 3, cells were refed with
the same medium. (A and B) On day 5, cells were switched to medium A with 10%
human lipoprotein-deficient serum (LPDS). On day 7, each dish received medium
A containing 10% LPDS, 50 uM compactin, and 50 uM sodium mevalonate in the
absence or presence of 100 ug of protein per milliliter of LDL (A) or 5 ug/mL
25-hydroxycholesterol (25-HC) (B). After 5 h at 37 °C, each monolayer was pulse-
labeled for 2 h with 0.2 mM sodium ['“CJoleate-albumin (8,187 dpm/nmol). The
cells then were harvested for measurement of cholesteryl ['*Cloleate. (C and D)
Onday 6, cells were incubated with medium A with 10% FCS and 20 ng of protein
per milliliter of LDL. After 16 h, each dish received medium A containing 10% FCS
and 0.1% (wt/vol) HPCD (C) or the indicated concentration of HPCD (D). After
incubation for the indicated time in C or after 6 h in D, each monolayer was
pulse-labeled for 2 h with 0.2 mM sodium ['*CJoleate-albumin (8,187 dpm/nmol).
The cells then were harvested for measurement of cholesteryl ['*Cloleate. (A-D)
Each value is the average of duplicate incubations.

phages that 25-HC can stimulate the esterification of 5% of total cell
cholesterol, most of which must have come from the plasma
membrane (Fig. 2). Moreover, in NPC1 mutant fibroblasts, 25-HC
can stimulate the esterification of 40% of newly synthesized cho-
lesterol (Fig. 3). Further evidence for NPCl-independent transport
comes from the experiment in which cholesterol was esterified after
addition to cells in complex with MCD (Fig. 1C). This cholesterol
likely partitions into the plasma membrane and must be transported
to the ER for esterification by ACAT. This transport occurs
normally in the NPCl-deficient cells. Finally, SMase treatment
results in the translocation of cholesterol from the plasma mem-
brane to the ER (Fig. 6C) and an increase in cholesterol esterifi-
cation (Fig. 6B). This transport occurs equally in control and
NPCl-deficient cells.

In a previous study of purified ER membranes, we found that
25-HC addition caused only a minor increase in the free cholesterol
content of the ER (20). However, we and others have consistently
demonstrated an increase in ACAT-mediated cholesterol esterifi-
cation in cells treated with 25-HC (Figs. 1-3). A likely explanation
lies in work from the laboratory of Chang and colleagues who
showed that 25-HC directly activates ACAT when added to ACAT-
containing membranes in vitro (28). Thus, we believe that choles-
terol is esterified immediately when it reaches the ER under the
influence of 25-HC, thereby avoiding an increase in the levels of
unesterified cholesterol in the ER.
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As mentioned in the Introduction, several earlier studies sug-
gested that NPC1 is not required for the movement of cholesterol
from the lysosomes to the plasma membrane. These studies used
cyclodextrins to release cholesterol from the plasma membranes of
NPCl-deficient cells. The studies were conducted before the rec-
ognition that cyclodextrins release cholesterol from NPC1-deficient
lysosomes, and their conclusions thus require reexamination.

Underwood et al. (29) supplied evidence for separate pathways
that direct lysosome-derived cholesterol to either the ER or the
plasma membrane. The current studies are consistent with this
thesis and suggest that HPCD can at least replace NPC1 in directing
lysosomal cholesterol to the ER for esterification. Further studies
are necessary to delineate the conditions, if any, in which HPCD can
direct lysosome-derived cholesterol to the plasma membrane. How
HPCD acts at a molecular level remains to be determined.

The ability of HPCD to release cholesterol from NPC1-deficient
lysosomes has been exploited already in animal models to show a
slowing of organ damage and prolongation of life (4, 30). The data
in Fig. 7 suggest that this treatment also will be beneficial in animals
that have mutations in NPC2.

Materials and Methods

Culture Media. Medium A is DMEM containing 100 units per milliliter of penicillin
and 100 pg/mL streptomycin sulfate. Medium B is DMEM (high glucose, 4.5 g/L)
containing 100 units/mL penicillin and 100 ug/mL streptomycin sulfate. Medium
Cis medium B without sodium bicarbonate. Where indicated, sterols were added
to the medium in an ethanolic solution in which the final ethanol concentration
was <0.3%. In Fig. 7, HPCD was dissolved in culture media at the indicated
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concentration. The ACAT inhibitor Sandoz 58-035 was dissolved in DMSO and
added to the medium at a final concentration of 0.7% (vol/vol).

Cell Culture. Nontransformed skin fibroblasts from control subjects, from a
patient with NPC1 disease (obtained from American Type Culture Collection, No.
GM3123; compound heterozygote for mutations P237S and 11061T), and from a
patient with NPC2 disease (obtained from Coriell Cell Repositories, No. GM18455;
compound heterozygote for mutations E20X and C47F) were grown in a mono-
layer at 37 °C in 5% CO; and maintained in medium A with 10% (vol/vol) FCS.

Control and NPC1(P2375/11061T) human fibroblasts were immortalized with
the catalytic subunit of human telomerase (hTERT) as described in ref. 23. These
cells, designated hTERT-control and hTERT-NPC1, were grown in a monolayer at
37 °Cin 5% CO; in medium A with 10% (vol/vol) FCS.

Primary skin fibroblast cultures from a wild-type BALB/c mouse and a mutant
BALB/c npchinih mouse were established as described in ref. 23. The cells were
grown in a monolayer at 37 °C in 5% CO; in medium B with 10% (vol/vol) FCS.

Peritoneal macrophages were prepared from littermate wild-type BALB/cand
mutant homozygous BALB/c npc"hnih mice (31). Heterozygotes for breeding
were provided by Stephen Turley and John Dietschy (University of Texas South-
western Medical Center, Dallas, TX). Macrophages were harvested from the
peritoneum of mice 3 days after i.p. injection of 2.5 mL of a 3% (wt/vol) thiogly-
collate solution and cultured as described in ref. 32. Cells were resuspended in
medium B with 10% (vol/vol) FCS at a final density of 2 X 10° cells per 35-mm dish
and grown in a monolayer at 37 °Ciin 5% CO,.

Other Methods. Additional information is described in S| Materials and Methods.
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