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Niemann-Pick disease type C1 is a sphingosine storage
disease that causes deregulation of lysosomal calcium
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Niemann-Pick type C1 (NPC1) disease is a neurodegenerative lysosomal storage disorder caused by mutations in the acidic
compartment (which we define as the late endosome and the lysosome) protein, NPC1. The function of NPC1 is unknown,
but when it is dysfunctional, sphingosine, glycosphingolipids, sphingomyelin and cholesterol accumulate. We have found that

NPC1-mutant cells have a large reduction in the acidic compartment calcium store compared to wild-type cells. Chelating luminal
endocytic calcium in normal cells with high-affinity Rhod-dextran induced an NPC disease cellular phenotype. In a drug-induced
NPC disease cellular model, sphingosine storage in the acidic compartment led to calcium depletion in these organelles, which
then resulted in cholesterol, sphingomyelin and glycosphingolipid storage in these compartments. Sphingosine storage is therefore

an initiating factor in NPC1 disease pathogenesis that causes altered calcium homeostasis, leading to the secondary storage of
sphingolipids and cholesterol. This unique calcium phenotype represents a new target for therapeutic intervention, as elevation
of cytosolic calcium with curcumin normalized NPC1 disease cellular phenotypes and prolonged survival of the NPC1 mouse.

NPC1 disease is an inherited neurodegenerative acidic compartment
lipid storage disorder! caused by mutations in the NPCI gene that
encodes a transmembrane protein of the acidic compartment (NPC1).
NPCI1 has been suggested to facilitate endocytic transport?, lysosomal
cholesterol efflux® and fatty acid efflux*. A clinically identical disease
results from mutations in the NPC2 gene, which encodes a soluble
protein of the acidic compartment. Currently, the function of NPC1
is unknown, whereas NPC2 is proposed to transport cholesterol from
6

An unusual feature of NPC disease is the broad range of lipids that

=" accumulate, including sphingomyelin’, cholesterol, glycosphingolipids

(GSLs) and, unusually, sphingosine®. The mechanism(s) leading to
this complex pattern of storage remains unknown. How lipid storage
causes neurodegeneration is also not understood. Current therapeutic
approaches for NPC disease are limited®. No clinical benefit has been
achieved by reducing cholesterol storage!®~12, However, some benefit
has been reported in a clinical trial using an inhibitor of GSL
biosynthesis, miglustat'>!4. These findings suggest that the mechan-
isms of pathogenesis are complicated and cannot be attributed to
cholesterol or GSL storage alone.

An emerging factor in the pathogenesis of the primary lysosomal
sphingolipid storage disorders (Gaucher disease, Sandhoff disease and
GM1 gangliosidosis) is abnormal endoplasmic reticulum (ER) calcium
homeostasis'>!®. Owing to the similarity in stored sphingolipids
(glucosylceramide (GlcCer), and GM1 and GM2 gangliosides) between
NPC disease and the primary sphingolipidoses, we hypothesized that
NPCl1-mutant cells may also have altered calcium homeostasis.

In this study, we have found that, in contrast to the primary
sphingolipidoses, NPC1-mutant cells have normal ER and mitochon-
drial calcium but substantially lower calcium in the acidic compart-
ment. Chelation of calcium within the acidic compartment in healthy
cells induces an NPC cellular disease phenotype. Pharmacological
agents that elevate cytosolic calcium correct the NPC1 mutant cellular
disease phenotypes in vitro, by compensating for reduced calcium
release from the acidic compartment. These agents also improve
function and life expectancy in a mouse model of NPC1 disease
(here called the NPC1 mouse).

RESULTS

Defective lysosomal calcium homeostasis in NPC1-mutant cells
To determine whether calcium homeostasis is perturbed in NPCl
disease, we measured calcium release from the ER, mitochondria and
the acidic compartment. Human B lymphoblasts were loaded with the
calcium probe Fura-2AM and treated with either 100 UM ryanodine
(Fig. 1a) or 1 pM thapsigargin (Fig. 1a) to release ER calcium or 2 uM
carbonyl cyanide 3-chlorophenylhydrazone (CCCP), a mitochondrial
uncoupler (Fig. 1a). No differences in calcium release from the ER or
mitochondria were observed between normal and NPC1-mutant cells
(Fig. la). However, when calcium was released from the acidic
compartment with 200 pM Gly-Phe B-naphthylamide (GPN, whose
hydrolysis by cathepsin C results in osmotic lysis of the acidic
compartment, with a comparable rate of lysis in wild-type (WT)
and NPCl-mutant cells, Supplementary Fig. 1 online and Fig. 1a) or
500 nM bafilomycin A1 (an inhibitor of the vacuolar-ATPase; Fig. 1a),
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we observed a ~65% reduction in NPCI-mutant cell calcium release
from the acidic compartment compared to normal cells.

This reduction was confirmed in human NPCI1-mutant fibroblasts,
where calcium release from the acidic compartment induced by
bafilomycin Al was also reduced by ~70% compared to controls
(Fig. 1b). To rule out ER involvement during measurement of acidic
compartment calcium, we preincubated NPCl-mutant cells with
thapsigargin followed by either GPN (Fig. 1c) or ionomycin followed
by GPN (Fig. 1d) to induce calcium release from the acidic compart-
ment alone. In all cases, we observed a reduction of ~70% in NPC1-
mutant cell acidic compartment calcium compared to control cells,
whereas ER (thapsigargin) or non-acidic compartment (ionomycin)
calcium levels were identical.

We measured pH and calcium directly in the acidic compartment
lumen with dextran-conjugated fluorescent reporters'”!8. We deter-
mined acidic compartment pH in control and NPCl-mutant cells
(Fig. 1e) in order to adjust the Ky (Supplementary Fig. 2 online) of
the low-affinity Rhod-dextran calcium probe (which records calcium
without significant buffering)!”. In agreement with a previous
report!8, no difference was observed in the pH of the acidic
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compartment in NPC1l-mutant cells relative to controls (P = 0.112).
As the pH is equivalent in NPCl-mutant and control cells (Fig. 1e),
we directly compared Rhod-dextran fluorescence (Fig. 1f). The
fluorescence intensity of Rhod-dextran in the NPC1-mutant cell acidic
compartment was reduced compared to controls (red/green (R/G)
ratio reduced by 62%), and the calcium concentration was lowered
from 550 pM to 209 uM. With these same methods (Fig. le,f) we
determined the pH of the acidic compartment and the intralumenal
calcium content of RAW macrophages treated with U18666A (a drug
used to pharmacologically induce an NPC disease cellular phenotype).
In agreement with the human subject—derived fibroblasts (Fig. 1e), we
did not detect any difference in acidic compartment pH after 24 h of
treatment with U18666A (untreated RAW cell pH, 4.01 = 0.12;
U18666A-treated RAW cell pH, 4.12 £ 0.13). Direct quantitative
comparison of Ul8666A-treated macrophage acidic compartment
calcium with Rhod-dextran also indicated a ~55-60% reduction in
intralumenal acidic compartment calcium (Fig. 1f).

To determine whether reduced acidic compartment calcium has a
role in NPC1 disease pathogenesis, we treated control cells with a
high-affinity (strong calcium buffering) Rhod-dextran to chelate

a 100 uM 1 uM ™ 500 nM el d
K thapsi- 2 UM CCCP 200 uM o bafilomy- }ﬂ,’w'
ryanodlne > WA W .
gargin GPN i cin A1 d
v ! i 1 1
340/ m e Al / w0/ l Aty 05 \ i 05 ¥,
sso 340/ I_’“" o 340/ |;,J/ a0/ | W —wr CG/FR
380 1 0 380 0 i 380 — NPCH1 ~ 300 uM GPN
2.5 min min 2.5 min 2.5 min 2.5 min 0 50 2uM
Time (s) ionomycin
b 500 nM bafilomycin A1 2 M
ionomycin \¥ WT C —WT e 15 T’\{IVF;I'CI—:FHF
1.2 Y NPC1
: CGIFR - = WTpH
ca L 1253 e NPC1pH
0 50 NPC1
- . 300 uM GPN N
ame (¢) CG/FR 10 ’_é;—-
FU L wT os M 300 iGN 2 3
T(i)m ?0) Lysotracker Time (s) thapsigargin 5 75 i
e s Red < 5 N
NPC1 {\
N
25 o
S ——
f 70 g3 0 . . .
£ < 600 > 4 5 6 7
o e 5 pH
= £ 500 Q
> —WT
5 0.12
5 400 h — NPC1
T S o 0.1
=
5 § 300 £ 2 o ca/ |
[72] — @ .
2 FR
g g 200 = o o \ NAADP-AM
3 £ 50 (150 nM)
Alexa Fluor  LA-RhodDx < 100 -2 0.08 Time (s)
4(1|88—dextrar)1 (calcium) 0 -% K]
sosomes
y K& QDO 5 % 0.6
SN Y a
AN a
Untreated LA-RhodDx HA-RhodDx :(,: 0.04
<o
£
Figure 1 NPC1 lysosomal calcium homeostasis. (@) Human WT and NPC1 B lymphoblasts, loaded with Fura g 0.02
2-AM, were treated with the indicated pharmacological agents to release calcium. We measured intracellular =
calcium with the membrane-permeable calcium indicators Fura2-AM (ratiometric measurement at 340 nm 0
WT NPC1

and 380 nm, expressed as 340/380). (b—d) We measured intracellular calcium in WT and NPC1 human

fibroblasts (HF) with the membrane-permeable calcium indicator Calcium Green 1-AM and either Lysotracker

Red (a fluorescent marker of the acidic compartment, b) or Fura Red—AM (expressed as the ratio of Calcium Green over Fura Red—AM, CG/FR, c,d). FU,
arbitrary fluorescence units. (e) Standard curve to calculate endogenous lysosomal pH in HF (P = 0.112), R/G, red over green fluorescence ratio. (f) Left,
fluorescence imaging of intralumenal compartment calcium in WT and NPC1 HF. Green, pH-insensitive dextran; Red, calcium-binding Rhod-dextran. Right,
concentration of intralumenal acidic compartment calcium in WT and NPC1 HF, and in control or U18666A-treated RAW macrophages. U indicates
U18666A treatment. LA-RhodDx, low-affinity Rhod-dextran. (g) Fluorescence images showing chelation of intralumenal acidic compartment calcium in RAW
macrophages. Filipin stains cholesterol; lysenin stains sphingomyelin. BODIPY-LC, BODIPY-LacCer. HA-RhodDx, high-affinity Rhod-dextran. (h) We loaded
HF with calcium probes (as in c¢) before addition of 0.5 uM thapsigargin followed by 150 nM NAADP-AM (inset is a representative calcium trace). The bar
graph shows calcium release induced by NAADP-AM. Scale bars, 5 um. n = 3-6 for each experiment (minimum of 50 cells analyzed per calcium trace).

Error bars represent the means + s.d.
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Figure 2 Abnormal lysosomal calcium is an early event during U18666A-induced NPC1 disease cellular phenotype. (a) We loaded RAW macrophages with
Calcium Green 1-AM and Fura Red—-AM after incubation with U18666A for the indicated times before acidic store calcium release (inset is a representative
calcium trace). The main graph shows acidic compartment calcium content after GPN treatment over the indicated times. (b) Fluorescence images showing
phenotypic changes in RAW cells after treatment with U18666A for the times indicated. Cells were labeled with either BODIPY-LacCer, filipin or lysenin
and DAPI. Scale bar, 5 um. (c—f) RAW cells treated with U18666A for the indicated times were harvested and analyzed to determine cholesterol (c),
glycosphingolipids (GSL; d), sphingosine (e) and sphingosine-1-phosphate (S1P, f) concentrations. n = 3 or 4. Error bars represent the mean + s.d.

intralumenal calcium. Pulse-chase treatment with calcium chelators
into the acidic compartment for 7 h resulted in boron-dipyrro-
methene lactosylceramide (BODIPY-LacCer) mistrafficking and sto-
rage of cholesterol and sphingomyelin (Fig. 1g), all cellular hallmarks
of NPC disease.

We next determined the signaling consequences of the calcium

=te» homeostatic defect. NAADP-AM is a cell membrane—permeant deri-

@Vative of nicotinic acid adenine dinucleotide phosphate (NAADP)'?,

=" the most potent calcium signaling second messenger?’. It has recently

been shown that NAADP releases calcium from the acidic
compartment?!. We pretreated control and NPCl-mutant human
fibroblasts first with thapsigargin to rule out ER involvement during
measurement of acidic compartment calcium, followed by 150 nM
NAADP-AM (Fig. 1h) and observed a ~69% reduction in NPC1-
mutant cell NAADP-induced calcium release (Fig. 1h), indicating
functional reduction in the acidic compartment calcium store.

Calcium defect precedes cholesterol and GSL storage

We determined the kinetics of the reduction in calcium in the
acidic compartment by inducing the NPC disease cellular phenotype
in RAW macrophages with U18666A (Fig. 2a). Within 30 min
after UI8666A treatment, there was a reduction (~50%) in acidic
compartment calcium released by GPN. A plateau was reached by
60-120 min after treatment (~80% reduction) that was sustained
for 24 h.

The earliest measurable event after altered calcium homeostasis
(Fig. 2) was altered sphingolipid trafficking (at 2 h; Fig. 2b), followed
by acidic compartment storage of cholesterol (Fig. 2b), sphingomyelin
(Fig. 2b) and GSLs (Fig. 2d), all at 8 h. These data were confirmed by
biochemical analyses of cholesterol and GSLs (Fig. 2¢,d).

Sphingosine is also stored in NPC1 disease. Therefore, sphingosine
and its derivative sphingosine-1-phosphate (S1P) were measured by
HPLC. Sphingosine was elevated at the earliest time point measured
(10 min, Fig. 2e), remaining elevated for 24 h. There was a transient
reduction in SIP levels during the first 2 h that recovered by 4 h
(Fig. 2f). We measured acidic compartment calcium, endocytosis and
cholesterol storage after washing out U18666A and found that acidic
compartment calcium was the first defect to normalize, followed by
correction in BODIPY-LacCer transport and finally by reduction in
cholesterol levels (Supplementary Fig. 3 online).

Sphingosine causes an acidic compartment calcium defect

To test whether one of the individual lipids known to be stored in
NPC disease was capable of inducing the acidic compartment calcium
defect, we exogenously added each lipid to RAW cells before release of
lysosomal calcium. Only sphingosine was capable of inducing the
abnormal calcium phenotype (Fig. 3a). This effect was concentration
dependent, as it was induced by 1 uM but not 0.1 uM sphingosine
(Fig. 3b), concentrations that do not have detergent effects (1-2 uM),
unlike 10 uM sphingosine (Fig. 3c). The calcium defect was not
observed with 1 uM sphinganine (Fig. 3b).

RAW cells treated with 2 pM sphingosine for 24 h showed elevated
Lysotracker (Fig. 3c) and cholesterol (filipin, Fig. 3d) staining, which
are recognized NPC disease cellular phenotypes!?. Elevated cholesterol
staining was observed with 1 pM but not 0.1 pM sphingosine
(Fig. 3d), correlating with the concentration-dependent effect on
calcium homeostasis (Fig. 3b). We analyzed the effect of exogenous
sphingosine (2 pM) on RAW macrophages over 24 h (Fig. 3e).
Reduced acidic compartment calcium induced by sphingosine was
evident 10 min after treatment, reaching maximal reduction by
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30 min, and was sustained until 24 h after treatment (Fig. 3e). We also
observed altered endocytic trafficking at 2 h (BODIPY-LacCer), and
cholesterol storage (filipin) at 8 h after sphingosine treatment
(Fig. 3f). This is the same order of events that we observed after
alteration in acidic compartment calcium by U18666A treatment
(Fig. 2b). Reduction of sphingosine levels (Fig. 3) with ISP1 (inhibitor
of serine palmitoyl transferase 1, also known as myriocin) corrected all
NPCI1-mutant cellular phenotypes, with lysosomal calcium returning
to control levels first (Fig. 3h), followed by trafficking correction, then
reduced lipid storage (Fig. 3g). Sphingosine treatment did not further
alter the calcium levels of NPC1-mutant fibroblasts (data not shown).
Tetramethyl-rhodamine (TMR)-sphingosine induced an NPC disease
cellular phenotype and was found associated with lysosomes within
10 min (Supplementary Fig. 4 online).

Correction of NPC1 cells with calcium-modulating drugs

Endocytic fusion and transport events are dependent on calcium
release from the acidic compartment??. Defective calcium release is
predicted to result in defective endocytic transport, fusion or both??,
potentially leading to NPC disease cellular phenotypes (Fig. 1gh).
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Prolonged elevation in cytosolic calcium, caused by mobilizing cal-
cium from, for example, the ER, has the potential to overcome NPC1
disease acidic compartment transport defects. Thapsigargin increases
cytosolic calcium by releasing ER calcium via inhibition of the
sarco(endo)plasmic reticulum ATPase (SERCA). NPCl-mutant
CHO cells (confirmed as having reduced acidic compartment calcium
using the calcium probes Calcium Green—1AM and Fura Red—AM
(values are arbitrary fluorescent units), CHO WT, 0.107 + 0.047; CHO
NPCI1-null, 0.018 = 0.003) had reduced acidic compartment fusion
(Fig. 4a). Thapsigargin-induced elevation in cytosolic calcium did not
increase NPC1-mutant CHO cell acidic compartment calcium but did
elevate WT CHO cell acidic compartment calcium (Supplementary
Figs. 5 and 6 online). Treatment of NPCl-mutant cells with
thapsigargin for 30-60 min induced fusion between late endosomes
and lysosomes (Fig. 4a). Horseradish peroxidase (HRP) uptake in
NPCl-mutant cells is defective due to Annexin A2 mislocalization.
Treatment of NPCI-mutant CHO cells with 1 uM thapsigargin for 1 h
led to relocalization of Annexin A2 back to peripheral endo-
somes (Fig. 4b), which is responsible for correction in endocytic
uptake of HRP (Fig. 4b) and associated with correction of defective
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content, as estimated after addition of 2 uM ionomycin and 300 uM GPN. (b) WT B lymphoblasts were
pretreated with the indicated concentration of lipid for 10 min before release of lysosomal calcium. We ; — NPC1 +
measured intracellular calcium with the membrane-permeable calcium indicator Fura2-AM (ratiometric ca/
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staining showing the effect of sphingoid bases on RAW macrophage cholesterol. (e) RAW macrophages were
incubated with 2 uM sphingosine for the indicated times before addition of 2 uM ionomycin and followed by

2 uM ionomycin

addition of 300 uM GPN. Then, we measured lysosomal calcium. (f) Imaging of RAW macrophages after

treatment with 1 pM sphingosine for the indicated times; cells were labeled with either BODIPY-LacCer or filipin. (g) Imaging of WT and NPC1 HF for the
indicated times with ISP1 and stained with BODIPY-LacCer or filipin. (h) Acidic store calcium release in HFs treated as indicated and loaded with Calcium
Green 1-AM and Fura Red-AM. Scale bar, 5 um. n = 3-5. Error bars represent the mean + s.d.
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BODIPY-LacCer transport (Fig. 4c). Treatment of WT cells with 1 pM
thapsigargin was associated with relocalization of Annexin A2 to
reticular (possibly ER) structures, potentially explaining the reduced
HRP uptake in WT cells (Fig. 4b). This was associated with a time-
dependent reduction in GSLs to WT levels after 24 h (Fig. 4d).
Cholesterol localization (filipin, Fig. 4e) and levels (Fig. 4f) were near
normal after 24 h of thapsigargin treatment. Cholesterol ester levels
were near normal by 4 h after thapsigargin treatment, consistent with

=te. cholesterol transport to the ER (Fig. 4g).

&

=" Efficacy of curcumin therapy in the NPC1 mouse

As thapsigargin is relatively toxic in vivo, we evaluated the weaker
SERCA antagonist curcumin, a natural product derived from tur-
meric?®. Cultured NPCl-mutant mouse glial cells grown in the
presence of 30 pM curcumin for 1 h had normalized sphingolipid
trafficking (Fig. 5a) analogous to that achieved with thapsigargin
(Fig. 4c). Co-incubation of NPCl-mutant glial cells with curcumin
and the intracellular calcium chelator BAPTA-AM prevented the
normalization in sphingolipid trafficking (Fig. 5a) and cholesterol
levels (data not shown), indicating that the beneficial effect is
due to increased cytosolic calcium rather than sequestration of
calcium (Supplementary Fig. 6) into the acidic compartment or
antioxidant effects.

We tested the therapeutic effects of oral curcumin (150 mg kg™ d!
from weaning) in the NPC1 mouse. Curcumin-treated NPC1 mice
had improved coat condition (Fig. 5b), improved weight gain
(Fig. 5¢), increased activity (Fig. 5d) and reduced tremor (Fig. 5e)
compared to untreated NPC1 mice. Curcumin-fed NPC1 mice also
survived 3.5 weeks longer than untreated mice (~35% improvement,
P < 0.0001; Fig. 5f). The curcumin-treated NPC1 mice had lower
levels of total brain GSL storage at 9 weeks of age (Fig. 5gh).
Sphingosine levels were elevated ~2.5 fold in NPC1 mouse brain at

9 weeks of age (Fig. 5i) and were not significantly changed after
curcumin treatment. SIP levels increased six- to sevenfold in NPC1
versus wild-type mouse brain and were reduced almost to WT levels
after curcumin therapy (Fig. 5j).

DISCUSSION

NPC disease is a complex lipid storage disorder that results from
inactivation of the NPC1 or NPC2 protein!. This results in a poorly
understood series of events that ultimately leads to neurodegeneration
and premature death. Recently, several publications have raised the
possibility that cholesterol may not be the primary toxic metabolite
in NPC1 disease®?*2%, Defining the early step(s) in the patho-
genic cascade has the potential to increase our understanding of
NPCI1 function and to lead to the identification of novel clinical
intervention points.

The relative pathological importance of the various lipids that
accumulate in NPC disease remains controversial. In this study, we
have determined the chronology of events after inactivation of NPC1.
The first detectable change was an increase in acidic compartment
sphingosine levels and a concomitant decrease in SIP. Sphingosine
elevation occurred very rapidly, within 0-60 min after drug treatment,
and then plateaued, suggesting compensatory changes within the cell.
Notably, the decrease in S1P was transient, as SIP levels increased
back to control levels 4 h after treatment. This suggests that the
lysosome is the main source of sphingosine for S1P production in
healthy cells, but that the cell can compensate for a loss of availability
of this pool of sphingosine, possibly by upregulating the activity of
other ceramidases?”.

Sphingosine generated from ceramide degradation in the lysosome
is protonated (pK, of 8.9 (ref. 28)) and does not cross the lysosomal
membrane unless facilitated by a transporter. On the basis of our data,
NPC1 emerges as a candidate for involvement in sphingosine efflux
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Figure 5 Increased survival and improved function in NPC1 mice treated with curcumin. (a) Fluorescence imaging of BODIPY-LacCer in WT and NPC1
mouse astroglia incubated with 30 uM curcumin, 50 pM BAPTA-AM or both and BODIPY-LacCer. (b) Nine-week-old untreated and curcumin-treated NPC1
mice. (c) Weights of untreated and curcumin-treated NPC1 mice. (d) Open-field analysis for WT (Npcl */+), untreated NPC1 (NpcI7) and curcumin-treated
Npc I~ mice. (e) Tremor analysis of WT (NpcI**, black), untreated NPC1 (NpcI™, red) and curcumin-treated NpcI™ (blue) mice at 9 weeks of age.

(f) Survival of untreated and curcumin-treated NPC1 mice. (g) HPLC profiles of glycosphingolipids extracted from whole brains of 9-week-old WT, untreated
NPC1-null and curcumin-treated NPC1 mice with the major GSL species indicated (minor unknown GSL peaks not annotated). (h) Quantification of traces,
including data from all peaks, as total glycosphingolipids. Sphingosine (i) and S1P levels (j) in 9-week-old WT, untreated NPC1 and curcumin-treated NPC1
mice (P = 0.149 for sphingosine values of untreated NPC1 and curcumin-treated NPC1 mice). Scale bar, 5 um. n = 5 separate repeats per experiment with
five to eight mice per repeat. Each graph (except survival, where each point is an individual death) represents the mean + s.d.

from lysosomes. When NPCI1 protein is inactivated, sphingosine
rapidly accumulates in the lysosome, and there is reduced efflux of
sphingosine from the lysosome, which is a key step in the salvage
pathway of GSL biosynthesis and S1P generation?>*, Sphingosine-1-
phosphate is an essential signaling lipid that regulates many
processes®!, including the transcription of several cholesterol bio-
synthetic enzymes®% thus NPC1 may determine the fate of cholesterol
passing through the endocytic system by facilitating the efflux of
sphingosine to generate SIP, which, in turn, regulates aspects of
cholesterol metabolism.

After sphingosine storage, the subsequent event in NPC disease
pathogenesis is abnormally low acidic compartment calcium concen-
tration. This is caused by sphingosine storage, as sphingosine, when
exogenously added to healthy cells, is the only lipid that is stored in
NPC disease that induces this phenotype. This sphingosine storage
effect on calcium was rapid, suggesting a direct effect of sphingosine
rather than of a downstream metabolite. We have calculated that these
sphingosine storage levels (~0.75 pM in U18666A-treated RAW cells
and ~1.5 pM in NPCIl mouse brain) approximate the exogenous
sphingosine concentrations (~1 pM) required to decrease acidic
compartment calcium and induce an NPC disease cellular phenotype.

It is likely that sphingosine storage inhibits calcium uptake into the
acidic compartment (Supplementary Fig. 5), so there is insufficient
calcium release for fusion, trafficking or both in the endocytic path-
way. Sphingosine is a known inhibitor of protein kinase C, calcium
ATPases and Na*/Ca?" exchangers, and it may inhibit calcium entry
into the acidic compartment by similar mechanisms®?; the inhibitory
effect of sphingosine on protein kinase C has recently been identified
as a possible cause of the Rab 9 (small GTPase)-associated endocytic
dysfunction in NPC1 disease’. The defect in acidic compartment
calcium homeostasis does not require protons, as the acidic compart-
ment in NPC1-mutant cells maintains normal pH, in agreement with
a previous report!3.

In this study, we observed normal ER and mitochondrial calcium
homeostasis in NPC disease cells. These data suggest that, in contrast
to the primary glycosphingolipidoses, stored GSLs in NPC disease cells
cannot reach the ER and are instead trapped in the acidic compart-
ment, further illustrating that a transport defect occurs before lipid
storage. Our findings of normal ER calcium homeostasis in NPC1-
mutant cells are in agreement with a previous report in which
depolarization leading to ER calcium release was identical between
control and NPC1-mutant primary neurons>>-°,
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Figure 6 Curcumin-induced elevation in cytosolic calcium overcomes reduced lysosomal calcium and
corrects endocytic transport in NPC1-null cells. (@) Numerous endocytic transport steps are dependent
on the function of calcium-dependent protein machinery, such as annexins and calmodulin.

(b) Depletion of lysosomal calcium caused by sphingosine storage in NPC1 disease leads to impaired
endocytic function and subsequent lipid storage. (c) Prolonged elevation of cytosolic calcium overcomes
defective lysosomal calcium release, allowing endocytosis to continue via calcium-dependent proteins,
such as Annexin A2 (Fig. 4b). EE, early endosome; CaM, calmodulin; LE, late endosome; Lys, lysosome.

Calcium entry and egress from acidic stores is regulated by specific
activities. Late endosome and lysosome calcium store filling occurs via
a heavy metal-inhibitable and ATP-dependent process, presumably
through a channel®”. Calcium entry does not occur through passive
internalization of extracellular calcium by endocytosis!”. Calcium
release via the NAADP receptor?’ from the acidic compartment has
been shown to be crucial for endocytic transport and fusion events?.
Consistent with these data, the reduction in acidic store calcium filling
(Supplementary Fig. 5 and Fig. 6) and the subsequent reduced
NAADP-mediated calcium release in NPC1 disease has profound

e, effects on endocytic transport and fusion.

We tested the possibility that depletion of acidic compartment

=" calcium leads to a perturbation of endocytosis and subsequent NPC

disease lipid storage by specifically chelating calcium in the acidic
compartment. The calcium concentration of the acidic compartment
has been estimated to be approximately 200-600 uM!'738. High-
affinity Rhod-dextran at acidic pH has an estimated Ky for calcium
of ~5 uM, enough to chelate the compartment. Treatment with high-
affinity Rhod-dextran led to very rapid (within 4 h) generation of an
NPC disease cellular phenotype. Our findings illustrate that perturba-
tion of acidic compartment calcium can lead to defective endocytosis
and subsequent storage of lipids in the acidic compartment, similar to
that seen in NPC disease. This perturbation in endocytosis is poten-
tially caused by a combination of defective vesicular fusion and
trafficking events that are mediated by calcium release from the acidic
compartment and by calcium-dependent accessory proteins. Calmo-
dulin inhibitors, such as W-7 and calmidazolium, are capable of
inducing an NPC disease cellular phenotype®. Perturbation in the
function of Annexin A2 (a calcium- and phospholipid-binding
protein) has been shown to cause defective early to late endosome
transport in NPC1-mutant cells*®. The decreased acidic compartment
calcium in NPC disease may account for this perturbation, as changes
in intracellular calcium can alter Annexin function and localization*!.
Thus, a key finding of this study is that cholesterol, sphingomyelin and

T Ca?" ER calcium elevation

i Ca®" ER calcium reduction
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GSL storage are downstream events in NPC
disease pathogenesis caused by sphingosine
storage, leading to altered acidic compart-
ment calcium levels, which, in turn, inhibit
the endocytic pathway.

Our findings are in agreement with recent
studies showing that the sterol binding
capacity of the NPC1 protein is non-essential
for rescuing NPC1 deficient cells, suggesting
a cholesterol-independent mechanism of
inducing NPC1 disease. Our study suggests
that sphingosine is the key NPC1 storage
lipid for inducing pathogenesis and impli-
cates NPC1 in facilitating sphingosine efflux
from lysosomes.

We evaluated two agents (thapsigargin and
curcumin), neither of which correct the cal-
cium content of the acidic compartment
(Supplementary Fig. 5) but that compensate
for lack of calcium release from the acidic
compartment by elevating calcium levels in
the cytosol (Fig. 1a,c and Fig. 6). These drugs
normalize the fusion and trafficking machin-
ery in NPCl-mutant cells by increasing the
calcium levels in the cytosol that can be used
by the calcium-dependent proteins, such as
Annexin A2, that are necessary for the normal
function of the endocytic pathway. Both drugs corrected the NPC1
disease phenotype at the cellular level. We tested curcumin (a weak
SERCA antagonist with low toxicity) in the NPCl mouse. It
resulted in increased life expectancy (35%) and slowed the rate
of disease progression (by 3 weeks). These data suggest a potential
new therapeutic strategy for NPC1 disease treatment—using agents
that can compensate for the underlying calcium homeostatic defect.
Elevated lipid levels in NPC1 mouse brain were reduced after
curcumin treatment, including that of S1P, which may be a result
of reduced macrophage infiltration®”. Sphingosine levels were
unchanged, consistent with sphingosine storage being the primary
defect (Figs. 5i and 6).

In summary, we have identified sphingosine storage as the
earliest measurable event after induction of an NPC disease pheno-
type. This induces a novel calcium homeostatic defect characterized by
low calcium levels in acidic stores. This finding may explain why
there is such a profound block in late endosome to lysosome trans-
port in NPC disease, resulting in downstream storage of cholesterol
and GSLs. These data therefore suggest a new mechanism of patho-
genesis in NPC disease and identify a new clinical intervention strategy
for treating this neurodegenerative disorder in the future.

METHODS

Mice. We maintained NpcI~/~ and NpcI*/* mice (a gift from R. Lachmann) as
previously described®. We mixed curcumin (Sigma) as a dry solid with
powdered mouse (SDS) chow, pelleted it and fed it to mice to at a dose of
150 mg kg™! d~!. We conducted all mouse studies with protocols approved by
the UK Home Office for the Conduct of Regulated Procedures under license
(Animal Scientific Procedures Act, 1986). All protocols were approved by both
the Departmental Ethical Review and University Animal Care and Ethical
Review committees.

Cells. We obtained human NPCIl-mutant and control fibroblasts (GM03123
and GM05399, respectively) and B lymphoblasts (GM03124 and GM03299,
respectively) from the Coriell cell repository; these NPC-mutant cells have been
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documented to have no NPC1 protein expression®>. NPCl-mutant CHO cells
(CT43) and controls (RA25) were a gift from T.Y. Chang. We isolated Npcl —I=
and NpcI*/* mouse brain glia and maintained them in tissue culture as
previously described** from newborn mouse pups (post-natal day 1); we
confirmed their genotypes by PCRE. We grew all cells at 37 °C with 5% CO,
in either RPMI (lymphoblasts), DMEM (fibroblasts and glia) or Ham’s F-12/
DMEM (CHO cells) with 10% FCS, 1% penicillin-streptomycin and 1%
L-glutamine (Lonza). We treated cells with U18666A at a concentration
of 2 pg/ml.

pH measurement. We measured lysosomal pH as previously described!® with
minor modifications. We loaded fluorescein-dextran and rhodamine-dextran
(Sigma) at 0.25 mg ml™! for 12 h into cells at 37 °C followed by a 12-h chase at
37 °C to label lysosomes. We generated the standard curve by treating cells with
buffers adjusted to a series of defined pH values in conjunction with
valinomycin and nigericin (which collapse the membrane potential to facilitate
equilibration with external buffer). We performed image analysis and quanti-
fication of fluorescence with SimplePCI software (Hamamatsu).

Calcium assays. We carried out lysosomal calcium measurements as previously
described'” with minor modifications. For documenting calcium concentra-
tion, we used low-affinity Rhod-dextran (K4 = 551 £ 107 pM) in conjunction
with the calcium-insensitive Alexa-Fluor 488—dextran (Invitrogen) at concen-
trations of 0.25 mg ml™' and 0.1mg ml™!, respectively. We loaded the cells for
the same time and under the same conditions as for the pH measurements. We
measured intracellular calcium with the membrane-permeable calcium indica-
tors Fura2-AM alone or Calcium Green 1-AM in conjunction with Fura Red-
AM (all at 5 pM, Molecular Probes). We loaded the cells as previously
described® for 1 h at 20 °C before washing them and visualizing calcium
release either on a Zeiss LSM 510 confocal microscope for adherent cells or by
cuvette-based recording on a Jasco FP-777 (with calcium-recording module
CA-261) for non-adherent cells. All agents were added in DMSO (final
concentrations did not exceed 0.5% volume); NAADP-AM was added in HBSS
buffer. We analyzed movies with Magipix and Magigraph software (developed
and distributed by R. Jacob).

Sphingosine and sphingosine-1-phosphate measurement. We performed
measurements as previously described?°.

Glycosphingolipid measurement. We performed measurements as previ-
ously described?’.

npg

Cholesterol measurement. We quantified cholesterol and cholesterol esters
with the Amplex Red Molecular Probes kit according to the manufacturer’s
instructions. We visualized cellular cholesterol with filipin (Polysciences) as
previously described®.

Sphingomyelin measurement. We visualized intracellular sphingomyelin with
lysenin (Peptides International) as previously described*® with minor modifi-
cations. We incubated paraformaldehyde-fixed (4%, 15 min) cells with lysenin
(0.1 pg ml™) for 12 h at 4 °C before washing them and incubating them with
primary antibody to lysenin at 20 °C for 1 h, followed by incubation with
fluorescent secondary antibody (conjugated to Alexa Fluor 488, Molecular
Probes) at 20 °C for 30 min. We washed the cells, mounted them on glass slides
in Mowiol (Merck) and examined them with a Zeiss Axiovert fluorescence
microscope. We captured images with a charge-coupled device camera and
Axiovision 3.1 software.

BODIPY-lactosylceramide transport. We performed BODIPY-lactosylcera-
mide transport as previously described® with minor modifications. We used
BODIPY-LacCer (Molecular Probes) at a concentration of 7.5 uM with an
initial incubation for 45 min at 20 °C followed by a 1-h chase at 37 °C and three
5-min washes in medium containing 10% FCS and 1% BSA.

Lysotracker staining of lysosomes. We live-stained cells with 200 nM Lyso-
tracker Green (Molecular Probes) in PBS at 20 °C for 10 min before washing
and visualizing them.

Horseradish peroxidase uptake. We performed HRP uptake as previ-
ously described?.

Late endosome-lysosome fusion assay. We performed late endosome—
lysosome fusion assays as previously described*® with Oregon Green—avidin
(Molecular Probes) as the indicator of endosome fusion (0.1 mg ml™,
10-min pulse and 20-min chase at 37 °C) and biotin-dextran (Molecular
Probes) as the lysosomal marker (0.1 mg mI™}, 12-h pulse and 12-h chase at
37 °C). After these incubations, we measured endosome-lysosome fusion as the
increase in Oregon Green—avidin fluorescence upon binding to biotin-dextran.
Each time point represents a new coverslip of cells incubated with 1-uM
thapsigargin for the indicated time.

Open field analysis. We performed open-field analysis as described previously™.

Tremor. We measured tremor in mice with a commercial tremor monitor (San
Diego Instruments) according to the manufacturer’s instructions. We mon-
itored the mice for 256 s.

Statistical analyses. All statistical analyses were performed with Prism
software (Microcal).

Note: Supplementary information is available on the Nature Medicine website.
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