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Multiple membrane organelles require cholesterol for proper function within cells. The
Niemann-Pick type C (NPC) proteins export cholesterol from endosomes to other mem-
brane compartments, including the endoplasmic reticulum (ER), plasma membrane
(PM), trans-Golgi network (TGN), and mitochondria, to meet their cholesterol require-
ments. Defects in NPC cause malfunctions in multiple membrane organelles and lead
to an incurable neurological disorder. Acyl-coenzyme A:cholesterol acyltransferase 1
(ACAT1), a resident enzyme in the ER, converts cholesterol to cholesteryl esters for stor-
age. In mutant NPC cells, cholesterol storage still occurs in an NPC-independent man-
ner. Here we report the interesting finding that in a mutant Npcl mouse (Npcl"mfs,
Acatl gene (Soatl) knockout delayed the onset of weight loss, motor impairment, and
Purkinje neuron death. It also improved hepatosplenic pathology and prolonged lifespan
by 34%. In mutant NPC1 fibroblasts, ACAT1 blockade (A1B) increased cholesterol
content associated with TGN-rich membranes and mitochondria, while decreased cho-
lesterol content associated with late endosomes. A1B also restored proper localization of
syntaxin 6 and golgin 97 (key proteins in membrane trafficking at TGN) and improved
the levels of cathepsin D (a key protease in lysosome and requires Golgi/endosome trans-
port for maturation) and ABCAL (a key protein controlling cholesterol release at PM).
This work supports the hypothesis that diverting cholesterol from storage can benefit
multiple diseases that involve cholesterol deficiencies in cell membranes.

Niemann-Pick disease type C | acyl-coenzyme A:cholesterol acyltransferase | cholesterol esterification

Niemann-Pick disease type C (NPCD) is a genetically recessive neurodegenerative dis-
order, caused by mutations in NpcI (1) or in Npc2 (2). Loss of NPC1 or NPC2 func-
tion results in the accumulation of cholesterol (3) and various sphingolipid species (4),
mainly within late endosomes/lysosomes (LE/LYS). This lipid accumulation occurs in
all tissues and results in neurodegeneration and malfunction of liver and lung. The
most extensive neuronal death occurs in the cerebellum, with preferential loss of Pur-
kinje neurons. Miglustat, a glycosphingolipid synthesis inhibitor, has demonstrated
some efficacy to treat NPCD (5), but it is not approved for NPC therapy in the United
States. In addition, intrathecal delivery of 2-hydroxypropyl-f-cyclodextrin, a water-
soluble molecule that binds cholesterol, reduces neurological disease progression (6),
but its clinical benefit in NPCD patients has yet to be clearly demonstrated. Moreover,
high-concentration 2-hydroxypropyl-p-cyclodextrin treatments caused hearing loss in
both healthy and NPC mutant animals (7). More recently, several laboratories have
explored gene therapy-based approaches as a means to improve the NPC1 disease phe-
notypes and have produced interesting results (8). Nevertheless, given the current
shortage of approved NPCD treatments, it remains a critical need to develop additional
potential therapeutic approaches for treating NPCD.

Cholesterol is a lipid molecule essential for cell growth and function. Cells acquire cho-
lesterol through exogenous sources as well as de novo biosynthesis. Exogenous cholesterol
enters cells mainly through receptor-mediated endocytosis, followed by distribution to
various membrane compartments for utilization, feedback metabolism regulation, and
storage as cytoplasmic cholesteryl ester lipid droplets (9). Distribution of cholesterol from
LE/LYS to other membrane compartments requires NPC1 and NPC2, both of which
bind to cholesterol (10-12). These two proteins work in concert (13, 14) to export cho-
lesterol from LE to other membrane organelles. In cells with NPC mutations, build-up of
cholesterol and other lipids occurs within LE/LYS, leading to relative deficiency of choles-
terol in other membrane compartments, including the plasma membrane (PM) (15, 16),
endoplasmic reticulum (ER) (17-20), peroxisomes (21), and #7ansGolgi network (TGN).
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Niemann-Pick type C disease
(NPCD) is an incurable genetic
neurological disorder. Cells with
NPC mutations fail to export
cholesterol from endosomal
organelle to multiple other
organelles. ACAT1 is an enzyme
that converts cholesterol to
cholesteryl esters for storage. In
mutant NPC cells, cholesterol
storage still occurs, although at
reduced rate. Here we show that
in mutant NPC cells, ACAT1
blockade (A1B) decreases
cholesterol storage such that it
can be utilized to fulfill cholesterol
needs in multiple organelles. In
mutant NPC1 mice, Acat gene
knockout reduces pathological
onset and prolongs the lifespan by
34%. This work identifies ACAT1 as
a target to treat NPCD and may
help to explain why A1B has been
reported to ameliorate preclinical
models for Alzheimer’s disease.

Author contributions: M.AR., C.CY.C, and T.Y.C.
designed research; M.ARR., C.C.Y.C, EM.M,, J.L, PS.,
and M.H. performed research; RAM., AA.P. and
W.S.G. contributed new reagents/analytic tools; M.AR.,
C.C.Y.C, RAM, and T.-Y.C. analyzed data; and M.AR,,
C.C.Y.C, RAM, and T.-Y.C. wrote the paper.

Reviewers: J.H., University of Texas Southwestern; and
S.Y., University of California, Los Angeles.

The authors declare no competing interest.

Copyright © 2022 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).

"M.AR. and C.C.Y.C. contributed equally to this work.

2To whom correspondence may be addressed. Email:
catherine.chang@dartmouth.edu or ta.yuan.chang@
dartmouth.edu.

This article contains supporting information online at
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2201646119/-/DCSupplemental.

Published May 4, 2022.

10f 12


https://orcid.org/0000-0003-0144-7712
https://orcid.org/0000-0002-3249-0468
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:catherine.chang@dartmouth.edu
mailto:ta.yuan.chang@dartmouth.edu
mailto:ta.yuan.chang@dartmouth.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201646119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201646119/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2201646119&domain=pdf&date_stamp=2022-05-04

This abnormal membrane cholesterol distribution causes mal-
functions in LE/LYS (22) and other membrane organelles (23).
Cholesterol overload in LE/LYS also causes cholesterol to accu-
mulate in the inner membranes of mitochondria (24-27).

In addition to receiving exogenous cholesterol, cells produce
cholesterol from de novo biosynthesis. Upon synthesis at the ER,
sterols promptly move to the PM via mechanisms independent of
NPC1 (28). Cholesterol from both endogenous and exogenous
sources traverses among various membrane compartments (29,
30). To prevent overaccumulation of free cholesterol in cells,
which would result in cellular toxicity (31), the ATP binding cas-
sette transporter Al (ABCA1) (32) removes excess cholesterol
through a lipid efflux process at the PM. In addition, acyl-
coenzyme A:cholesterol acyltransferase 1 (ACAT1) (33) (assigned
in GenBank as SOAT1, which stands for Sterol O-acyltransferase
1) converts a portion of cellular cholesterol to cholesterol esters
for storage. ACAT1 is a membrane protein residing at the ER
(34) and at the mitochondrial-associated ER membrane (35).

In mutant NPC cells, the delivery of cholesterol from LE/LYS
to the ER is severely hampered; however, a substantial amount of
cholesterol can translocate from the PM and other organelles to
the ER for esterification in an NPC-independent manner
(36-38). Here we hypothesize that in mutant NPC cells, A1B
diverts the NPC-independent ACAT1 substrate pool to move to
other subcellular membrane compartments to fulfill their needs
for cholesterol. To test this hypothesis, we adopted a transgenic
mouse model for NPCD (dinmf mouse) (39). This Npcl”mf
mouse model carries a single D1005G-Npcl mutation that is
comparable to mutations that commonly occur in human Npc!
patients. Homozygous Npel™ mice begin to die by 90 d after
birth and exhibit a phenotype that mimics the late-onset, slowly
progressing form of NPCD. In the studies presented here, we
bred heterozygous Npc]"mﬁ * mice with global Acatl™"= (A7)
mice (40), which also have a C57BL/6 background, to produce
di”mﬂ " AT and pr]”mf/ " A"~ mice. We then per-
formed paired studies by using sex- and age-matched NpeI™™"™:
AT (Npe™ and NpeI™ ™A1~ mice (Npel™-A1"").
Littermates produced from Npc]+/+.'AI+/+ mice (WT) and
Npc]+/+:A]_/_ mice (A7~"") were used as nondiseased controls.
In addition, we isolated mouse embryonic fibroblast (MEF) cells
from Npcl"mf, Npc]"mf:A]_/_, WT, and A"~ mice to petform
paired studies in vitro in primary cell culture. To evaluate the rel-
evancy of our findings in the context of human disease, we also
monitored the effect of an ACAT1-specific inhibitor K604 on
human fibroblast (Hf) cells isolated from several patients with
NPCD, and Hf cells isolated from a patient with a related lysoso-
mal storage disease, Niemann-Pick disease type A. The results of
these complementary in vivo and in vitro experiments are
reported here to demonstrate the potential for A1B as a pathway
for NPCD treatment.

Results

Acat1 Gene Deficiency (A77/7) Increases Lifespan and Reduces
Weight Loss in Npc1™™ Mice. To evaluate effects of 477/~ on
the lifespan of homozygous Npel™ mice, WT, Al
Npcl™, and NpcI™™:AI""~ mice were fed regular chow diet
and their lifespan and weight were observed. The age of death
for Npc]"mf mice with or without A7 was determined as the
point where mice could no longer ingest food or water, as
described previously (39). Results (Fig. 1A4) show that the
median survival for Npcl”’”f and prl”mf:/l]*/* mice was 113
d and 138 d, respectively; the mean survival was 102 d and
137 d, respectively. Thus, AI™'™ increases mean lifespan in
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Fig. 1. A7/~ on lifespan and weight loss of Npc1™ mice. (A) A1~/
increases mean lifespan of Npc1™™" mice by 34%. Median survival for
Npc1™™ mice and for Npc1™™:A1~'~ mice is 113 d and 138 d, respectively;
mean survival is 102 d and 137 d, respectively. n = 18 Npc?™™ mice and
n =16 Npc1"™:A17~'~ mice. Equal numbers of male and female mice were
used. The P value for the log-rank test comparing Kaplan-Meier survival
curves is ****p < 0.0001. The procedure described in Maue et al. (39) was
adopted to define death of the Npc7™™ mouse. (B) A1~/ delays the weight
loss of Npc1™™ mice (Right) without affecting the weight of WT mice (Left).
Weight measurement began at 6 wk of age. Data are expressed as percent
of maximum weight during the first 13 wk. n = 10 mice per group. Error
bars indicate 1 SEM. For the Right, except for weeks 9 (P = 0.2) and 10 (P =
0.4), the P value for weight in each week, comparing Npc1"™:A1~/~ vs.
Npc1™™, is **P < 0.003. For the Left, there are no significant differences in
weight in each week for WT vs. A7/~

Npel™ mutant mice by 34%. In control experiments, no
spontaneous deaths occurred in either WT or A7/~ mice up
to 17 mo of age. We next evaluated the effect of A7 gene alter-
ation on the total body weight of NpcI™ mice starting at 6
wk of age. Results (Fig. 1 B, Right) show that NpcI™? mice
began to lose weight ~9 wk of age. In contrast, mutant mice
also lacking the A7 gene did not begin to lose weight until 13
wk of age. Thus, Al delayed the onset of weight loss
observed in Npcl”mf mice. In control experiments (Fig. 1 B,
Lefy) AI”'~ mice weighed slightly less than WT mice at 6 wk
of age, but this difference disappeared at 8 wk and older.

A1~'~ Reduces Cellular Pathology in Liver, Spleen and
Cerebellum in Npc1™™f Mice. NPCD exhibits accumulation of
large foamy macrophages in various tissues. To determine if
AIB has any effect on foam cell pathology in NpcI™ mice, we
isolated tissues from mice of four genotypes at postnatal day 80
(P80) and performed histological analyses. When compared
with Npel™™ mice, NpeI™™:AI™"~ mice had markedly reduced
foam cell pathology in the liver (Fig. 2 A, Right Upper vs.
Lower) and the spleen (Fig. 2 B, Right: Upper vs. Lower). In the
lung, however, foam cell pathology in these two genotypes was
comparable (Fig. 2 C, Righz Upper vs. Lower). The control
experiments confirmed that neither WT nor A7™'~ mice
exhibit appreciable foam cell pathology in any of these three tis-
sues (Fig. 2 A-C, Left: Upper vs. Lower). Previous studies in
mutant NPC animals have demonstrated that extensive Pur-
kinje neuron death occurs in the cerebellum prior to the death
of the animals. To evaluate the effect of A1/~ on Npcl™
Purkinje neurons, the cerebellum was isolated from P80 mice
and the numbers of Purkinje neurons were counted after histo-
chemical staining of thin slices. As shown (Fig. 2D), when
compared with WT mice and in A7~ mice, NpcI™ mice
had fewer than 20% residual Purkinje cells, whereas
Npel™™:AT"~ mice had more than 30% residual Purkinje cells
(Fig. 2 D, Right two panels). These results demonstrate that in
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Fig. 2. Effects of A7~ on cellular pathology, neuronal loss, and motor
deficits in Npc1™ mice. (A-C) A7~/~ improves macrophage foam cell
pathology in liver (A), and spleen (B), but not in lung (C) of the Npc1™™f
mouse. Tissues were isolated from mice at P80, fixed, and cut into thin sli-
ces for H&E staining. Images are at 40x. Results are representative from
three mice per group. For C, arrows point at foam cells. (D) A7~/~ partially
prevents Purkinje neuron death in Npc1™™ mice, without affecting Purkinje
neuron numbers in WT mice; 10x magnification of representative images
of the cerebellum in the WT, A7~~, Npc1™, and Npc1™™: A1~~ mice,
highlighting the relative number of Purkinje neurons. The relative numbers
of Purkinje neurons (indicated by arrows in the images, Right) were quanti-
tated by counting in two separate lobes; n = 6 animals per group. (Right
Lower) Comparison of number of Purkinje neurons between Npc1™™:A1~/~
and Npc1™. Error bars indicate 1 SEM. (E) AT/~ improves motor perfor-
mance in Npc?™™ mice. The motor performance test was as described in S/
Appendix, Materials and Methods. n = 13 Npc1™™ mice and n = 11 Npc1™™:
A1~ mice. Comparable numbers of males and females were employed.
The P value is for mean age at failure of motor performance test,
comparing Npc1"™:A1~~ and Npc1™™, *P = 0.0173; ***P < 0.001.

the Npcl " mouse model, AI gene ablation significantly
decreases the loss of Purkinje neurons in the brain.

A17'~ Ameliorates Motor Deficits in Npc1™™f Mice. Mutant
Npcl"mf mice exhibit a decline in motor performance, begin-
ning at ~11 wk of age. We monitored the motor performance
of WT, A1, di”mf, and Npc]”mf:A]7F mice beginning at
9 wk of age by using a rotarod test, which tests sensorimotor
coordination and balance. Among Npcl " mice, the mean age
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of failing or not running on the rotarod test occurred at ~12
wk of age, whereas among Npcl A mice, the mean age
of failure occurred at 18 wk of age (Fig. 2E). Control experi-
ments showed that at the same age, neither WT nor A"~
mice failed the rotarod test. These results demonstrate that A7
gene ablation delays the loss of sensorimotor coordination and
balance in Npcl " mice.

Cholesterol Analysis in Mouse Brain, and MEF: Content,
Esterification, and Distribution. To determine whether A7/~
alters total free cholesterol content in the Npcl " mouse brain,
we isolated whole brains from mice of four genotypes at P90
and measured their total free (unesterified) cholesterol content.
We found comparable cholesterol content across these samples
(Fig. 34). We next isolated MEFs from these mice, grew them
in DMEM with 10% serum in monolayers until confluency,
and then harvested the cells for analysis of total free cholesterol
content. The results (Fig. 3B) show that the free cholesterol
content in these four cell types was also similar.

We next measured relative cholesterol ester biosynthesis rates
in these cells by feeding them with labeled *H-oleate for 20
min and then measuring production of *H-cholesteryl oleate.
The results (Fig. 3 Cand D, columns 1 to 4) show that when
grown in lipoprotein-containing medium, WT cells exhibited
an ample cholesterol ester biosynthesis rate. As expected, in
cells without ACAT1 (i.e., AI”~ and Npc]"mf:AI_/_ cells),
the cholesterol ester biosynthesis rate was only 2% that of WT
cells. In NpC1"™ cells, the rate was ~34% of WT cells. When
these four cell types were grown in 10% delipidated serum
medium (i.e., medium devoid of most exogenous cholesterol),
the cholesteryl ester biosynthesis rate decreased drastically in
WT cells, and also decreased in the other three cell types (Fig.
3D, columns 5 to 8). When low-density lipoproteins (LDL)
were added to the delipidated serum medium for 3 or 6 h,
however, the cholesteryl ester biosynthesis rate was restored in
WT cells in a time-dependent manner. Adding LDL also
increased the cholesteryl ester biosynthesis rate in mutant
NpeI™ cells, but not nearly to the level observed in WT cells
(Fig. 3D, comparing red bars vs. black bars). These results
show that within a 3- to 6-h period, mutant NpcI™ cells fail
to utilize LDL-derived cholesterol efficiently for esterification.
As expected, in A ~~ and Npcl "f A1~ cells, within the 3-
to 6-h time frame, the LDL-dependent increase in cholesterol
ester biosynthesis rate was abolished (Fig. 3D, comparing blue
and green bars vs. black bars). The results presented in Fig. 3 C
and D, columns 1 to 4 show that when maintained in the
lipoprotein-containing medium at a steady state, NpcI™" cells
exhibit a residual cholesterol ester biosynthesis of ~34% com-
pared with WT cells. Thus, in addition to using cholesterol
derived from the NPC-containing LEs for esterification, cells
can also use cholesterol sources independent of NPC1 for
esterification at the ER.

Cholesterol Distribution in Subcellular Organelles of MEF Cell
Homogenates. Because ACAT1 plays a key role in cholesterol
storage, we postulate that A7~ in both WT and Npcl™
MEF may cause substantial alterations in cellular cholesterol
distribution among various membrane organelles. To test this
possibility, we first performed intact cell staining with filipin, a
small, natural fluorescent molecule that binds to cholesterol,
and then viewed cells using confocal fluorescent microscopy.
The results are shown in S7 Appendix, Fig. S1. To use a sepa-
rate, biochemical approach to examine the membrane choles-
terol distribution in these four cell types, we performed
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Fig. 3. Cholesterol content in mouse brain (A) and MEFs (B); cholesteryl ester biosynthesis in MEFs grown continuously in lipoprotein-containing medium
(C) or in delipidated serum medium in response to LDL (D). (A) Free cholesterol content in P90 mouse forebrain. Procedure is described in S/ Appendix, Materials
and Methods; n = 5 mice (3 male and 2 female) per group. Error bars indicate 1 SEM. (B) Free cholesterol content in MEFs. Three individual clones per genotype
were employed. Cells were seeded in six-well plates at 200,000 cells per well and grown in DMEM plus 10% serum to near confluence. After three washes with
PBS, cells were scraped as suspensions in PBS and used for protein measurement, and lipid extraction by chloroform/methanol. Cholesterol content was deter-
mined as described in S/ Appendix, Materials and Methods. (C) Cholesteryl ester biosynthesis in MEFs continuously grown in lipoprotein-containing medium.
Three individual clones per cell type were used. Cells were grown as described in B. Cholesteryl ester synthesis in intact cells was conducted as described in
Chang et al. (68). (D) Cholesterol ester biosynthesis in MEFs grown in cholesterol-containing medium (10% FBS), cholesterol-free medium (10% DLS), or 10%
DLS in response to LDL feeding for 3 h or 6 h. Cholesteryl ester biosynthesis in intact cells was conducted as described in Chang et al. (68).

subcellular fractionation of postnuclear cell homogenates
prepared from the MEFs, using OptiPrep density gradient
ultracentrifugation. This method produces partial separation of
various membrane organelles, based primarily on their buoyant
densities. After OptiPrep fractionation, we analyzed the distri-
bution of various membrane organelles in these fractions by
performing Western blot analyses of protein markers for LE/
LYS (LAMP1), TGN (syntaxin 06), cis-Golgi (GM130), PM
(caveolin 1), ER (calnexin), and mitochondria (cytochrome C
oxidase) (Fig. 44). We also analyzed cholesterol content in each
fraction (Fig. 4B). Western analyses (Fig. 44) show that in all
four cell types, LE/LYS (LAMP17¥) signals were tightly enriched
in fractions #1 to #3 (with light density), and mitochondria
(cytochrome-C-oxidase™) signals were tightly enriched in frac-
tions #9 to #11 (with heavy density). Mutant Npcl”mf cells,
but not NpeI™:AI™"~ cells, exhibited additional LE/LYS sig-
nals with heavier density in fractions #5 to #9. The distribu-
tions of TGN and c¢/s-Golgi signals were comparable among the
four cell types, but in mutant Npel” cells both of these sig-
nals exhibited a broader range in density. ER signals in all four
cell types were comparable. PM signals were enriched in frac-
tions #5 to #8 in WT cells, but shifted to slightly later fractions
(#7 to #9) in AI”" cells. In mutant Npclnmf cells and in
Npcl " AT~ cells, PM signals were enriched in fractions #5
to #8, with the PM in Npcl™:AI™'"~ cells exhibiting a broader
range in density. These results show that except for the abnor-
mal LE/LYS signals in mutant Npcl " cells, the buoyant densi-
ties of LE/LYS, cis-Golgi, TGN, mitochondria, ER, and PMs
in these four cell types are comparable, with the TGN and
cis-Golgi signals in mutant NpcI™ cells exhibiting a broader
range in density.
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Cholesterol content analyses in the OptiPrep fractions (Fig.
4B) show that in WT cells, as expected, cholesterol was highly
enriched in the PM fraction (#5 to #8), whereas membranes
with slightly heavier densities, including the ER membranes
(#7 to #9) and the mitochondrial membranes (#9 to #11), had
much less cholesterol content. In contrast, in AI'~ cells the
membranes with heavier densities, including the ER and mito-
chondria, were enriched in cholesterol. In mutant Npc]”mf cells,
cholesterol was highly enriched in the light-densicy LE/LYS
(fractions #1 to #3). By comparison, in Npel™:AI™"" cells,
the cholesterol contents of LE/LYS were significantly dimin-
ished, whereas the cholesterol contents in the Golgi-like mem-
branes (#2 to #6), PM-like membranes (#5 to #8), and ER-like
and mitochondria-like membranes (#7 to #11) were all rela-
tively enriched. These results, along with results presented in S/
Appendix, Fig. S1, suggest that in Npel™™ cells, cholesterol
is mostly sequestered within LE/LYS; deletion of the A7 gene
in Npcl”mﬁAlf/f cells causes major changes in cholesterol
distribution in various membrane organelles.

Relative Alkyne Cholesterol Distribution in Various Subcellular
Compartments of Intact MEFs. The results described in Fig. 4B
suggested that A7~/ in NpcI™ cells causes cholesterol content
in LE/LYS to decrease, while it causes cholesterol content to
increase in various other membrane organelles, including the
Golgi, PM, ER, and mitochondria. Since the OptiPrep frac-
tionation procedure provides incomplete separation among
membrane organelles, we used an additional method to validate
these results. Various analogs of lipids containing an alkyne
moiety can react rapidly to azides (41, 42) and produce cova-
lent adducts after conducting click chemistry (43). When the
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azides are tagged with a fluorescent probe, these lipid analogs
become highly fluorescent. This strategy has been utilized to
report the subcellular localization and metabolism of natural
lipids in intact cells. As a reagent for detecting cholesterol, the
sensitivity of the alkyne analog of cholesterol, 27-alkyne choles-
terol [(25 R)-25-ethinyl-26-no-3 f-hydroxy cholest-5-en] (44),
is far superior to filipin. When fed to cells, 27-alkyne choles-
terol is clearly detectable in various membrane organelles,
including the ER, LE/LYS, TGN, and mitochondria (44).
Here we first labeled mutant Npcl”mf and NpcI"™ A"~
MEFs by transient transfections with one of the fluorescent
markers for the ER, LE/LYS, TGN, and mitochondria, then
grew these cells in serum-containing medium, and fed them
with 27-alkyne cholesterol at a very low concentration (0.5
pM) for 18 h. To serve as controls, in the last 90 min some of
the mutant Npcl " cells were also fed with 30 pg/mL (77 pM)
of cholesterol. Cells were subject to click chemistry reaction
with a fluorescent azide, followed by fluorescent confocal
microscopy to monitor the fluorescence intensity of 27-alkyne
cholesterol associated with the individual organelle markers. To

PNAS 2022 Vol.119 No.18 2201646119

minimize the difference in expression levels of the organelle cell
markers, 12 to 32 individual cells were viewed. The average val-
ues were used to compare the relative amount of 27-alkyne
cholesterol associated with each organelle in mutant Npcl"mf
and NpcI":AI""~ MEFs.

Results showed that in mutant Npcl "/ MEFs, AT~ signifi-
cantly decreased the 27-alkyne cholesterol contents associated
with LE/LYS (with GFP-LAMP1 as the marker) (Fig. 5A4).
AI"" also significantly increased 27-alkyne cholesterol con-
tents associated with TGN-rich membrane (with GFP-syntaxin
6 as the marker) (Fig. 5B), and those associated with mitochon-
dria (with BFP-cytochrome C oxidase as the marker) (Fig. 50).
AI™"~ did not significantly alter the 27-alkyne cholesterol asso-
ciated with the ER (with BFP-KDEL sequence as the marker)
(Fig. 5D). These results largely corroborate with the results
obtained by using Optiprep fractionation (Fig. 4). An impor-
tant difference is that the image analyses provide a method to
distinguish 27-alkyne cholesterol associated with mitochondria
versus that associated with the ER, while the Optiprep fraction-
ation method was unable to provide clean separation between
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Fig. 5. Distribution of alkyne cholesterol in various subcellular compartments of Npc1™™ and Npc1™™:A1~/~ MEFs. MEF cells were seeded in six-well plates con-
taining 10% serum. When cell density reached ~80% confluence, cells were transiently transfected with FP-tagged markers, as indicated (A-D). When cells
became confluent, they were trypsinized and seeded on glass coverslips pretreated with poly-p-lysine; 27-alkye cholesterol were added to growth media at 0.5-
pM final concentration for around 18 h. Cells were then rinsed and fixed with 4% paraformaldehyde, followed by click chemistry with 1 uM Alexa 594-azide, incu-
bated for 30 min in the dark, then processed as described in S/ Appendix, Materials and Methods. (Scale bars, 25 pm.) (A) Representative images of alkyne choles-
terol (red) and LAMP1-Emerald as the LE/LYS marker; and the quantification of cholesterol content associated with LE/LYS, as described in S/ Appendix, Materials
and Methods. (B) Representative images of alkyne cholesterol (red) and GFP-syntaxin 6 as TGN marker, and the quantification of cholesterol content associated
with TGN. Arrows highlight the syntaxin 6-positive vesicles. (C) Representative images of alkyne cholesterol (red) and Mito-BFP (blue) as the mitochondria marker;
and the quantification of cholesterol content associated with mitochondria. (D) Representative images of alkyne cholesterol (red) and BFP-ER (blue) as the ER
marker; and the quantification of cholesterol content associated with the ER. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

the ER and mitochondria. The results of the control experiment  exogenously increased the 27-alkyne cholesterol contents at the
showed that delivering cholesterol exogenously to mutant di”mf ER (Fig. 5D, Leff, second row), but did not alter the 27-alkyne
cells (for 90 min) also increased 27-alkyne cholesterol contents in cholesterol contents in LE/LYS (Fig. 54). These results show that
TGN-rich membranes (Fig. 5B), as well as in mitochondria (Fig. exogenous cholesterol affects membrane cholesterol distribution in
5C). However, unlike the effects of A7, delivering cholesterol ~ a manner differently than A1B.
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A1~/~ Ameliorates the Mislocalization of Syntaxin 6 and Golgin
97 in Intact Mutant Npc1™™ MEFs. Syntaxin 6 binds to choles-
terol (45) and is one of the t-SNARE proteins in vesicles that
participate in various membrane fusion events. In normal cells,
most of the syntaxin 6 signal is found at the TGN (46), which
is rich in cholesterol content (47), and plays a key role in trans-
porting proteins and lipids to other membrane compartments.
In mutant NPC cells, TGN fails to receive LDL-derived cho-
lesterol from LEs (48). This deficiency causes syntaxin 6 to be
mislocalized from the TGN and exhibit an abnormal, scattered
cytoplasmic pattern. Treating mutant NPC1 cells with choles-
terol/cyclodextrin complex, or a high concentration of LDL for
24 h, restores syntaxin 6 to the one-sided, perinuclear Golgi
localization pattern observed in normal cells. Several other
t-SNARE proteins tested do not show cholesterol-sensitive
localization patterns (23). Based on these findings, as well as
results presented in Fig. 4 and S7 Appendix, Fig. S1, we postu-
lated that AI™"" may correct the mislocalization pattern of
syntaxin 6 observed in mutant NpcI"™ MEFs. To test this pos-
sibility, we performed immunofluorescence confocal micros-
copy in fixed, intact cells using antibodies specific for syntaxin
6. The results (Fig. 64) show that in WT cells and in A1~
cells, most of the syntaxin 6 signals were highly polarized to
only one side of the space adjacent to the nucleus, exhibiting a
typical Golgi distribution pattern typical of mammalian cells.
In contrast, in mutant Npcl”mf cells (Fig. 6 A, third row), a
large portion of the syntaxin 6 signal was distributed in scat-
tered cytoplasmic vesicular structures around both sides of the
nucleus. These results support earlier findings (23) demonstrat-
ing that a sizable portion of syntaxin 6" signals become adja-
cent to_ or part of the recycling endosomes. In contrast,
Npcl AT cells (Fig. 64, fourth row) expressed the normal
syntaxin 6 distribution patterns (i.e., the one-sided, perinuclear
pattern observed in WT and A1™" cells).

To quantitate the difference in the syntaxin 6 distribution
pattern observed in the MEFs of the four genotypes, we mea-
sured the “reflex angle,” defined as the angle subtended by the
edges of the syntaxin 6t signals, using the center of the nucleus
(DAPI* signal) as the vertex (49). The results (Fig. 6 A, Right)
show that for WT and A7™" cells, the reflex angles were simi-
lar at 121° and 115°, respectively. For mutant Npel™ cells,
the reflex angle was much larger at 280°, whereas it was largely
restored to 120° for Npel”:AI™"" cells. Control experiments
(Fig. 6B) showed that the normalized syntaxin 6 protein con-
tent in all four cell types was comparable. Together, these
results show that A7~ largely rectifies the mislocalization of
syntaxin 6 observed in mutant NpcI™ cells, without affecting
its protein content.

To strengthen these results, we sought to examine the locali-
zation pattern of a second protein marker of the TGN. Golgins
are peripheral membrane proteins located mainly at the mem-
brane surface of TGN (50). In humans there are four golgins,
each playing a distinct role in membrane protein transport
events. Using antibodies specific for golgin 97 (GCC97), we
performed double-immunofluorescence experiments to com-
pare the localization patterns of syntaxin 6 (red signal) and gol-
gin 97 (green signal) in the four MEF cell types. In WT cells
(Fig. 6C, first row, second column), the golgin 97 signal exhib-
ited a typical polarized Golgi distribution pattern. In A7~
cells (Fig. 6C, second row, second column), most of the golgin
97 signals exhibited a pattern similar to that in WT cells, with
a minority of the golgin 97 signal appearing as part of small,
punctate structures, perhaps corresponding to internal mem-
brane organelles. In pr]”mf cells (Fig. 6C, third row, second
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column), the golgin 97 signals was dispersed and scattered
within the space around the nucleus, and a pattern is clearly
distinct from that observed in WT cells and A7~ cells. In
contrast, in Npc]"mf:AI_/_ cells (Fig. 6C, fourth row, second
column), the abnormal golgin 97 mislocalization in Npc]”mf
cells was largely corrected. For clarity, the last column of Fig.
6C provides 6X enlarged images.

We next performed double-immunofluorescence experiments
and monitored the degree of apparent colocalization between syn-
taxin 6 (red signal) and golgin 97 (green signal) in the four cell
types (Fig. 6C). As shown, in WT and A" cells, the apparent
colocalization between syntaxin 6 and golgin 97 was relatively
low (21 to 32%). Mutation in NPC1 caused the colocalization
index to increase to 51%, while Npel™:AI™"" cells reduced the
colocalization index back to 24%, a value comparable to that in
WT and AI™" cells. Consistent with previous studies, these
results show that under normal conditions, most of the syntaxin
6 and Golgi 97 are located in different domains of TGN (51). In
mutant NPC cells, a substantially large fraction of these proteins
became colocalized.

To serve as a control, we next examined the localization pat-
tern of GM130, the protein marker for cisGolgi, in MEFs of
the four genotypes. These results (Fig. 6D) support a previous
finding that in mutant NPC-like cells, GM130 was more con-
centrated (51). Our results are also consistent with the previous
report that in mutant NPCI cells, the morphology of the Golgi
apparatus viewed under electron microscopy remains largely
unaltered (23). By reflex angle measurement, however, we found
that GM130 protein was more condensed on one side of the
nucleus (126°) in Npc]"mf cells (Fig. 6D, third row) than in WT
cells (174°) or in AT~ cells (201°), whereas in NPCI"™:A1~"~
cells (Fig. 6D, fourth row) GM130 localization was corrected
back to a more even distribution (178°). Together, these results
suggest that NPC mutation affects the morphology of certain
microdomains of the TGN that are enriched in syntaxin 6 and
golgin 97, potentially leading to subtle, secondary morphological
changes in the rest of the Golgi apparatus; these abnormalities
can all be corrected by A1B.

A1~ Restores Diminished Levels of Cation-Dependent
Mannose-6-Phosphate Receptor and Cathepsin D Protein
Contents in Mutant Npc1™™ MEFs. Syntaxin 6 at TGN is
involved in the anterograde vesicular trafficking of mannose-6-
phosphate receptors (M6PRs)/lysosomal hydrolase complexes
(46). The cation-dependent (CD) and cation-independent (CI)
mannose-6-phosphate receptors (CD-M6PR and CI-MG6PR)
deliver newly synthesized lysosomal enzymes from the TGN to
LEs; MG6PRs then recycle back to the TGN for reutilization
(52). In mutant NPC cells, the CD-M6PR localization pattern
is altered from residing mostly at the TGN to residing mostly
in the cholesterol-laden LEs (53). Furthermore, in mutant
NPC cells, cholesterol accumulation causes CD-M6PR to be
rapidly degraded in LE/LYS (54). Since we found that A7 -
rescued syntaxin 6 and golgin 97 from mislocalization in
mutant Npcl"mf cells (Fig. 64), we hypothesized that AT~
may also affect MGPR protein expression in mutant Npcl™
cells. To test this possibility, we performed Western blot analy-
ses to monitor the levels of CD-MG6PR protein in the four dif-
ferent. MEFS. Compared with WT cells, Npcl™ cells
expressed CD-MG6PR at levels less than 20% of values in WT
cells (Fig. 7A4). In contrast, Npcl”mf.'A17F cells expressed
CD-MBG6PR at levels more than double those of WT cells. These
findings suggest that A7~ more than compensated for the
low protein expression of the CD-M6PR in Npc]"mf cells, We
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Immunofluorescent staining and Western blots of MEFs. (A) Syntaxin 6 localization and reflex angles measurement in fixed intact MEFs, and the quantifi-

cation of the reflex angles. Cells were seeded and processed as described in S/ Appendix, Materials and Methods. (Scale bars, 25 pm.) (B) Relative protein contents
of syntaxin 6 in MEFs. Cells were seeded and processed as described in S/ Appendix, Materials and Methods. Two-hundred microliters of 10% SDS was added per
dish, and 150 pg of the solubilized protein was loaded per lane for Western analyses using antisyntaxin 6 antibodies. Protein levels were normalized by using
vinculin as the loading control. Error bars indicate 1 SEM. (C) Double immunofluorescence of syntaxin 6 and golgin 97, and degree of apparent colocalization
between syntaxin 6 and golgin 97 in fixed intact MEFs. Cells were seeded and processed as described in S/ Appendix, Materials and Methods. (Scale bars, 20 um.)
(D) GM130 localization and reflex angles measurement in intact MEFs. Procedures for confocal microscopy viewing, reflex measurement, and calculation of
apparent colocalization calculations are described in S/ Appendix, Materials and Methods. (Scale bars, 25 pm.) **P < 0.01; ****P < 0.0001.

also found that A7
ues found in WT cells; the basis for A7~
level in WT cells is unclear.

Cathepsin D is one of the major lysosomal enzymes that
requires MGPRs for processing at the TGN. From the TGN,
the cathepsin D/M6PRs complexes move to LE/LYS for matu-
ration by proteolysis. Cathepsin D exists in various forms,
including precursor, intermediate, and proteolytically cleaved
mature heavy chain and light chain. These forms exhibit differ-
ent molecular weights on SDS/PAGE (55). In light of our

~ cells expressed CD MG6PR at 50% of val-
~ decrease CD-M6PR
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finding that CD-M6PR expressmn is very low in mutant
NPCI"™ cells, and that A7~ rescued this deficiency (Fig.
7B), we postulated that mutant NPCI"™ MEFs may express a
lower level of ~ cathepsin D protein (the mature heavy chain),
and that A7™"~ may correct this abnormality. To test this possi-
bility, we performed Western blot analyses by using a highly
specific monoclonal antibody against the cathepsin D mature
heavy chain. We found that in WT and A7~ MEEF cells, this
antibody recognized the mature form of cathepsin D heavy
chain, which has an apparent size of 30 to 32 kDa (Fig. 7B).
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Fig. 7. Relative protein content and gene expressions in MEFs and mouse cerebellum. (A) Relative protein content of CD-M6PR (46 kDa) in MEFs. Cells were
seeded and processed as described in S/ Appendix, Materials and Methods. (B) Relative protein content of cathepsin D (mature form heavy chain) (30 to
32 kDa in WT, A7~ and Npc1™™:A1~"~ cells; 28 kDa in Npc1™™ cells). Cells were seeded and processed as described in S/ Appendix, Materials and Methods.

*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Furthermore, WT and A"~ cells expressed this mature form

at comparable levels, whereas expression in mutant Npel™

cells was 64% lower. In addition, the mature form of cathepsin
D present in NPCI"™ cells was slightly smaller (by 2 to 3 kDa)
than that found in WT and A7~ cells, suggesting that abnor-
mal proteolytic cleavage of cathepsin D might occur within the
LE/LYS of NPCI" cells. In contrast, Npcl AT expressed
cathepsin D at the same size as found in WT and A7~ cells,
with protein levels 40% higher than those found in WT and
AI™'™ cells. Together, these results show that in Npel™ cells,
AI™" reversed the diminished levels of CD-MG6PR and cathep-
sin D protein expression, consistent with both of these proteins
being downstream targets of syntaxin 6-mediated vesicular
trafficking.

A1B Increased ABCA1 Protein Levels in Npc1™™ MEFs and in
Npc1™™ Mouse Cerebellum. The results described above show
that in Npcl”mf cells, cathepsin D protein content is signifi-
cantly decreased and can be restored by A7, To substantiate
this finding, we sought to examine a relevant downstream tar-
get of cathepsin D-mediated signaling. We focused on ABCA1,
which functions as a key cellular cholesterol efflux protein (56).
ABCALI is transcriptionally regulated by liver X receptors (57,
58) and posttranslationally regulated by various degradation
mechanisms (59). In mutant Npcl Hfs, both the mRNA con-
tent and protein content of ABCA1 are down-regulated (60).
In addition, in macrophages, ABCA1 protein is up-regulated
by cathepsin D through a posttranslational mechanism (61).
Previous studies showed that blocking ACAT either by genetic
inactivation or by using a small-molecule ACAT inhibitor
increased ABCAL1 protein content, with the magnitude of the
enhancing effect being cell-type-dependent (62). Since we
found that mutant Npcl”mf MEFs expressed the mature form
of cathepsin D at a level significantly lower than that in the
WT cells (Fig. 7B), we postulated that this abnormality may
also cause mutant NpcI™ MEFs to express ABCA1 protein at
a lower level, and that A7~ may be able to correct this defi-
ciency. To test this possibility, we performed Western blot
analyses in MEFs of four genotypes. As hypothesized, ABCA1
protein content in mutant Npcl cells was lower than that in
WT and A" cells, whereas NpcI™:AI""" cells expressed
ABCAL protein content at level similar to that in WT cells

PNAS 2022 Vol.119 No.18 2201646119

(Fig. 84). Next, we prepared MEFs from WT and mutant
mice that completely lack NPCI1 (the Npcl "’ mice) in a
BALB/c genetic background and found that ABCA1 protein
content in NpcI™ MEFs was significantly lower than that in
control WT MEFs (Fig. 84, compare the last two lanes). We
also found that NPC1 protein content was significantly lower
in mutant Npclnmf cells than in WT or AI™" cells (Fig. 84).
AI"” in mutant Npcl”mf cells tended to increase mutant
NPC1 protein content; however, the enhancing effect did not
reach statistical difference. In control Npcl"’/’ MEFs, NPCl1
protein was completely absent. To test the in vivo implications
of these findings, we performed Western blot analyses to exam-
ine the ABCAl in homogenates prepared from cerebellum
from P80 mice of four genotypes. For ABCA1 protein, the
expression level in mutant Npcl cerebellum was elevated over
that of the WT and A7~'~ mouse cerebellum; A7~/ further
increased the levels of ABCALI (Fig. 8B).

We next isolated the cerebellum from P50 and P90 mice of
four genotypes, and monitored the mRNA levels of ABCAI and
calbindin, a protein marker for Purkinje neurons. At P50, mutant
Npcl cerebellum expressed lower ABCAIL, and the lower expres-
sion was restored to a near normal value by A~ (Fig. 80).
However, at P90, both ]\@Jd"mf cerebellum and ]\(/)c]”’”ﬁAIﬁF
cerebellum expressed higher ABCAT mRNA than WT and A1~
cerebellum. Overall, these results (Fig. 8C) are not entirely consis-
tent with our results for ABCA1 mRNA levels in MEFs (S
Appendix, Fig. S2), suggesting that in vivo the effects of AIB in
mutant Npcl cerebellum are complex, and possibly temporal-
dependent or cell-type—dependent. Control results showed that at
both P50 (Fig. 8C) and P90 (Fig. 8D), NPC1™f mouse cerebel-
lum expressed lower calbindin mRNA than WT and A7~
mouse cerebellum, and A7~ partially restored calbindin mRNA
in the mutant NPC1 cerebellum in both ages. The latter results
corroborated those described earlier (Fig. 2D), demonstrating that
AT’ partially protected Purkinje neuron loss in the mutant
NPCI cerebellum.

Discussion

In the present work, we genetically inactivated ACAT1 in a
mouse model of NPCD and showed that 477"~ delays the

onset of weight loss and sensorimotor impairment, ameliorates
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(A) Relative protein contents of ABCA1 and NPC1 in various MEFs, as described in S/ Appendix, Materials and Methods. The Western blot as shown is repre-

sentative of three independent experiments. (B) Relative protein contents of ABCA1 in P80 mouse cerebellum, as described in S/ Appendix, Materials and Methods,
with one mouse per sample. The Western blot as shown is representative of two independent experiments. (C and D) Gene expressions of ABCA1 and calbindin
in mouse cerebellums at days P50 (C) and P90 (D), as described in S/ Appendlix, Materials and Methods. n = 4 to 5 mice for P50 mice; n = 5 to 7 for P90 mice. *P <

0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

certain systemic and neuropathological NPCD hallmarks, and
prolongs the mean lifespan by 34%. To our knowledge, the
present study is unique in demonstrating that knockout of a
single gene can extend the average lifespan of a mutant Npcl
mouse model by more than 30%. Mutant NPC cells exhibit
altered cellular cholesterol distribution and display functional
deficiencies in multiple membrane organelles. Here we show
that in mutant NPC1 cells, A1B decreased the cholesterol accu-
mulation associated with LE/LYS, while it increased the choles-
terol contents associated with TGN and with mitochondria.
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Functionally, A1B restored the normal distribution of syntaxin
6 and golgin 97 at TGN, increased ABCA1 protein content,
and restored the functionality of the mannose 6-phosphate
receptor pathway, which involves both the Golgi and endosome
compartments. These data implicate that in mutant Npel cells,
A1B ameliorates the functional deficiencies of multiple organ-
elles by altering the membrane cholesterol contents of these
organelles.

It is not yet clear how blocking ACAT1, which resides at the
ER, can alter the membrane cholesterol content in multiple
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organelles. Recent data show that ACAT1 is enriched at the
mitochondrial-associated membrane (MAM), which is a portion
of the mitochondrial membrane in close physical contact with
the ER membrane (63). It is possible that A1B diverts the choles-
terol storage pool such that this pool moves through the MAM
to mitochondria for utilization. In addition to the MAM, mem-
brane contact sites exist between the ER membrane and mem-
branes of several other membrane organelles, including the PM,
Golgi, and endosomes. A1B may divert the cholesterol storage
pool such that this pool can move to other membrane organelles
through various membrane contact sites for utilizatdon. Further
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