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Niemann-Pick C (NPC) is an autosomal recessive disorder
characterized by mutations in the NPCI or NPC2 genes
encoding endolysosomal lipid transport proteins, leading to
cholesterol accumulation and autophagy dysfunction. We have
previously shown that enrichment of NPC1-deficient cells with
the anionic lipid lysobisphosphatidic acid (LBPA; also called
bis(monoacylglycerol)phosphate) via treatment with its pre-
cursor phosphatidylglycerol (PG) results in a dramatic decrease
in cholesterol storage. However, the mechanisms underlying
this reduction are unknown. In the present study, we showed
using biochemical and imaging approaches in both NPCl1-
deficient cellular models and an NPC1 mouse model that PG
incubation/LBPA enrichment significantly improved the
compromised autophagic flux associated with NPC1 disease,
providing a route for NPCl-independent endolysosomal
cholesterol mobilization. PG/LBPA enrichment specifically
enhanced the late stages of autophagy, and effects were medi-
ated by activation of the lysosomal enzyme acid sphingomye-
linase. PG incubation also led to robust and specific increases
in LBPA species with polyunsaturated acyl chains, potentially
increasing the propensity for membrane fusion events, which
are critical for late-stage autophagy progression. Finally, we
demonstrated that PG/LBPA treatment efficiently cleared
cholesterol and toxic protein aggregates in Purkinje neurons of
the NPC1'"%'T mouse model. Collectively, these findings
provide a mechanistic basis supporting cellular LBPA as a
potential new target for therapeutic intervention in NPC
disease.

Niemann-Pick type C disease is an autosomal recessive
neurodegenerative disorder that is caused by loss of function
mutations in the NPCI or NPC2 genes (1, 2), which lead to
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aberrant trafficking of cholesterol through the endolysosomal
system and secondary accumulation of glycosphingolipids (3).
The majority of LDL-derived unesterified (free) cholesterol
in the late endosomal/lysosomal (LE/LY) compartment is
found in inner membrane lamellae (or intraluminal vesicles,
ILVs) within the lumen of the LE/LY (4, 5). The soluble NPC2
protein, localized within the interior of the LE/LY, binds
cholesterol and transfers it to the luminal-facing N-terminal
domain of the NPC1 protein localized to the limiting mem-
brane of the compartment (6—9). NPC1 protein, in turn, ex-
ports cholesterol out of the LE/LY for subsequent distribution
to other compartments including recycling endosomes, the
endoplasmic reticulum (ER), Golgi, mitochondria, and the
plasma membrane (PM), and eventually for extracellular efflux
from the cell (10, 11). In patients with NPC the egress of
cholesterol from the LE/LY is dysfunctional. Cholesterol
accumulation leads to an interruption in cellular cholesterol
homeostasis and aberrant LE/LY function (3, 12), including
defective autophagic flux, with impairment in the fusion of
autophagosomes (APs) with LY to form autolysosomes. This
results in the buildup of damaged cellular components and
other debris and contributes to disease progression (13—17).
The ILV membranes where cholesterol accumulates are
enriched in the atypical phospholipid lysobisphosphatidic acid
(LBPA), also known as bis(monoacylglycero)phosphate (BMP)
(18-20). LBPA accounts for approximately 15 to 20 Mol% of
total phospholipids in the LE/LY and is not detected in any
other subcellular compartments (18, 21). We showed that
LBPA directly binds to NPC2 and markedly accelerates the
cholesterol transport rates of NPC2 (22-25). Recently, we
demonstrated that LBPA enrichment of patient-derived
NPC1-deficient fibroblasts via treatment with its presumed
precursor phosphatidylglycerol (PG) (25, 26) led to a dramatic
reduction in cholesterol storage (25). Direct supplementation
with LBPA also reduced cholesterol accumulation in NPC1-
deficient cells (27). Of note, PG/LBPA enrichment of NPC2-
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LBPA enrichment stimulates autophagy in NPC1-deficient cells

deficient cells was unable to induce cholesterol clearance (25).
Thus, NPC2 and LBPA work together to traffic cholesterol
through the LE/LY compartment via a process that can
apparently bypass NPC1. However, the precise mechanism of
this NPC2-dependent, NPC1-independent cholesterol egress
from the endolysosomal compartment is unknown.

We recently showed that PG incubation of NPC1-deficient
cells leads to an increase in exosome biogenesis and choles-
terol secretion (28). In this report we demonstrate that PG/
LBPA enrichment of NPC1-deficient cells also reverses the
impaired fusion of AP with LY, resulting in an improvement of
autophagic flux, and that this induction of autophagy also
serves as a route for endolysosomal cholesterol efflux. The
stimulation of autophagic maturation occurs, at least in part,
through activation of acid sphingomyelinase, known to be
suppressed in NPC1 cells (29, 30), as well as via the generation
of membrane fusogenic LBPA species with polyunsaturated
acyl chains. In addition, we present proof-of-concept data
demonstrating LBPA induction of cholesterol clearance and
autophagic flux in induced pluripotent stem cell (iPSC)-
derived neuronal NPC1 cells and in an NPC1 animal model,
supporting the therapeutic potential of PG/LBPA enrichment
for treatment of the fatal neurodegenerative disorder NPC1.

Results

PG supplementation induces LBPA synthesis and
endolysosomal cholesterol clearance in multiple NPC1-disease
cell models

We previously reported that supplementation of primary
fibroblasts from NPC1 patients with liposomes composed of
100% dioleoyl-PG resulted in LBPA enrichment and marked
cholesterol egress from endolysosomal compartments (25). To
further explore the mechanism of PG/LBPA action, we first
complemented our studies in the GM03123 human NPC1-
deficient dermal fibroblast line (25) by using CRISPR-Cas9-
edited NPC1 knockout (KO) HeLa cells. The GM03123 line
is a compound heterozygote harboring a P237S mutation in
one allele and a second allele with an 11061 T mutation (Coriell
Cell Repository); thus, the HeLa KO cells allowed us to rule
out a potential role of residual NPC1 protein in the NPC1-
mutant fibroblasts. We also examined differentiated neural
stem cells (NSCs) generated from the GM03123 NPC1-mutant
fibroblasts via iPSC reprograming (31) to ensure that results in
NPCI1 fibroblasts were not cell specific, with the NSC model
relevant for the neurodegenerative NPC1 disorder.

To induce the accumulation of LDL-derived cholesterol in
the endolysosomal compartment of NPCIl-mutant NSCs we
grew cells in the presence of fetal bovine serum (FBS) for 24 h
prior to liposome treatment. We initially titrated the FBS
concentration and established an optimal 2.5% concentration,
since higher concentrations of FBS significantly diminished
cell viability (not shown). In contrast to WT cells and in
agreement with previous studies (31), NPC1 NSCs accumu-
lated LDL cholesterol in the LE/LY compartment (Fig. 1A).
After 24 h culturing in the presence of FBS, cells were treated
with 100 mol% PG or phosphatidylcholine (PC) liposomes for
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an additional 24 or 48 h. Unesterified cholesterol levels in
NPC1 mutant fibroblasts and NPC1 KO HeLa cells were
determined quantitatively using image analysis of the fluores-
cent antibiotic filipin or the fluorescently labeled cytolysin
PFO*, as previously described (25, 32).

PG treatment resulted in significant correction of the NPC1
phenotype in all three cellular model systems at 24 and 48 h, as
observed by reduced filipin and PFO* intensities (Fig. 1, A and
B and Fig. S1A). In marked contrast, supplementation with PC
had no effect on LE/LY cholesterol storage at 24 h and showed
a small reduction at 48 h, indicating that the effect of
cholesterol clearance is PG specific.

LC-MS analysis of phospholipids in PG-treated NPC1-
deficient fibroblasts at 12, 24, and 48 h post treatment
revealed remarkable increases of up to 50-fold in both PG and
LBPA levels in NPC1 cells (Fig. 1C). Phosphatidylinositol (PI)
and N-acyl phosphatidylethanolamine increased approxi-
mately 2.5-fold, and other phospholipid levels, except acyl-PG,
were unchanged (Fig. S1B). PG levels declined over time,
whereas LBPA levels increased, further indicating conversion
of PG to LBPA. The gradual declines in N-acyl phosphatidyl-
ethanolamine and acyl-PG suggest they may be synthetic in-
termediates, although this remains to be determined. Of
interest, the analysis of LBPA molecular species in NPC1
fibroblasts treated with di-oleoyl PG revealed not only an
expected increase in di-oleoyl LBPA but also marked, up to
25-fold increases in LBPA species incorporating poly-
unsaturated fatty acids (PUFAs), e.g,, 18:1,22:6-LBPA (oleoyl,
docosahexaenoyl (DHA)-LBPA) (40:7 in Fig. 1D), relative to
untreated cells.

We noted that NPCl-deficient fibroblasts supplemented
with PC showed an approximately 2-fold increase in PG, and
LBPA levels were elevated by approximately 50% (Fig. S1C).
Exogenous PC can serve as a substrate for PG synthesis via a
transphosphatidylation reaction (33); thus, these relatively
small increases in PG and LBPA might explain the slight
cholesterol reduction in all PC-treated NPC1 cellular models
after 48 h (Fig. 1, A and B and Fig. S1A). Overall, these results
indicate a specific effect of PG/LBPA enrichment on choles-
terol clearance.

PG is also the precursor of another atypical phospholipid,
cardiolipin (CL) (34). LC-MS analysis of CL levels in NPC1-
deficient cells revealed no change over 48 h of PG treatment
(Fig. S1D), indicating that the exogenous PG is not utilized for
CL biosynthesis, but rather for LBPA biosynthesis, in NPC1
cells. This may be due to introduction of the precursor to the
endosomal vesicle system, separate from subcellular sties of CL
generation, as well as the understanding that CL concentra-
tions are tightly controlled by its abundance in mitochondria
(35). Of importance, PG supplementation does not affect cell
viability in NPC1-deficient cells even when added for up to 6
days (Fig. S1E).

We next investigated whether PG treatment in NPCI1-
deficient fibroblasts led to endolysosomal cholesterol redis-
tribution to the ER compartment. Increased cholesterol levels
in the ER repress processing of the master transcription factor
sterol regulatory element binding protein 2 (SREBP2) into its
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Figure 1. PG treatment in NPC1 cellular models raises LBPA levels and restores cholesterol homeostasis. A, representative PFO* images of differ-
entiated WT (GM05659) and NPC1 (GM03123) fibroblasts to neural stem cells (NSC) and treated with 30 or 50 pM of PC and PG for 24 and 48 h in the
absence and presence of 2.5% FBS to induce cholesterol accumulation. Bar graph represents quantification of PFO* intensity. Scale bar, 50 um. N = 200 to
600 cells/condition. B, representative epifluorescent images and quantification of filipin intensity in WT or NPC1 mutant human fibroblasts treated with 100
UM PG or PC for 24 and 48 h. Scale bar, 30 um. Dots represent fluorescent intensities of single cells. Data from three independent experiments. N = 78 to 125
cells/condition. C, LC-MS analysis of total PG and LBPA levels in NPC1-mutant fibroblasts treated with 100 pM PG for 12, 24, and 48 h. N = 2. See also Fig. S1,
C-E. D, LC-MS analysis of molecular species of LBPA in NPC1-deficient fibroblasts treated with 100 uM PG for 12, 24, and 48 h relative to untreated control. E,
Western blot analysis of expression of mature form of SREBP2 at 24 and 48 h of PG treatment in NPC1-mutant fibroblasts. On the right panel samples were
analyzed in biological replicates. For each condition one band was cropped and bands for CTR and PG were spliced. Splicing is indicated with a vertical line.
PG concentration 100 pM. Data from three independent experiments. N = 6 to 8. F, mCherry-D4H cholesterol reporter distribution in live NPC1 mutant
fibroblasts treated with 100 uM PG or vehicle control for 24 h. Total N = 40 cells/group expressing reporter were imaged using an epifluorescent microscope
and analyzed for reporter distribution pattern. Representative confocal images of WT and NPC1 mutant fibroblasts coexpressing mCherry-D4H and PH-
PLC81-GFP show partial colocalization of reporters in PG-treated cells. Scale bar, 20 um. All graphed data show mean + SD. **p < 0.01, ***p < 0.001
compared with untreated cells (CTR) in two-tailed t test. FBS, fetal bovine serum; LBPA, lysobisphosphatidic acid; NPC1, Niemann-Pick type C1; PC,
phosphatidylcholine; PG, phosphatidylglycerol.

mature, transcriptionally active form ((M)SREBP2) (36). Of
interest, despite significant LE/LY cholesterol reduction at 24
h of PG treatment, the level of (M)SREBP2 was not changed
(Fig. 1E), implying that cholesterol did not reach the regulatory

SASBMB

pool in the ER at this time point. By contrast, at 48 h following
PG treatment the (M)SREBP2 level was decreased by
approximately 50%, suggesting delivery of cholesterol to the
ER.
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Egress of cholesterol from the LE/LY is reportedly followed
by its residence in the PM (11, 37). To identify cholesterol at
the cytoplasmic leaflet of the PM in live cells, we used a per-
fringolysin O (PFO)-derived cholesterol-binding probe,
mCherry—D4D434s mutant (named D4H) (38). In WT fibro-
blasts we found that the mCherry-D4H reporter was mainly
localized to the cytosolic leaflet of the PM and to recycling
endosomes enriched in cholesterol (Fig. 1F). NPC1-deficient
cells have been shown to have a reduced amount of choles-
terol in the PM (39). Consistent with this, we found that, in
untreated NPC1 cells, the D4H reporter was more heavily
localized to the abundant perinuclear cholesterol-enriched
endolysosomal compartments than to the PM, with only
~25% of cells expressing the D4H reporter showing both
perinuclear and peripheral PM signal (Fig. 1F). In contrast, we
observed that, at 24 h of PG treatment in NPC1-deficient cells,
D4H was localized to the PM in ~50% of cells, where it
colocalized with a PLCS-PH domain fused to GFP (PHPLC6-
GFP), a phosphatidylinositol-4,5-bisphosphate (PI(4,5)P,)
probe and PM marker (40) (Fig. 1F).

Together these data suggest the trafficking of endolysosomal
cholesterol to the PM at earlier (< 24 h) time points and to the
ER at later (>24 h) time points of PG treatment, indicating the
restoration of normal cholesterol trafficking and distribution.

LBPA enrichment re-establishes lysosomal homeostasis and
autophagic flux in NPC1-deficient cells

Defective autophagy is implicated in the pathogenesis of
many neurodegenerative and lysosomal storage diseases
including NPC1, where impaired autophagosome-lysosome
(AP-LY) fusion has been reported (13, 14, 17). Since LBPA
has membrane fusogenic properties (19, 20, 41), we investi-
gated whether PG-induced LBPA enrichment alters autopha-
gic clearance in NPC1 patient fibroblasts. Consistent with
previous reports (14, 42) we found that the levels of two
autophagic protein markers, the AP-associated form of lipi-
dated microtubule associated protein 1 light-chain 3 (LC3-II)
and a selective substrate of the autophagy degrading pathway,
polyubiquitin binding protein p62/SQSTM1 (p62), were
significantly higher in NPC1 fibroblasts compared with WT
fibroblasts, indicating increased levels of AP and their failed
breakdown due to impaired autophagic flux (Fig. 2A4). Treat-
ment with PG gradually reduced the levels of LC3-II and p62
over 24 to 48 h, suggesting an induction of autophagic protein
degradation in NPC1-mutant fibroblasts and NPC1 KO HeLa
cells (Fig. 2B and Fig. S2A). The PG-induced p62 and LC3-1I
protein reduction was abrogated in the presence of Bafilomy-
cin Al (BafA1) (Fig. 2C), an inhibitor of LY function and of the
late phase of autophagy (43), indicating specific LY degrada-
tion of p62 and LC3-II.

Both the number and size of p62- and LC3-positive puncta
(shown in insets), indicative of AP, were consistently reduced
in PG-treated NPC1 fibroblasts, NPC1-mutant NSC cells, and
NPC1 KO HeLa cells (Fig. 2, D and E and Fig. S2, B-D).
Upstream events regulating AP biogenesis, including the
mTOR signaling pathway and its downstream serine/threonine
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kinase p70S6K, AMPK activity, as well as beclin-1 expression
levels, were not altered in PG-treated NPC1 fibroblasts (Fig.
S2E). Taken together, the results indicate that PG/LBPA
enrichment specifically impacts autophagic maturation.

To further examine the effects of PG/LBPA enrichment on
autophagic flux in NPCl-deficient fibroblasts, we employed
mRFP-GFP-LC3-1I tandem sensor to monitor fusion of AP
and LY to form autolysosomes. This sensor consists of an acid-
sensitive GFP, which is quenched at acidic pH, and an acid-
resistant RFP, which sustains its fluorescent emission in
acidic pH, permitting the progression from the AP with
neutral pH to acidified AL to be monitored (44). In NPC1-
deficient cells expressing mRFP-GFP-LC3-II, yellow puncta
(mRFP+-GFP+) indicate AP, whereas the red puncta (mRFP+-
GFP-) indicate AL (44) (Fig. 3A). Untreated cells are seen to
have only a few red puncta, in keeping with the known
impairment in AP-LY fusion. PG treatment for 24 and 48 h
reduces the yellow puncta and increases the red puncta,
indicating an increase in AL formation, thus allowing degra-
dation of the enclosed proteins and lipids.

To directly analyze AP-LY fusion, we examined colocaliza-
tion between the endogenous LY marker lysosomal-associated
membrane protein 1 (LAMP1) and the AP marker LC3 in
NPC1-deficient fibroblasts. We found that, in untreated
NPCl-mutant fibroblasts, the LAMP1-positive LY and LC3-
positive AP were separately distributed. Following PG treat-
ment, however, these organelles were redistributed, appeared
in closed proximity, and, despite the reduced amount of LC3-
positive AP, colocalized to a greater extent (Fig. 3B). The time
course showing immunofluorescent staining of another major
LY marker, LAMP2, revealed reductions in abnormal LY size
(shown in insets) and LY clustering, both of which are hall-
marks of NPC1 disease, in PG-treated cells (Fig. S2F). Thus,
the PG treatment resulted in reduction of LY size and clus-
tering, an increase in their motility, and a redistribution away
from the perinuclear area where they accumulate in untreated
cells.

We then investigated whether PG treatment increases
lysosomal acidification using LysoTracker Red DND-99, a cell
permeable weak base dye that is acidotrophic and accumulates
in acidified organelles (45). Lysosomal pH in NPC1 disease has
been reported as elevated compared with healthy controls (46).
Flow cytometry analysis revealed a significant increase of
LysoTracker intensity in PG-treated cells at 24 h, but not in
PC-treated cells (Fig. 3C), suggesting a PG-specific reac-
idification of LY and improvement of lysosomal homeostasis.

Since the restoration of acidic pH in the LY compartment
might have contributed to the GFP quenching of the LC3-II
reporter shown in Figure 3A, we investigated the effect of
perturbing AP-LY fusion on PG-induced autophagic clearance
using the small molecule inhibitor ethyl (2-(5-nitrothiophene-
2-carboxamido) thiophene-3-carbonyl) carbamate (EACC),
which selectively blocks the late stage of autophagy (AP-LY
fusion) by inhibiting STX17 translocation onto autophago-
somes and does not affect LY pH and function (47). The in-
hibitor was added acutely for only 2.5 h after 46.5 h of PG
treatment in NPC1 KO HeLa cells. This compound effectively
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blocked PG-induced p62 and LC3-II clearance (Fig. 3D),
indicating that the clearance is mediated by AP-LY fusion.

We hypothesized that enhanced formation of AP can
provide a route for cholesterol clearance from the LE/LY
compartment. To test this hypothesis and to determine
whether PG/LBPA-induced autophagic flux and cholesterol
clearance were directly linked we evaluated the efficacy of
PG treatment on cholesterol clearance in autophagy-
impaired Atg5-depleted NPCl1-deficient fibroblasts. Core
autophagy protein Atg5 conjugates with Atgl2 to form an
Atgl2—Atg5 complex that is essential for formation of AP
and autophagy progression (48). Atg5 depletion using
shRNA resulted in significant (~75%-85%) reductions in
Atg5 mRNA and protein expression and in Atg5h—Atgl2
protein conjugates in NPC1 fibroblasts (Fig. 3E). The level
of LC3-1I, as expected, was significantly reduced in Atg5
knockdown cells, indicating a reduction of AP formation
(Fig. 3E). We found that the PG effect on cholesterol
clearance was significantly but only modestly attenuated in
Atg5-depleted compared with scrambled control cells, by
~23%. An incomplete blocking of PG effectiveness in Atg5
knockdown cells is likely due to the presence of residual
Atg5; however, it also suggests the existence of additional
routes of cholesterol mobilization. Indeed, we recently
found that cholesterol egress via exosome release is upre-
gulated in PG/LBPA-enriched NPC1 cells (28).

These data indicate that autophagic flux contributes to the
egress of cholesterol from the late endosomal compartment
and suggest that the impaired ability of LY to undergo efficient
fusion with AP was restored by PG/LBPA enrichment in
NPC1-deficient cells. The luminal domains of NPC1 are
thought to be required for cholesterol to penetrate through the
glycocalyx that coats the luminal leaflet of the limiting LY
membrane (6, 49); thus, enhanced AP-LY fusion could
potentially provide a route for cholesterol egress from the LE/
LY that bypasses the glycocalyx.

Overall, these data show that PG treatment results in the
reacidification of LY, a reduction in LY size, increased LY
motility, and increased fusion with AP.

PG/LBPA enrichment increases acid sphingomyelinase activity

We next sought to understand the mechanism by which
LBPA enrichment might enhance autophagic flux. Acid
sphingomyelinase (ASM) is known to be impaired in NPC1
cells (29, 30), and in vitro liposome-based studies showed that
LBPA binding to ASM facilitates its activity (50, 51). In addi-
tion, ASM and its product ceramide appear to play regulatory
roles in autophagic flux (52-55). Thus, we hypothesized that
the mechanism by which LBPA enrichment stimulates the late

stages of autophagy in NPC1 cells may be via modulation of
ASM activity.

We first tested whether PG/LBPA enrichment affected the
expression of ASM and found that, while the mRNA encoding
ASM, SMPD1, was unaffected by this treatment over 48 h (Fig.
4A), total ASM protein expression increased significantly, with
evident processing of the 75-kDa ASM proprotein into the
mature 70-kDa form (56) (Fig. 4B). We then tested whether
PG or LBPA treatment increases ASM activity in NPCl1
cellular models and found that PG and LBPA-treated NPC1-
deficient fibroblasts (Fig. 4, C and D) and NPC1 KO HelLa
cells (Fig. S3A) reached WT levels of ASM activity by 48 h of
treatment; the increased activity correlated well with protein
expression. The time-dependent increase in ASM activity also
correlated well with the increased LBPA levels shown in Figure
1C. Of importance, PC-treated cells did not exhibit increased
ASM activity, again underscoring a specific effect of PG/LBPA.
Thus, PG/LBPA enrichment increases ASM protein matura-
tion and its activity but not its mRNA.

To address whether PG-induced ASM activation was
required for the associated cholesterol clearance and auto-
phagic flux we used the cationic amphiphilic drug amitripty-
line (AML), a functional ASM inhibitor. Cells were incubated
with PG and AML simultaneously, and as shown in Figure 4E,
AML dramatically suppressed PG stimulation of ASM activity
in NPC1 fibroblasts and NPC1 KO HelLa cells (Fig. S3B). Even
when AML was added after 24 h of PG treatment, a marked
decrease in ASM activity was observed (Fig. 4E). The inhibition
of ASM with AML abrogated the effect of PG/LBPA enrich-
ment on cholesterol clearance (Fig. 4F and Fig. S3C).

AML treatment also markedly attenuated the stimulatory
effects of PG on autophagic flux in NPC1 cellular models (Fig.
4, G and H and Fig. S3, D and E), indicating the involvement of
ASM in PG/LBPA-stimulated autophagy. These data also
support the notion that cholesterol clearance and autophagic
flux are related processes in NPC1 cells.

We also considered that AML is not exclusively an inhibitor
of ASM and might additionally affect acid ceramidase (AC)
(57), an enzyme that metabolizes ceramide to sphingosine.
Therefore, we used a specific inhibitor of AC, Bodipy-Soclac
(58), to compare its effect with AML on cholesterol clear-
ance in NPC1-deficient fibroblasts. Since the concentration of
Bodipy-Soclac had not been established for long-term cell
treatment, we tested a range of concentrations from 100 nM to
1 uM for 48 h of treatment. We showed that Bodipy-Soclac in
concentrations of 100 nM to 1 puM effectively inhibited AC
activity without affecting cell viability (Fig. S3, F and H). In
contrast with AML, Bodipy-Soclac did not abrogate the PG
effect on cholesterol clearance (Fig. S3G). Of note, the activity
of AC, in contrast with ASM, was not upregulated by PG

expression in NPC1 KO Hela cells treated with PG for 48 h, PG for 46.5 h+ EACC for 2.5 h (10 uM), EACC alone for the last 2.5 h of the experiment. On the
upper panel all conditions were analyzed in biological triplicates. For each condition two bands were cropped and bands for all conditions were spliced.
Splicing is indicated with a vertical line. Data from three independent experiments. E, mRNA expression and Western blot analysis of Atg5 and Atg12-Atg5
heterodimer expression, LC3 expression, filipin staining and quantification of filipin intensity in NPC1-deficient fibroblasts stably transduced with lentiviral
nonsilencing (Scr) or Atg5 shRNA and selected for stable shRNA expression. N > 220 cells/condition. Data from two independent experiments. Scale bar, 70
um All graphed data show mean = SD. **p < 0.01, ***p < 0.001 compared with untreated cells (CTR, Scr), *p < 0.05, *#p < 0.01 compared with PG in two-

tailed t test. NPC1, Niemann-Pick type C1; PG, phosphatidylglycerol.
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Figure 4. ASM regulation of cholesterol clearance and autophagic flux in PG-treated NPC1-deficient fibroblasts. A, time course of mRNA expression
of SMPD1 in PG-treated NPC1-deficient fibroblasts. (PG-100 uM). B, time course of ASM protein expression in PG-treated NPC1-deficient fibroblasts (PG-100
uM). C, ASM activity in WT and NPC1-deficient fibroblasts, treated with PG (100 uM) for 9 to 48 h. D, ASM activity in NPC1 fibroblasts treated with PG (100
uM), PC (100 pM), and PC:LBPA (1:1 mol:mol) (100 pM:100 pM) for 44 h. E, the ASM inhibitor amitriptyline (AML) (5 uM) significantly inhibits ASM activity. F,
AML, 5 puM, increases cholesterol levels in control NPC1 fibroblasts and diminishes the cholesterol clearance in PG-treated cells. Cells were treated with AML
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treatment (Fig. S3F). Overall, the data highlight a specific effect
of ASM on cholesterol clearance.

Previous studies have shown that restoration of ASM ac-
tivity by overexpression of SMPD1 (ASM) in NPC1-deficient
CHO cells and primary human fibroblasts resulted in
marked reduction of endolysosomal cholesterol accumulation
(29). To further explore the relationship between cholesterol
clearance, autophagy, and ASM activity, we used a genetic
restoration approach to investigate whether increased ASM
activity affects autophagic flux. As a model, we used NPC1 KO
HeLa cells transiently overexpressing SMPDI cDNA, since
these cells have better transfection efficacy. In agreement with
Devlin et al. (29) we found significant endolysosomal choles-
terol reduction in SMPDI-overexpressing cells with increased
ASM activity (Fig. 5, A and B). Furthermore, and corre-
sponding with the results obtained in PG-treated -cells,
increased ASM activity resulted in LC3-II and p62 reduction
(Fig. 5, C and D).

Collectively, these results suggest that PG/LBPA enrichment
results in a restoration of ASM activity in NPC1 disease
cellular models to the normal level found in healthy (WT)
cells, which correlates with endolysosomal cholesterol clear-
ance and autophagic flux enhancement. It should be noted
that, to date, the stimulation of ASM activity by anionic lipids
was shown only in reconstituted systems using liposomes and
recombinant enzyme (51). Our data for the first time show that
PG/LBPA treatment increases endogenous ASM activity in
NPC1 disease cells.

PG treatment clears cholesterol and stimulates autophagy in
Purkinje neurons of Niemann-Pick C transgenic mice

Based on the significant rescue of the NPC1 phenotype
observed in vitro, we sought to determine whether adminis-
tration of PG liposomes may benefit gene-targeted mice
homozygous for the NPC1I1061T allele. 11061T is the most
prevalent NPC1 disease-causing mutation (59). NPC1'06**/
H06IT mice develop robust, progressive phenotypes including
intracellular cholesterol accumulation, Purkinje neuron loss,
motor impairment, and premature death by 13 weeks of age
(59). Seven-week-old WT and NPC1"100MT/106IT 1ice received
a single intracerebroventricular injection with vehicle (PBS) or
800 uM PC:PG (1:1 mol:mol; 400 pM PC + 400 uM PG). This
composition and concentration of liposomes was established
based on cell viability (Fig. S44) and cholesterol clearance
(Fig. S4B) studies in NPC1 fibroblasts. One week post injection,
we calculated soma size in Purkinje neurons of the cerebellum
that are especially sensitive to the loss of NPC1 function (60), as
a potential indicator of in vivo toxicity of the PC:PG treatment
and found that PC:PG treatment resulted in soma size similar

to WT animals and in contrast to the classical shrunken neu-
rons seen in vehicle-treated NPC1 animals (Fig. 6A).

Cholesterol levels were assessed by filipin staining.
Remarkably, Purkinje neurons labeled with a specific marker,
calbindin, showed a significant 30% reduction in cholesterol
levels in the PC:PG-treated mice 7 days after a single injection
(Fig. 6A).

Abnormal autophagy has been implicated as the cause of
Purkinje cell death (60, 61), and our findings in NPC1-
deficient cells, described above, indicate that PG/LBPA
leads to cholesterol clearance, at least in part, via stimulation
of autophagic flux. Therefore, we examined p62 puncta in
Purkinje neurons of WT mice and untreated and PG:PC-
treated NPC1'9'TM01T mice, The analysis revealed a sig-
nificant (p < 0.01) reduction in p62 accumulation in
calbindin-positive neurons of PC:PG-treated NPC1 mice
compared with vehicle-treated controls (Fig. 6B), suggesting
that the treatment enhances autophagic flux and ameliorates
autophagic abnormalities. Consistent with the cellular models
described above (Fig. S2F), immunofluorescence analysis of
LAMP2 in samples from this animal model revealed a sig-
nificant reduction of abnormal LY size and clustering after
PG treatment (Fig. 6B). Thus, these data from a mouse model
of NPC1 disease provide preclinical evidence that supports
the therapeutic potential of PG/LBPA treatment to deplete
neuronal sterol accumulation and re-establish lysosomal
function in NPC1 disease.

Discussion

We recently showed that cholesterol clearance in NPC1
cells following enrichment with LBPA is entirely dependent on
its interaction with the hydrophobic knob domain of the NPC2
protein (25). LBPA enrichment, therefore, is apparently able to
alleviate LE/LY cholesterol storage via an NPC2-dependent
but NPCl-independent mechanism. It is not likely that
LBPA is functioning through a proteostasis-based process, in
which sufficient NPC1 protein is stabilized, evading proteo-
somal degradation and reaching its target organelle, since
efficient cholesterol clearance occurs in NPC1 KO cells as well
(Fig. S1A and (25, 27)). The mechanism underlying the PG/
LBPA-mediated bypass of NPC1 protein, thought to be
essential for cholesterol export from the LE/LY (6, 7, 62), is
unknown.

Here we show that PG/LBPA enrichment induces formation
of autolysosomes in NPC1 cellular models, providing at least a
partial route for NPC1-independent cholesterol clearance and
its intracellular redistribution to the PM and ER. Furthermore,
we show that the increased autophagic maturation is mediated,
at least in part, via stimulation of ASM activity. These findings

alone for 24 or 48 h, PG alone for 48 h, or PG for 48 h with AML for 24 or 48 h. Data from three independent experiments. Representative epifluorescent
images of NPC1-deficient cells. Scale bar, 30 um. N = 80 cells/condition. G, AML increases accumulation of LC3-Il in untreated NPC1 cells and diminishes the
stimulatory effect of PG on LC3-Il degradation in treated cells. Cells were treated with AML as in F. Data from two independent experiments. Representative
confocal images. Scale bar, 20um. N > 80 cells/condition. H, Western blot analysis of p62 and LC3-Il in NPC1 fibroblasts treated with PG, AML alone, or
PG+AML as in F and E. On the upper panel all conditions were analyzed in biological replicates. For each condition one band was cropped and bands for all
conditions were spliced. Splicing is indicated with a vertical line. All graphed data show mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001 compared with
control, *p < 0.05, #¥p < 0.001 compared with PG in two-tailed Student’s test. ASM, acid sphingomyelinase; NPC1, Niemann-Pick type C1; PG,

phosphatidylglycerol.
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Figure 5. ASM overexpression reduces cholesterol accumulation and increases autophagic flux in NPC1 KO Hela cells. A, ASM activity in HeLa NPC1
KO cells transfected with empty vector (myc-tag) or SMPD1-myc at 24 h post transfection. B, representative confocal images and filipin intensity quanti-
fication in empty vector or SMPDI-transfected HeLa NPC1 KO cells at 24 h post transfection. N > 70 cells/condition. C, representative epifluorescent images
and quantification of number of LC3 puncta in NPC1 KO cells expressing vector CTR or SMPD1 at 24 h post transfection. N = 55 cells/condition. D,
representative epifluorescent images and quantification of p62 puncta in NPC1 KO cells expressing vector CTR or SMPD1 at 24 h post transfection. N > 35
cells/condition. All graphed data show mean + SD. ***p < 0.001 versus vector control in two-tailed Student’s test. In all images, arrows indicate vector
control myc-tag or SMPD1-myc tag-expressing cells. ASM, acid sphingomyelinase; NPC1, Niemann-Pick type C1.

are depicted graphically in Figure 7. Although we assume the
actions are due to LBPA, we cannot yet exclude independent
or perhaps additive effects of PG itself; the potential thera-
peutic benefit is evident, irrespective of its arising secondary to
PG or LBPA. Future studies will address this question using
nonhydrolyzable forms of PG to distinguish actions of the
precursor PG from those of the product LBPA.

Based on the reported properties of LBPA as a membrane
fusogenic lipid (18, 19, 41), we hypothesized that an increase in
LBPA may stimulate AP-LY fusion and autophagic flux,
known to be impaired in NPC1 disease (13, 14, 17). The results
indicate that, indeed, LBPA enrichment in NPC1 cells

10 J. Biol. Chem. (2021) 297(1) 100813

significantly improved autophagic flux and restored lysosomal
properties toward normal. The PG treatment does not impact
autophagy initiation events, in keeping with studies showing
that stimulation of mTORC1 with rapamycin increases auto-
phagy but does not lead to cholesterol clearance in NPCI1-
deficient cells (14). The remarkable incorporation of poly-
unsaturated fatty acyl chains into LBPA, particularly DHA,
generated following incubation with di-oleoyl PG points to the
likelihood of a specific functional impact of the PUFA-
incorporated species. Although no reports are available that
directly assess the fusogenic properties of LBPA with different
acyl chains, phospholipid membranes enriched in DHA have
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Figure 6. PG treatment results in cholesterol and p62 clearance in Purkinje neurons of NPC1 (/17061T/I1061T) mice. A, cholesterol levels (filipin) and
soma size in Purkinje neurons (calbindin) of WT and NPC1 (17061T/11061T) mice at 1 week post intracerebroventricular injections of PBS (Veh) or 800 uM
PC:PG (1:1 mol:mol; 400 uM PC + 400 uM PG). Violin plot shows median (dashed line), 25% and 75% (dotted lines), and probability density (thickness). Dashed
lines indicate Purkinje cell soma. Scale bar, 50 pm. Data are mean + SD from n = 5 mice per treatment group, and cell numbers: WT+Veh = 110, NPC+Veh =
112, NPC+PC:PG = 122 cells. ***p < 0.0001: NPC1 vehicle treated compared with PC:PG treated, **p < 0.001, ***p < 0.0001: NPC1 vehicle treated versus WT.
One-way ANOVA with Tukey post hoc test (F, 101.9 df = (2)). B, p62 costaining with filipin, calbindin, LAMP2, and p62 quantification in calbindin-positive
neurons of WT+Veh-, NPC1+Veh-, and NPC1+PC:PG-treated mice. **p < 0.01. Scale bar, 5 um. See also Fig. S4. NPC1, Niemann-Pick type C1; PC, phos-
phatidylcholine; PG, phosphatidylglycerol.

SASBMB J. Biol. Chem. (2021) 297(1) 100813 11



LBPA enrichment stimulates autophagy in NPC1-deficient cells

PM

Cholesterol
redistribution

X
Q@f NPC1 mutant

+PG/LBPA

Polyunsaturatedf
LBPA

! NPC1 mutant
NPC1 mutant“ +PG/LBPA

\ AP-LY fusion
ASM ) \ \

. LBPA

0 Awe

=== glycocalyx

R SM 0 cholesterol n ceramide

Figure 7. Proposed mechanism of action of PG/LBPA enrichment in stimulating autophagy in NPC1 mutant cells. Untreated NPC1-deficient (NPC
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and enhances autophagic flux (red arrows). Enhanced AP-LY fusion would provide an exit route for cholesterol out of the LE/LY that can more easily bypass
the LY glycocalyx and access the membrane bilayer with consequent intracellular redistribution of cholesterol to the PM and/or to the ER and other or-
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membrane.

been shown to be predisposed to fusion (63) and studies by
Antonny and coworkers demonstrate that the presence of
highly unsaturated chains, particularly in combination with
less saturated chains within the same phospholipid, leads to
heightened membrane vesiculation and fusion (64, 65), both
properties that play important roles in autophagic progression.
As LBPA is reported to reside largely in the ILV membranes
and also in the limiting membrane of the LE/MVB compart-
ment (66), the remarkable enrichment of LBPA content, and
the specific enrichment in PUFA-containing LBPA species in
particular, could potentially alter the properties of these
membranes so as to favor LE/LY fusion with other organelles,
including AP.

NPC1 cells are known to have low levels of LY ASM activity
despite its normal expression and localization (29, 30), and it
has been shown that restoration of ASM activity could reverse
cholesterol accumulation (29). Furthermore, low ASM activity
has been associated with defects in maturation of autophagic
membranes and defective autophagic flux in NPA disease,
which is caused by a recessive mutation in the SMPDI gene
encoding ASM (54, 55). ASM binds strongly to inner LY
membranes by electrostatic forces and catalyzes the break-
down of sphingomyelin (SM) into ceramide and phos-
phocholine (50). The anionic phospholipids LBPA and PG
have been shown to activate ASM in a liposomal assay system,
whereas LY cholesterol overload contributes to inactivation of
the enzyme (30, 50, 51). Thus, we reasoned that LBPA in inner

12 J Biol. Chem. (2021) 297(1) 100813

endolysosomal membranes (18-20, 67) could function within
the LE/LY compartment to stimulate ASM activity and
counter the inhibitory effects of cholesterol accumulation. PG
or LBPA liposomes were found to restore ASM activity in
NPC1-deficient fibroblasts, and ASM inhibition abrogated the
stimulatory effects of PG on both cholesterol clearance as well
as autophagic flux. These results support the notion that
cholesterol clearance and autophagic flux are related processes
in NPC1 disease. Taken together these data suggest that ASM
mediates, at least in part, the effects of PG/LBPA enrichment
on cholesterol egress from the LE/LY, and that this is occurs
via enhanced autophagic flux.

Work is in progress to understand how ASM regulates
autophagic maturation in NPC1 cells. We are testing whether
the transient receptor potential mucolipin-1 (TRPML1)
channel, which mediates Ca*>* release from the LE/LY lumen
into the cytosol and has recently been shown to positively
regulate AP-LY fusion and autophagic flux (53, 68, 69), could
contribute to this mechanism. It has been reported that the
ASM substrate, SM, and ASM itself, modulate the LY
TRPMLI channel and Ca** signaling in NPC1 and NPA/B
diseases (70). Another potential mechanism is an ASM-
induced increase in LY ceramide. Ceramide can alter mem-
brane structure and curvature (71), such that ASM-mediated
increases in LY ceramide facilitate LY fusion to the PM,
endosomes, and phagosomes (72). Ceramide also interacts
with LC3-II to mediate cargo recruitment to AP (73, 74). Thus,
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the ASM-ceramide pathway could potentially be mediating
the effects of LBPA enrichment.

Enhanced AP-LY fusion would apparently provide a route
for cholesterol transport out of the endolysosomal compart-
ment that bypasses NPC1, which is thought to be required for
cholesterol to penetrate through the glycocalyx-coated limiting
LY membrane (6, 49). Cholesterol, in contrast to other lipids,
cannot be degraded. However, the fusion of AP with LY, giving
rise to the autolysosome, a hybrid organelle without a
continuous glycocalyx, could promote the partition of
cholesterol directly into the limiting membrane by luminal
NPC2, which has been shown to be a membrane interactive
protein (24, 75, 76). Consequently, cholesterol might become
available for cholesterol transporters that localize to the
limiting membrane or at membrane—membrane contact sites
for further cholesterol transport to acceptor organelles such as
ER, mitochondria, PM, or peroxisomes (11, 77-79). Such
candidate transporters include Oxysterol-Binding Protein-
Related Protein 1L (ORP1L), STARD3, and OSBP-related
proteins 5 (ORP5) and 2 (ORP2) (11, 80-83). A tight
coupling between LY and other organelles has been described
in many cells. In NPC1 fibroblasts the ER domains in direct
contact with LY appeared significantly enlarged and more
persistent than in control cells (79), although others have not
found this to be the case (78, 82). Another study showed that
LY-mitochondria membrane contact sites are also increased in
NPCI1 cells, and it has been suggested that expansion of LY-
organelle interfaces might be a compensatory mechanism for
the loss of NPC1 (78).

Autophagic maturation is not the sole route of endolyso-
somal cholesterol mobilization in PG/LBPA-enriched cells.
LBPA has been shown to play a role in the biogenesis of
multivesicular bodies (MVBs) (another term for LE), particu-
larly in the formation of the ILVs (19, 27, 66, 84). As noted
above, we recently found that enrichment of LBPA in NPC1-
deficient cells induces MVB redistribution toward the PM
with a consequent increase in exosome secretion, and, hence,
increased discharge of cholesterol (28). Thus, exosomal
secretion is an additional route of endolysosomal cholesterol
efflux.

There are currently few treatment options for the devas-
tating neurological effects of Niemann-Pick type C disease
(85, 86). Direct delivery of cyclodextrins to the CNS has shown
promise despite noted side effects (87, 88). Stabilization of the
NPCI1 protein using chaperone therapy is also being developed
(89), however, even with ultimate success it will not treat pa-
tients with NPC1 who express none of the protein. The proof-
of-concept experiment shown herein, where a single dose of
PG-containing liposomes led to significant reduction in Pur-
kinje neuron cholesterol levels in the NPC1"°'" mouse,
supports continued development of PG/LBPA enrichment as a
potential therapeutic approach that could in principle be
applied to all cases of NPC1 disease, and even to those cases of
NPC2 disease where mutations lie outside the LBPA-
interacting domain (25). The concomitant decrease in the
AP marker p62 supports the involvement of improved auto-
phagic clearance in the observed cholesterol reduction.

SASBMB

Collectively, our data indicate that PG/LBPA enrichment in
three NPC1 cellular models results in re-establishment of lyso-
somal homeostasis as well as autophagic clearance of toxic pro-
tein aggregates, along with cholesterol. The findings suggest that
PG/LBPA enrichment may also have great potential for the
treatment of other lysosomal storage disorders as well as
neurological diseases with autophagy defects, for example Par-
kinson’s or Alzheimer’s disease. NPC1 disease shares many
similarities with Alzheimer’s disease (90), and increased endog-
enous LBPA has been reported in both NPC1 (27) and Alz-
heimer’s disease (91), where such an increase might be a
compensatory homeostatic cellular response to eliminate toxic
deposits.

Numerous studies demonstrate the importance of auto-
phagy activation for treatment of neurodegenerative diseases
(reviewed in (92)). The pharmacological strategies currently in
use are mostly based on overall induction of the whole auto-
phagy process, and excessive autophagy activation often results
in toxic effects (92). PG treatment, by contrast, targets the
culminating events of the autophagy process, and has thus far
shown no toxicity in cellular and animal models.

These findings may also be informative for several viral in-
fections where LBPA serves as a cofactor for virus entry and
fusion with LE membranes including HIV, dengue, Uuku-
niemi, Lassa, and the novel SARS-Cov-2 (93-96), in that PG
liposomes can be used as a reagent that efficiently increases
LBPA for studying virus—host interactions.

The identification of regulators of LBPA metabolism,
currently not established (97), will be essential to develop
strategies that allow for the manipulation of LBPA levels.

Experimental procedures
Antibodies and reagents

Rabbit polyclonal anti-SREBP2 (Abcam #ab30682), Rabbit
monoclonal a-LC3A/B (D3U4C) (Cell Signaling Technology,
#13173), Rabbit monoclonal anti-LC3B (D11) (Cell Signaling
Technology, #3868), Mouse monoclonal anti-LC31A/1B
(Cosmo Bio USA, #CAC-CTB-LC3-2-IC), Mouse mono-
clonal anti-SQSTM (Abnova, #H00008878-M01), Mouse
monoclonal anti-SQSTM1 (D-3) (Santa Cruz Biotechnology,
#sc-28359), Mouse monoclonal anti-SQSTM1/p62 (D5L7G)
(Cell Signaling Technology, #88588), Rabbit polyclonal anti-
NPC1 (Abcam, #ab36983), Rabbit polyclonal anti-Beclinl
(Novus, #NB110-87318), Rabbit monoclonal anti-LAMP1
(Sino Biological, #11215-R107), Mouse monoclonal anti-
GAPDH (0411) (Santa Cruz Biotechnology, #sc-47724),
Mouse monoclonal anti-B-Actin (Sigma-Aldrich, #A5441),
Rabbit polyclonal anti-calbindin (Abcam, #ab49899), Rabbit
polyclonal anti-calbindin-D-28K (EG-20) (Sigma-Aldrich,
#C2724), Rabbit polyclonal anti-Phospho-AMPKa (Thr172)
(Cell Signaling Technology, #2531), Mouse monoclonal anti-
AMPKa (F6) (Cell Signaling Technology, #2793), Rat mono-
clonal anti-LAMP-2 (mouse) (DSHB, #ABL-93), Rabbit
monoclonal anti-Phospho-p70 S6 Kinase (Thr389) (D5U10)
(Cell Signaling Technology, #97596), Rabbit monoclonal p70
S6 Kinase (49D7) (Cell Signaling Technology, #5707), Rabbit
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monoclonal Phospho-mTOR (Ser2448) (D9C2) (Cell Signaling
Technology, #5536), Anti-Human SMPD1 Affinity Purified
Polyclonal Antibody (R&D Systems, #AF5348), Mouse ATG5
(C-1) (Santa Cruz, sc-133158), Alexa Fluor secondary anti-
rabbit, anti-mouse IgG (Invitrogen). Bafilomycin Al (Cell
Signaling Technology, #54645), Amitriptyline hydrochloride
(Sigma, #A8404), EACC (Aobious, Cat#AOB13386), 18:1 (A9-
Cis) 1,2-Dioleoyl-sn-Glycero-3-(Phospho-rac-(1-glycerol)
(PG) (Avanti Polar Lipids, # 840475), L-a-Phosphatidylcholine
(PC) (Avanti Polar Lipids, # 840051), 1 BMP (S,R) bis(mo-
nooleoylglycero)phosphate (S,R isomer) ammonium salt)
(LBPA) (Avanti Polar Lipids, #857133C).

Plasmids and lentiviral particles

mCherry-D4H was a gift from Gregory Fairn (University of
Toronto), PH-PLC81-GFP was a gift from Tamas Balla (NIH),
Human SMPD1 Gene ORF cDNA clone expression plasmid,
C-Myc tag (Sino Biological), pPCMV3-C-Myc Negative Control
Vector (C-terminal Myc-tagged) (Sino Biological), scrambled
control shRNA lentiviral particles (Santa Cruz Bio, sc-108080),
Atg5 shRNA (Santa Cruz Bio, sc-41445-V).

Mammalian cell culture

HeLa (ATTC #CCL-2) and HeLa NPC1 knockout cells,
described previously (25), were cultured in Dulbecco’s
modified Eagle’s medium (Gibco) supplemented with 10%
(v/v) heat-inactivated FBS (Atlanta Biologicals) and 1%
penicillin-streptomycin solution (Gibco). Human NPC1 WT
(GMO03652 and GMO05659) and NPC1-deficient fibroblasts
(GM03123) were obtained from Coriell Cell Repositories
(Coriell Institute). Human fibroblasts were grown in MEM
Eagle with Earle’s salts (Sigma) supplemented with 15% FBS,
1% penicillin—streptomycin, and 1X sodium pyruvate
(Gibco). All cells were below passage 15. WT (GM05659)
and NPC1 (GMO03123) patient skin fibroblasts were differ-
entiated to neural stem cells (NSC) via iPSC reprogramming
using standard laboratory techniques (31, 98). NSCs were
cultured in Matrigel (Corning)-coated T-75 flasks at passage
9 and seeded in 96-well PDL-coated plates (Greiner Bio One)
using Knockout Dulbecco’s modified Eagle’s medium
(Thermo Fisher Scientific) supplemented with bFGF
(Thermo Fisher Scientific), EGF (Thermo Fisher Scientific),
StemPro neural supplement (Thermo Fisher Scientific) and
Glutamax plus (Thermo Fisher Scientific), 10 pg/ml vitro-
nectin (Thermo Fisher Scientific), and 1:400 dilution of
Matrigel at a density of 10,000 (WT) or 12,000 (NPC1) cells
per well for experiments. All cell lines were maintained at 37
°C and 5% CO,. All cells were free of mycoplasma
contamination, were cultured aseptically using only
mycoplasma-free reagents, and were routinely checked using
LookOut mycoplasma PCR detection kit (Sigma-Aldrich)
and Hoechst staining.

Mice

All Npcl-11061T mice (59) were backcrossed to C57BL/6
(210 generations). All procedures involving mice were
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approved by the University of Michigan Committee on Use
and Care of Animals.

Cell viability quantification

A total of 8000 fibroblasts/well were seeded in white 96-well
plates (Corning) and after 24 h were treated with PG or
compounds. Cell viability was assessed by CellTiter-Glo
luminescent cell viability assay (Promega) in accordance with
the manufacturer’s instructions using FLUOstar Omega plate
reader.

Transfections

DNA transfections were performed with electroporation of
2 pg of DNA using Amaxa Human Dermal Fibroblast Nucle-
ofector Kit (Lonza) and program U-023 for fibroblasts, or
Nucleofector Kit V (Lonza) and program G-030 for HeLa cells
using the Amaxa Nucleofector 1I/2b device (Lonza).

Atg5 knockdown

NPC1-deficient fibroblasts or NPC1 KO HeLa cells were
seeded in 12-well plates and after 24 h were transduced with
Atg5 shRNA or scrambled control shRNA lentiviral particles
(all from Santa Cruz Bio) in concentrations of 1 x 10 infec-
tious units of virus. Stable clones expressing the shRNA were
selected via Puromycin dihydrochloride selection (2 pg/ml)
according to the manufacturer’s protocol. Knockdown effi-
ciency was validated by qPCR or Western blot analysis Atg5
antibody (Santa Cruz Bio).

Preparation of liposomes and treatment

PG, PC, PC:PG, or PC:LBPA liposomes were prepared by
transferring 18:1 (A9-Cis) 1,2-Dioleoyl-sn-Glycero-3-(Phos-
pho-rac-(1-glycerol) (PG) (Avanti Polar Lipids), or L-a-
Phosphatidylcholine (PC) (Avanti Polar Lipids), or a mixture
of PC and PG (1:1 mol:mol), or a mixture of PC and 18:1
BMP (S,R) ammonium salt) (LBPA) (Avanti Polar Lipids)
(1:1 mol:mol) in chloroform to a sterile glass vessel and
evaporating the solvent using a stream of nitrogen gas for 40
min. The lipid film was then dispersed in sterile PBS to
obtain a 5 mM concentration. After hydrating the lipid film
for 1 h on ice and following vortexing for 5 min, the mul-
tivesicular liposomes were then sonicated for 40 min at 4 °C
under nitrogen gas to make small unilamellar liposomes
using Branson sonifier set at duty cycle 70 and output con-
trol 3. They were then centrifuged at 16,000¢ for 30 min to
remove titanium particles and multilamellar liposomes. Cells
were treated with liposomes when they reached 70% to 80%
confluency. Prior to treatment, the medium was replaced
with fresh medium. In experiments with HeLa and fibro-
blasts, liposomes were added to a concentration of 100 pM.
In experiments with NSC 30 and 50 pyM PG or PC-
containing liposomes were used. Control untreated cells
were treated with the same volume of PBS. For animal
treatment the liposome suspension was additionally steril-
ized by passing it through the 0.45-um pore-size filter
(Millipore).
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Western blotting

Lysates were prepared from cell pellets using RIPA buffer
supplemented with 1X protease and phosphatase inhibitor
cocktail. Cell lysates were centrifuged at 16,000g for 12 min at
4 °C. Protein concentrations in supernatants were determined
by BCA kit. Twenty micrograms of protein from each sample
was separated by SDS-PAGE and electrophoretically trans-
ferred onto nitrocellulose membranes (Bio-Rad) and blocked
with 5% (wt/vol) nonfat milk in Tris-buffered saline and 0.1%
Tween-20 (TBST). Membranes were incubated with primary
antibodies using 1:1000 dilution in TBST buffer containing 3%
fatty acid—free BSA overnight at 4 °C with shaking, and with
peroxidase-conjugated secondary antibodies (Invitrogen) using
1:10,000 dilution for 1 h at RT. The protein—antibody com-
plexes were visualized using Western Bright Quantum kit
(Advansta) and exposed to X-ray film. X-ray films were
scanned using a transparency adapter feature, and protein
densitometry was performed using NIH Image] software.
Relative optical density was calculated by dividing the densi-
tometry of protein with its respective loading control from the
same blot. The values obtained were used to calculate the
treatment versus control in percentage. The following LC3 and
p62 antibodies, different from immunostaining experiments
described below, were used for Western blot: rabbit mono-
clonal anti-LC3A/B (D3U4C) (Cell Signaling Technology,
#13173) and mouse monoclonal anti-SQSTM1/p62 (D5L7G)
(Cell Signaling Technology, #88588).

Real-time RT-PCR analysis

Cellular RNA was isolated using a NucleoSpin RNA Plus kit
(Macherey Nagel). cDNA synthesis was performed using High-
Capacity cDNA Reverse Transcription Kit (Thermo Fisher
Scientific) with 1 pg of total RNA. RT product was amplified
using SMPDI Hs03679349_gl, GAPDH Hs02786624 gl,
POLR2A Hs00172187_m1l, and ATGS Hs00169468 TaqMan
Gene Expression Assays (Thermo Fisher Scientific). Detection
was performed using the StepOne Real-Time PCR System
(Applied Biosystems). Differences in the levels of gene
expression were determined by relative quantification using
the delta Ct method.

RFP-GFP-LC3 assay

To evaluate the number of autophagosomes and autolyso-
somes cells were treated with PG for 24 h and after 8 h infected
with Premo Autophagy Tandem Sensor RFP-GFP-LC3
(Thermo Fisher Scientific) for 16 h. Live cells were examined
under a Zeiss confocal laser scanning microscope (Zeiss, LSM
710) equipped with a 63X oil immersion objective.

Flow cytometry

Cells were incubated with 75 nM LysoTracker Red DND-99
(Invitrogen) for 30 min at 37 °C under regular cell culture
conditions. Then, cells were washed 3x in PBS, detached with
trypsin, washed and resuspended in PBS, and analyzed using
Accuri C6 flow cytometer.
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Filipin and PFO* staining

Cells were fixed with 4% paraformaldehyde (Electron Mi-
croscopy Sciences) in PBS for 30 min. For filipin staining cells
on coverslips were stained with 25 pg/ml filipin (Sigma) in PBS
in the dark for 2 h at RT, washed with PBS, mounted in Flu-
oromount G (EMS), and imaged. In some experiments nuclear
staining was performed using SYTOX Green or 7-AAD from
SelectFX Nuclear Labeling Kit (Invitrogen). For PFO* staining
cells were permeabilized with 0.1% TX-100 in Cell Staining
Buffer (BioLegend) for 30 min and then blocked for 1 h in Cell
Staining Buffer. iFluor-647-PFO* (Codex Bio solutions and
AAT Bioquest, custom order) was then added in Cell Staining
Buffer for 1 h. Cells were washed three times with PBS and
stained with 1:10,000 HCS CellMask Green (ThermoFisher)
and 1:5000 Hoechst 33342 (ThermoFisher) in PBS for 15 min.
Cells were washed with PBS and imaged.

Immunofluorescence

Fibroblasts and HeLa cells grown on coverslips were fixed
with 4% PFA solution in 1x PBS for 10 min at RT and then
washed three times with PBS. For LAMP1 (Sino Biological),
LC3 (Cosmo Bio, #CAC-CTB-LC3-2-IC), and p62 (Abnova,
#HO00008878-M01) staining, primary antibodies were diluted
in incubation buffer (0.2% Saponin [Sigma-Aldrich], 1% BSA
in PBS) and incubated for 2 h at RT in dilutions of 1:300, 1:200,
and 1:150, respectively. Cells were then rinsed three times with
PBS. Fluorophore-tagged secondary antibodies AlexaFluor-
488/555 (Invitrogen) were diluted, incubated, and rinsed the
same way as with the primary antibodies. When needed,
samples were incubated with designated stains before
mounting the samples. Samples were mounted on glass slides
using Fluoromount-G (Electron Microscopy Sciences). For
p62 and LC3 staining in NSCs cells growing in 96-well plates,
cells were fixed with 100% ice-cold methanol for 15 min at —-20
°C, washed three times with PBS, blocked 30 min at RT with
Cell Staining Buffer (Biolegend) and then stained with 1:250
mouse-anti-SQSTM1 antibody (anti-SQSTM1 (D-3), Santa
Cruz Biotechnology, #sc-28359) and 1:500 rabbit-anti-LC3B
antibody (Cell Signaling Technology, #13173) in Cell Stain-
ing Buffer for 2 h. Cells were washed in PBS three times and
stained with secondary 1:1000 AlexaFluor-488 (Invitrogen),
goat-anti-rabbit and 647 goat-anti-mouse (Invitrogen) in Cell
Staining buffer for 1 h. Hoechst 33342, 1:5000 in PBS, was
added for 15 min, and plates were sealed for imaging.

Fluorescence imaging and analysis

Filipin imaging in cells was performed on an Echo Revolve
Hybrid upright/inverted microscope containing four Epi-
Fluorescence lines. Confocal imaging was performed on a
Zeiss LSM710, Zeiss Cell Observer SD confocal system, or
LSM810 Confocal Laser Scanning microscope (Carl Zeiss)
equipped with deep UV and 458-, 488-, 514-, 565-, and 633-
nm laser lines. Cells for fixed samples were grown on glass
coverslips, processed according to experimental requirements
as described above, and mounted on glass slides. When
comparing different treatments, images were captured using
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identical microscope settings. Images were analyzed with
Image] (NIH) or NIS Elements (Nikon) software. To quantify
the relative fluorescence of the target structures for filipin
staining, regions of interest (ROIs) were selected for the target
areas (ROIt) and for background areas (ROIb). Target areas
were puncta of filipin signal originated from the LE/LY area.
The nuclear area was excluded during quantification. Results
are corrected for background fluorescence. At least 80 cells
were analyzed per condition in an average number of 20 im-
ages/fields and data were analyzed from 2 to 4 separate ex-
periments. LC3 and p62 puncta were quantified as average/cell
manually or using the particle analysis feature of Image]
software.

Automated imaging and image analysis in NSCs

Twenty-four hours before PG or PC treatment NSCs plated
in 96-well plates were incubated in the presence of 2.5% FBS to
induce cholesterol accumulation. After PG or PC addition cells
were incubated for an additional 24 or 48 h. Plates were pro-
cessed using standard immunocytochemistry methods for
cholesterol and p62/LC3B immunostaining. NSCs were
stained in 96-well plates, and plates were imaged on the IN
Cell 2500HS (GE Healthcare) using a 20x air objective. Filter
sets included the DAPI, green, and far-red filters. Six fields per
well were captured using 1 x 1 binning. Laser and Software
Autofocus was used to focus on the cells. 2D deconvolution
was also used during image acquisition to focus on the puncta
and resolve the small structures in both PFO* and p62/LC3B
staining. Images were loaded onto the Columbus Analyzer
software for quantification of cell number, cell morphology,
and staining intensity. Nuclei were automatically segmented
using the blue channel to begin object identification. Cell
cytoplasm was segmented using the green channel for PFO*-
stained cells and the far-red channel for the p62/LC3B-stained
cells. Further segmentation was performed for the green and
far-red channels to identify the spots. Morphology and in-
tensity parameters were quantified for each object and chan-
nel. Data were exported as a .csv into Microsoft Excel, and
graphs were generated using GraphPad Prism 8. For repre-
sentative images fluorescent colors of p62 and LC3B were
changed.

Acid sphingomyelinase activity assay

The enzymatic hydrolysis of SM to ceramide and phos-
phocholine by acid sphingomyelinase was measured with the
Acid Sphingomyelinase Activity Assay Kit (Echelon Bio-
sciences, K-3200) according to manufacturer’s instructions.
HeLa and fibroblast cells growing in 6-well plates were washed
with cold PBS and then scraped in 1 mM PMSF on ice. Sub-
sequently, cells were sonicated in an ice water bath Branson
sonicator for 10 min and then were disrupted by three rounds
of freeze—thaw cycles with liquid nitrogen with vortexing in
between each cycle. Extracts were clarified by centrifugation
for 12 min at 16,000¢ at 4 °C, and protein concentrations were
determined by the BCA protein assay (Thermo Scientific). The
enzymatic assay was carried out in 96-well plates. Each well
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contained 5 pg of protein in 20 ul of 1 mM PMSF. ASM
standards were prepared inl mM PMSF as well. Substrate
buffer (K-3203), 30 pl, was added to each well containing 20 pl
of sample or standard. Then 50 pl/well of the diluted substrate
(K-3202) in substrate buffer was added to each well. The plate
was incubated for 3 h at 37 °C with agitation. Stop buffer (K-
3204) was added to each well, and fluorescence was measured
after 10 min of shaking at RT using FLUOstar Omega plate
reader at 360 nm excitation and 460 emission. Data were
represented as pmol substrate degraded/pg protein/h.

Acid ceramidase activity assay

AC activity was determined as described (99). Cells were
trypsinized and washed twice with PBS. Cell pellets were
resuspended in 100 pl of 0.2 M sucrose solution, sonicated in
an ice water bath Branson sonicator for 10 min, and then
disrupted by three rounds of freeze—thaw cycles with liquid
nitrogen with vortexing in between each cycle. Cell homoge-
nates were centrifuged at 16,000g for 3 min. Protein was
determined in the supernatant by the BCA assay. Enzymatic
assay was carried out in black 96-well plates. Each well con-
tained a mixture of 74.5 ul of 25 mM sodium acetate buffer pH
4.5, 05 pl of a 4 mM Rbml4-12 substrate (provided by
Antonio Delgado, University of Barcelona) solution in ethanol
(substrate final concentration 20 pM; ethanol final concen-
tration 0.5%), and 10 pg of protein in a volume of 25 pl of 0.2
M sucrose solution. The plate was incubated at 37 °C for 3 h
without agitation. Then, the enzymatic reaction was stopped
by adding 50 pl of methanol and 100 pl of a 2.5 mg/ml NalO4
fresh solution in 100 mM glycine/NaOH buffer pH 10.6 in
each well. The plate was incubated for 2 h in dark, and then the
fluorescence was quantified using a FLUOstar Omega plate
reader at 360 nm excitation and 446 nm emission. The amount
of umbelliferone released was calculated from the fluorescence
intensity by using calibration curves with umbelliferone
(Sigma) standard. For the calibration curve, 10 mM umbelli-
ferone solution was prepared in ethanol. Serial dilutions were
performed in 25 mM sodium acetate buffer pH 4.5 in the range
of 0 to 3000 pmol. To each well containing 100 ul of umbel-
liferone standards 50 pl of methanol and 100 pl of 100 mM
glycine/NaOH buffer pH 10.6 were added.

Cardiolipin analysis

CL analysis was performed as described (100). Briefly, a
small aliquot of the lipid extract was mixed 1:1 with matrix
solution containing 20 g/l 9-aminoacridine in 2-propanol/
acetonitrile (3:2, v/v). For each sample, 1 ul of this mixture was
spotted on a target plate. Measurements were performed with
a MALDI Micro MX mass spectrometer (Waters) operated in
reflectron mode. The pulse voltage was set to 2000 V, the
detector voltage was set to 2200 V, and the TLF delay was set
to 700 ns. The nitrogen laser (337 nm) was fired at a rate of 5
Hz, and ten laser shots were acquired per subspectrum. The
instrument was operated in negative ion mode with a flight
tube voltage of 12 kV, a reflectron voltage of 5.2 kV, and a
negative anode voltage of 3.5 kV and calibrated daily. We
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typically acquired 100 subspectra (representing 1000 laser
shots) per sample in a mass range from 400 to 2000 Da.
Spectra were only acquired if their base peak intensity was
within 10% to 95% of the saturation level. Data were analyzed
with the MassLynx 4.1 software.

Phospholipid analysis

Lipidomics profiling was performed using ultra performance
liquid chromatography—tandem mass spectrometry (UPLC-
MSMS). Lipid extracts were prepared from cell lysates using a
modified Bligh and Dyer method (101), spiked with appro-
priate internal standards, and analyzed on a platform
comprising Agilent 1260 Infinity HPLC integrated to Agilent
6490A QQQ mass spectrometer controlled by Masshunter v
7.0 (Agilent Technologies). Quantification of lipid species was
accomplished using multiple reaction monitoring transitions
(91, 102, 103) under both positive and negative ionization
modes in conjunction with referencing of appropriate internal
standards: PA 14:0/14:0, PC 14:0/14:0, PE 14:0/14:0, PG 15:0/
15:0, PI 17:0/20:4, PS 14:0/14:0, LBPA 14:0/14:0, AcylPG 14:0/
14:0, LPC 17:0, LPE 14:0, LPI 13:0 (Avanti Polar Lipids). Lipid
levels for each sample were calculated by summing up the total
number of moles of all lipid species measured by all three LC-
MS methodologies and then normalizing that total to mol %.
The final data are presented as mean mol % with error bars
showing mean + SD.

Stereotaxic mouse intracerebral ventricular bolus delivery

Sterile PC:PG liposomes in PBS (pH 7.4) (1:1 mol:mol, 400
UM PC: 400 uM PG) were stereotaxically administered to the
right lateral ventricle via intracerebral ventricular injection
on mice under vaporized isoflurane anesthesia according to
Institutional Animal Care and Use Committees guidelines.
Using established protocols, 7-week-old mice received a sin-
gle intracerebral ventricular bolus injection of either PC:PG
or PBS vehicle (104). Briefly, the anesthetized mouse received
a small scalp incision to reveal Bragma sutures and a small
burr hole was drilled based on the following coordinates
relative to Bragma: anteroposterior +0.3 mm, mediolateral
-1.0 mm. To reduce tissue shearing upon needle placement, a
point style 4, 45-degree beveled needle (Hamilton Lab
Products, #7758-04) connected to a 10-ul syringe (Hamilton)
was placed dorsoventral -3.0 mm at a rate of 1 mm/s. To
prevent backflow of treatment around the injection site, the
brain tissue was allowed 3 min to seal around the needle.
Using an injection pump (UMC4, World Precision In-
struments, Inc), 10 pl of vehicle or PC:PG liposomes was
delivered at an infusion rate of 0.5 pl/s. The needle was
retracted 5 min after delivery at a rate of 1 mm/s, and the
incision site was sutured with synthetic nonabsorbable su-
tures (Henry Schein). According to Institutional Animal Care
and Use Committees guidelines, mice were recovered in a
temperature-controlled environment and following surgery,
the mouse weight, grooming activity, and home cage activity
were recorded for up to 7 days. No postsurgical adverse
events occurred in any of the treated mice.
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Filipin staining and immunofluorescence in mouse brain tissue

One week after intraventricular injection with vehicle or
PC:PG, mice were perfused with saline and their brains were
placed in 4% paraformaldehyde overnight. The right hemi-
sphere of the brain was frozen in optimal cutting temperature
formulation, cut into 10-um-thick sagittal sections, and
captured onto microscope slides. Sections were immersed in
permeabilization buffer (0.1% Triton/10% normal goat serum/
1% BSA in PBS) for 10 min, then placed in blocking buffer
(10% normal goat serum/1% BSA in PBS) for 50 min. Primary
antibody (calbindin, Sigma-Aldrich, #C2724) was added to the
sections, which were then incubated overnight at 4 °C.
Following this incubation, sections were washed in PBS three
times for 5 min, then immersed in secondary antibody for 1 h
at RT. Sections were again washed in PBS and stained with
filipin for 2 h in the dark at RT. Following another round of
PBS washes, slides were mounted using ProLong Gold Anti-
fade mounting medium (Invitrogen) and imaged on a Nikon
A-1 confocal microscope. Using Image] in a blinded fashion,
cells and their nuclei were outlined in the calbindin channel
and raw intensity and area were measured in the filipin
channel using the MultiMeasure plugin. Representative back-
ground was selected from the filipin channel and measured
using the MultiMeasure plugin. Relative intensity was calcu-
lated with the following equation:

Raw intensitycell) (Raw ii’ltensifynmleus)
Aredce Arednucteus
(Raw iVltenSitybﬂcI@round)
Areapackground

Relative intensity =

For p62/LAMP2/filipin/calbindin costaining mouse mono-
clonal anti-SQSTM1 (Abnova, #H00008878-MO01), rabbit
polyclonal anti-calbindin (Abcam, #C2624), rat monoclonal
anti-LAMP2 (DSHB), and filipin (Sigma-Aldrich) were used.
Images were taken at Zeiss Cell Observer SD confocal system
and analyzed as above.

Statistical analyses

Data were analyzed using a two-tailed Student’s ¢ test or
one-way ANOVA followed by Tukey’s multiple comparisons
test where indicated using GraphPad Prism 8 Software. Results
with a p value <0.05 were assigned statistical significance.

Data availability

All of the data are contained within the article.

Supporting  information—This  article  contains

information.
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