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Background: Endosomal cholesterol storage in Niemann-Pick type C1 deficiency is associated with elevated mitochondrial

cholesterol and alterations in energy metabolism.

Results: Blocking endosomal cholesterol transport to mitochondria prevented the metabolic alterations in NPC1-deficient cells.
Conclusion: Mitochondrial cholesterol accumulation increases oxidative stress and alters energy metabolism.
Significance: Mitochondrial cholesterol is a regulator of energy metabolism and mitochondrial function.

Niemann-Pick type C1 (NPC1) is a late endosomal transmem-
brane protein, which, together with NPC2 in the endosome
lumen, mediates the transport of endosomal cholesterol to the
plasma membrane and endoplasmic reticulum. Loss of function
of NPC1 or NPC2 leads to cholesterol accumulation in late
endosomes and causes neuronal dysfunction and neurodegen-
eration. Recent studies indicate that cholesterol also accumu-
lates in mitochondria of NPC1-deficient cells and brain tissue
and that NPC1 deficiency leads to alterations in mitochondrial
function and energy metabolism. Here, we have investigated the
effects of increased mitochondrial cholesterol levels on energy
metabolism, using RNA interference to deplete Chinese ham-
ster ovary cells of NPC1 alone or in combination with MLN64,
which mediates endosomal cholesterol transport to mitochon-
dria. Mitochondrial cholesterol levels were also altered by
depletion of NPC2 in combination with the expression of NPC2
mutants. We found that the depletion of NPC1 increased lactate
secretion, decreased glutamine-dependent mitochondrial res-
piration, and decreased ATP transport across mitochondrial
membranes. These metabolic alterations did not occur when
transport of endosomal cholesterol to mitochondria was
blocked. In addition, the elevated mitochondrial cholesterol lev-
els in NPC1-depleted cells and in NPC2-depleted cells express-
ing mutant NPC2 that allows endosomal cholesterol trafficking
to mitochondria were associated with increased expression of
the antioxidant response factor Nrf2. Antioxidant treatment not
only prevented the increase in Nrf2 mRNA levels but also pre-
vented the increased lactate secretion in NPC1-depleted cells.
These results suggest that mitochondrial cholesterol accumula-
tion can increase oxidative stress and in turn cause increased
glycolysis to lactate and other metabolic alterations.
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Niemann-Pick type C (NPC)? disease is an autosomal reces-
sive, neurodegenerative disorder caused by loss-of-function
mutations in NPCI or NPC2. NPC1 is a late endosomal trans-
membrane protein, whereas NPC2 localizes to the endosome
lumen. Both NPC1 and NPC2 bind cholesterol and functionally
interact to transport cholesterol from endosomes to the plasma
membrane and endoplasmic reticulum (1-3). Mutations in
either NPC1 or NPC2 lead to cholesterol accumulation in late
endosomes and impaired cellular cholesterol homeostasis.
Over recent years, it has become apparent that cholesterol also
builds up in mitochondria of NPC1-deficient brain, which can
affect mitochondrial function (4 —6). Thus, mitochondpria iso-
lated from NPC1-deficient murine brain are more sensitive to
oxidative stress and have decreased rates of ATP synthesis
under certain conditions (4, 6, 7). Moreover, mitophagy was
impaired in human pluripotent stem cell-derived NPC1-defi-
cient neurons (8). In other model systems, elevated cholesterol
levels have been associated with decreased mitochondrial
membrane fluidity and permeability and with altered function
of mitochondrial transporters (9 —13). Our recent metabolomic
and gene expression analysis of NpcI '~ murine brain showed
significant alterations in energy metabolism and, in particular,
suggested impaired pyruvate oxidation, increased glycolysis,
and activation of oxidative stress responses in presymptomatic
Npcl~'~ cerebellum (7). Oxidative stress markers are also ele-
vated in several NPC1-deficient cell and animal models (7,
14-17). Increased mitochondrial cholesterol levels are also
observed in several other pathological conditions (13, 18 —24).

Here, we have investigated the relationship between mito-
chondrial cholesterol and mitochondrial function using two
approaches to manipulate mitochondrial cholesterol levels
based on the cholesterol transport characteristics of NPC1,

2 The abbreviations used are: NPC, Niemann-Pick type C; PDH, pyruvate dehy-
drogenase; OCR, oxygen consumption rate; FCCP, carbonyl cyanide p-tri-
fluoromethoxyphenylhydrazone; ROS, reactive oxygen species; mitoATP,
mitochondrial ATP; shNT, non-targeting shRNA; shNPC1 and shNPC2,
shRNA against NPC1 and NPC2, respectively; VDAC, voltage-dependent
anion channel; siNT, non-targeting siRNA; siNPC1, siRNA targeting NPC1;
siMLN64, siRNA targeting MLN64; NAC, N-acetylcysteine.
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NPC2, and a third endosomal protein, MLN64. MLN64 is
anchored in the late endosomal perimeter membrane and has a
cytosolic steroidogenic acute regulatory protein-related lipid
transfer domain (START domain), which can bind cholesterol
and transfer it to mitochondria (25, 26). Transport of endo-
somal cholesterol to mitochondria is mediated by NPC2 and
MLNG64 but bypasses NPC1 (5, 27). Accordingly, the elevated
mitochondrial cholesterol content in an NPC1-deficient Chi-
nese hamster ovary (CHO) cell line is lowered by depletion of
MLNG64 (5). Transport of endosomal cholesterol to mitochon-
dria is also decreased by depletion of NPC2 (27). Expression of
amutant NPC2, which can bind cholesterol but cannot transfer
it to NPC1 (1), restores cholesterol transport to mitochondria
in NPC2-depleted cells (27). We show that RNA interference-
mediated depletion of NPC1 in combination with MLN64 and
depletion of NPC2 in combination with the expression of
mutant NPC2 generated CHO cells with elevated or normal
mitochondrial cholesterol levels. Several metabolic parameters,
including lactate formation, oxygen consumption, and mito-
chondrial ATP homeostasis, were affected by mitochondrial
cholesterol levels, as was the expression of the antioxidant
response factor Nrf2.

EXPERIMENTAL PROCEDURES
Materials

Cell culture media, FBS, and other medium supplements
were obtained from Invitrogen. [PH]Deoxyglucose (2-[1,2-
*H]deoxyglucose; 1 mCi/ml; 25-50 Ci/mmol) was obtained
from PerkinElmer Life Sciences. Unless otherwise indicated,
other materials were obtained from Sigma or Thermo Fisher
Scientific.

Cell Culture

Wild type and NPCl-deficient CHO cells expressing
NPC1%¢%°R were obtained from L. Liscum (Tufts University,
Boston, MA) and have been described and characterized previ-
ously (28). For siRNA transfection, CHO cells were incubated
with siRNA (Thermo Scientific Dharmacon) complexed to
jetPRIME (Polyplus Transfection, New York, NY) as described
(5,27). All experiments were performed 72 h after transfection.
siRNAs targeting NPC1, MLN64, and NPC2 were previously
validated in CHO cells by quantitative PCR and immunoblot-
ting (5, 27). Stable NPC1-deficient cell lines and NPC2-defi-
cient cell lines expressing human NPC2 mutants were gener-
ated by lentivirus-mediated transduction of wild type CHO
cells with shRNA expression vectors based on the pLKO1-TRC
cloning vector (Addgene 10878) and selection with puromycin.
To generate the shRNA vectors, a cassette consisting of the
CMV promoter and the cDNA sequence for mCherry was
inserted into pLKO1-TRC, and then oligonucleotides encoding
shRNA hairpin sequences targeting hamster NPCI or NPC2 or
encoding non-targeting shRNA hairpins (MWG Operon,
Huntsville, AL) were inserted into the shRNA cloning site of the
resulting pLKO1-mCherry vector. shRNAs were as follows (top
strand sequences): shNT (5'-ccgggcaacaagatgaagagcaccgac-
gagtgctcttcatcttgttgetttttt-3’), shNPC1 (hamster) (5'-ccgge-
gagtaagccgagcagaagactgcagtcttctgeteggettacteggttttt-3'), and
shNPC2 (hamster) (5'-ccggggttgtaagtctggaatcaactgcagttgattc-
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cagacttacaacctttttt-3'). For the expression of NPC2 mutants,
DNA encoding mCherry was replaced by cDNA encoding
human wild type NPC2 (NPC2%") or NPC2 with point muta-
tion V81D or Y119S (NPC2V8'P or NPC2Y''%). These mutants
have been described previously (1, 27) and correspond to muta-
tions in Val-62 and Tyr-100 in mature NPC2 (29). All CHO cells
were maintained in Ham’s F-12 medium with 5% FBS and with
3 ug/ml puromycin if transfected with shRNA vectors.

Immunoblotting Analysis

Cell lysates were prepared in 0.1% SDS in PBS with protease
inhibitors (5 wg/ml leupeptin, 5 ug/ml aprotinin, 50 um PMSE,
and 1 pum pepstatin) and phosphatase inhibitors (2 mm
orthovanadate and 1 mMm sodium fluoride), separated by SDS-
PAGE, and transferred to polyvinylidene fluoride membranes.
Membranes were blocked in 5% skim milk powder or 2% poly-
vinylpyrrolidone and phosphatase inhibitors (for phosphory-
lated pyruvate dehydrogenase detection) in Tris-buffered
saline with 5% Tween (TTBS; pH 7.4) and incubated with anti-
NPC1 (Novus Biologicals, Littleton, CO), anti-Lamp1 (Abcam,
Cambridge, MA), anti-VDAC1 (Abcam), anti-protein-disulfide
isomerase (Assay Designs Enzo Life Sciences, Farmingdale,
NY), anti-phosphorylated pyruvate dehydrogenase (Cell Sig-
naling Technology, Danvers, MA), anti-pyruvate dehydroge-
nase (PDH) (Cell Signaling Technology), or anti-actin (Santa
Cruz Biotechnology, Inc.). Secondary horseradish peroxidase-
conjugated donkey anti-rabbit, donkey anti-mouse, or donkey
anti-goat antibodies (Jackson Immunoresearch, West Grove,
PA) were diluted 1:10,000 in TTBS and detected by enhanced
chemiluminescence (Roche Applied Science). Actin was used
as a loading control.

Filipin Staining

Cells grown on glass coverslips were fixed and stained with
50 ug/ml filipin in PBS as described (5). Images were acquired
on a Nikon TE2000 epifluorescence microscope with a charge-

coupled device camera at filter settings of 387/11 nm (excita-
tion) and 447/60 nm (emission), using a X20 objective.

Isolation of Mitochondria and Cholesterol Determination

Mitochondria were isolated from cells as described (5).
Briefly, cells were grown to confluence, harvested, and ruptured
by nitrogen cavitation (30) (Parr Instrument Co.). Crude mito-
chondria were separated from cytosol by differential centrifu-
gation and treated with 0.1% trypsin for 10 min, followed by the
addition of soybean trypsin inhibitor at 0.5 mg/ml. Ultracentri-
fugation over a 30% Percoll gradient at 95,000 X g yielded a
lower density endosomal fraction and a higher density mito-
chondrial fraction. Cholesterol was measured with the Amplex
Red assay (Invitrogen) and expressed per mitochondrial pro-
tein determined with a bicinchoninic acid-based photometric
assay (BCA assay; Thermo Fisher Scientific).

Assays for Lactate Secretion, Deoxyglucose Uptake, and ATP
Levels

For all assays, cells were washed and preincubated in glucose-
free Hepes-buffered saline (124 mm NaCl, 3 mm KCl, 10 mm
Hepes, pH 7.4, 2 mm CaCl,, 1 mm MgCl,) for 30 min, followed
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by a 30-min incubation in phenol red-free DMEM without glu-
cose, pyruvate, or glutamine but supplemented with the indi-
cated metabolites (incubation medium). Cellular protein was
collected into 0.1% SDS/PBS-containing protease and phos-
phatase inhibitors and determined with the BCA assay.

Lactate Secretion—Incubation medium was collected after
30 min. Fifty ul of medium were added to a reaction mix (2 mm
NAD™, 48 um resazurin, 1 unit/ml diaphorase, and 18.5
units/ml L-lactate dehydrogenase) in Tris buffer (75 mm Tris/
HCI, pH 8.9, 100 mMm KCI, 0.0004% Triton X-100) for 30 min.
Fluorescence was measured at 544/590 nm (excitation/emis-
sion), and lactate concentrations were calculated based on a
calibration curve on the same assay plate. Data were derived
from triplicate incubations in at least four independent
experiments.

Deoxyglucose Uptake—Cells were incubated with 2-[1,2-
*H]deoxyglucose (2 uCi, 0.08 mm) in incubation medium for 30
min. Cells were washed three times with PBS and collected into
0.1% SDS in PBS, and cell-associated radioactivity was quanti-
fied by scintillation counting. Data were derived from three
independent experiments in triplicate.

Cellular ATP Levels—Following a 30-min exposure to incu-
bation medium, cells were harvested into ice-cold PBS, and
total cellular ATP was immediately measured using the ATP-
Glo™ bioluminometric assay (Biotium, Hayward, CA). Data
were derived from three independent experiments in triplicate.

Measurement of Mitochondrial Respiration

Three days after transfection with siRNA against NPC1 or
MLNG64 or with a mixture of siRNAs against both proteins,
CHO cells were plated in XF96 polystyrene cell culture micro-
plates (Seahorse Bioscience) at a density of 35,000 cells/well.
After an overnight incubation, cells were washed and preincu-
bated for 30 min in unbuffered XF assay medium with or with-
out glutamine (2 mm) supplemented with 5.5 mm b-glucose and
1 mMm sodium pyruvate at 37 °C in a non-CO, environment. The
oxygen consumption rate (OCR) was measured every 7 min
using an XF96 extracellular flux analyzer (Seahorse Bioscience)
during consecutive addition of 1 um oligomycin, 2 um carbonyl
cyanide p-trifluoromethoxyphenylhydrazone (FCCP), and 2.5
mM antimycin A (final concentrations are given).

Measurement of Mitochondrial ATP

CHO cells stably expressing non-targeting shRNA or shRNA
targeting NPC1 were transiently transfected with the fluores-
cence resonance energy transfer (FRET)-based ATP indicator
mtAT1.03 (31). The sensor was excited at 430 nm using a high-
speed polychromator system VisiChrome (Visitron Systems,
Puchheim, Germany), and emission was measured at 535 and
480 nm (Versatile Filter Wheel Systems, Visitron Systems), to
measure FRET-dependent and cyan fluorescent protein-de-
pendent fluorescence, respectively, as described previously
(32).

Reactive Oxygen Species Generation

Cellular reactive oxygen species (ROS) production was mea-
sured using an Amplex Red-based fluorometric assay (Invitro-
gen). Briefly, cells were grown in a 96-well clear bottom plate,

16280 JOURNAL OF BIOLOGICAL CHEMISTRY

washed with glucose-free Hepes-buffered saline, and incubated
at 37 °C in 200 ul of reaction mix (Hepes-buffered saline with
2.5 mM glucose, 12.5 ug/ml Amplex Red, 0.3 units/ml horserad-
ish peroxidase). Fluorescence was measured every 2 min for 30
min in a FluoStar plate reader at 544 nm (excitation) and 590
nm (emission). ROS generation was calculated as the fluores-
cence increase over 30 min and standardized to cell protein.

Gene Expression Analysis

Total RNA was prepared from CHO cells by TRIzol extrac-
tion (TriReagent). One pg of RNA was used to prepare cDNA
using iScript reverse transcriptase (Bio-Rad). The mRNA levels
of hamster Npc2 and Nrf2 relative to cyclophilin (Ppia) mRNA
levels were analyzed by quantitative PCR using the iSYBR
Green Mastermix (Bio-Rad) and calculated by the AAC:
method. For analysis of human NPC2, PCR was performed on
100 ng of reverse transcribed RNA using Taq recombinant
polymerase (Invitrogen). Amplicons were quantified by agarose
gel electrophoresis. Primer sequences were as follows: cyclo-
philin, Ppia-F (5'-tcttcttgctggtcttgecattee-3') and Ppia-R (5'-
tccaaagacagcagaaaactttcg-3') and Nrf2-F (5'-gcttctttccatte-
ccgaattac-3') and Nrf2-R (5'-tgagctggctggegtcttc-3'); hamster,
Npc2-F (5'-cggctctaaggttggacte-3') and Npc2-R (5'-tggca-
gagctgttctccgactg-3'); human, NPC2-F (5'-tatagctagccgccac-
catgegtttcctggeage-3') and NPC2-R (5'-tataggatccttagagat-
gagaaacgatctg-3').

Statistical Analysis

For comparison of two groups, Student’s two-tailed ¢ test was
used. For comparison of three or more groups, significance was
calculated using analysis of variance. Significance was assumed
for p < 0.05.

RESULTS

Elevated Mitochondrial Cholesterol Levels and Increased
Lactate Production in NPC1-depleted CHO Cells—Our previ-
ous work has shown that CHO-4-4-19 cells, which carry a loss-
of-function mutation in NPC1 (28), have elevated levels of
mitochondrial cholesterol compared with the parental CHO
cells (5). Because this cell line was established nearly 2 decades
ago, we first determined whether mitochondrial cholesterol
also accumulated during shorter periods of NPC1 deficiency.
NPC1-deficient CHO cells were generated by transfection with
an shRNA vector targeting hamster NPC1 and short selection
in puromycin over two generations (10 days). Immunoblotting
and filipin staining showed the depletion of NPC1 protein and
the characteristic filipin accumulation in cells transfected with
shRNA targeting NPC1 but not in cells transfected with a non-
targeting control shRNA vector (Fig. 14). Separation of endo-
somes and mitochondria was verified by immunoblotting (Fig.
1B). Mitochondria isolated from NPC1-deficient cells had
2-fold higher cholesterol levels than mitochondria isolated
from control cells (Fig. 1C). Moreover, NPC1-deficient cells
secreted significantly more lactate than control cells within 30
min (Fig. 1D), indicating that energy metabolism was altered by
depletion of NPC1. In wild type CHO cells, the lactate concen-
tration in the medium increased linearly over the first 2 h and
could be further increased by inhibition of ATP synthase with
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FIGURE 1. Elevated mitochondrial cholesterol levels and increased lac-
tate formation in NPC1-depleted CHO cells. CHO cells were transfected
with shNT or shNPC1 and selected with puromycin for 10 days. A, filipin stain
and NPC1 immunoblot. Scale bars, 50 um. B, immunoblot for endosomal
LAMP1 and mitochondrial VDACT in endosomes (Endo) and purified mito-
chondria (Mito) prepared from CHO cells expressing shNT or shNPC1. C, cho-
lesterol levels of mitochondria isolated from CHO cells expressing shNT or
shNPC1. D, lactate levels in incubation medium containing 2.5 mm glucose
and incubated for 30 min with CHO cells expressing shNT or shNPC1. Data are
means = S.E. (error bars) of three independent experiments in triplicate (*,p <
0.05).
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oligomycin (not shown), and we therefore assumed that the
lactate concentration measured after 30 min in the medium
reflected lactate production by the cells.

Cells Depleted of Both NPC1 and MLN64 Produce Normal
Levels of Lactate and Decrease Glucose Uptake in Response to
Glutamine—To determine whether the metabolic alterations
were a consequence of the increased mitochondrial cholesterol
levels, we transfected CHO cells with siRNAs against NPC1 or
against MLN64 alone or with a mixture of siRNAs against the
two proteins. The use of siRNA was more suitable for co-trans-
fections and avoided nonspecific adaptations during the brief
selection process. Transfection with siRNA targeting NPC1
increased cellular lactate production (Fig. 2A4), similar to the
transfection with shRNA against NPC1. In contrast, cells
depleted of both NPC1 and MLN64 or of MLN64 alone
secreted the same amount of lactate as control cells transfected
with non-targeting siRNA (Fig. 24). Increased lactate forma-
tion is often observed when mitochondrial function is
impaired. Conversely, mitochondrial ATP production nor-
mally decreases glycolysis. Glutamine is a mitochondrial energy
substrate used by CHO cells and is, unlike fatty acids, also avail-
able to the brain. The addition of glutamine did not change
lactate production in any of the CHO cells compared with incu-
bation with glucose alone (Fig. 24). However, lactate can also be
produced from glutamine when malic enzyme is active and
converts malate to pyruvate (33), so that lactate secretion may
not reflect glycolysis in the presence of glutamine. We therefore
measured glucose uptake using radiolabeled 2-[*H]deoxyglu-
cose, which is taken up into cells and phosphorylated by hexoki-
nase but not further metabolized. In the presence of glucose
alone, 2-[*H]deoxyglucose uptake was the same in all cells (Fig.
2B), suggesting that the higher lactate production in NPCI-
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FIGURE 2. Increased lactate secretion in NPC1-depleted cells is prevented
by co-depletion of MLN64. CHO cells were transfected with siNT or with
siRNA targeting NPC1 (siNPC1), MLN64 (siMLN64), or a combination of both
(siNPC1/siMLN64). A, lactate concentrations in incubation medium contain-
ing 2.5 mm glucose (Glc) with or without 1 mm glutamine and incubated for 30
min with CHO cells as indicated. B, cell-associated radioactivity in cells trans-
fected with siNT, siNPC1, and/or siMLN64 after a 30-min incubation with
2-[*H]ldeoxyglucose and 2.5 mm glucose with or without 1T mm glutamine.
Data are means = S.E. (error bars) of three independent experiments in trip-
licate (a, p < 0.05 versus siNT glucose; b, p < 0.05 versus siNT glutamine).

depleted CHO cells was due to a diversion of pyruvate into
anaerobic metabolism. The addition of glutamine decreased
2-[*H]deoxyglucose uptake in control non-targeting siRNA
(siNT) cells, suggesting that these cells oxidized glutamine and
in response decreased glucose oxidation and uptake. Similarly,
cells depleted of both NPC1 and MLN64 or of MLN64 alone
took up less 2-[*H]deoxyglucose in the presence than in the
absence of glutamine (Fig. 2B). In contrast, glutamine did not
affect 2-[*H]deoxyglucose uptake in cells depleted of NPC1
alone (Fig. 2B), in line with an impaired mitochondrial utiliza-
tion of glutamine as an energy substrate.

Glutamine Increases Mitochondrial Respiration in Cells
Depleted of Both NPC1 and MLN64 but Not in Cells Depleted of
NPC1 Alone—For a closer analysis of the mitochondrial metab-
olism of glucose and glutamine, we measured the OCR in the
presence of glucose or glucose and glutamine. OCR was mea-
sured during the consecutive addition of oligomycin, FCCP,
and antimycin to obtain the basal OCR, ATP synthase-depen-
dent OCR, maximum respiratory capacity, and non-mitochon-
drial respiration (34). In the presence of glucose alone, there

JOURNAL OF BIOLOGICAL CHEMISTRY 16281



Metabolic Adaptations and Mitochondrial Cholesterol

A B

C D

§

20 Ogomen  FoOP  AmycnA 40 Basal OCR = ATP turnover £ 207 Max respiratory rate
- [G) 2um 25 =
:5‘““ ; - siNT 80; 5§ @ §1SO
2 - sINPC1 & 30 B
g‘“ - siMLN64 8 o g 5 100
S . - = [
g - SINPC1/sIMLNG4. E 40 & 20 .g
& < < S 50
% 5 20 10 E
0 T T T 0: E ] T T
$ < & & 0. 0‘ & N » >
B & & & & & & S & S ®
0 20 nm:(omn) 60 80 S ‘;s. d\\a\@ 9‘* ,§V ¥ ‘,\@, B "\‘x 6\@/ Qé\@,
L A \9)
£ & S
o
PN — 100 Basal OCR 20 ATP turnover § 20, Max respiratory rate
igomy(ci

FCCP Aatimycin A
1M 2um 25

9
8

-~ SiNT

-~ SINPC1

- SIMLN&4

- SINPC1/SIMLNG4

g

28

150

100

basal OCR
8 8 8 8
|

OCR (pmihlnlnlrlns cells)
8
o
Hi

o

°

D7
I |
C‘,

ATP turnover
- »N w S
s 3 & 8
jl*
max. mitochondrial respiration
3
*
*

%,

o’ -
S
%,
o,
o’

' & @&
‘ ® rma":mn) “ ® e\eq ,;\\“\5\ \\%\& é}g ,}\“\? \\év c}‘\Q (}§ \9\\‘9\
\‘\qo ,;{zo \‘gd\
S 200 ab
o
~ 150
= ‘
2 100 ‘
£ 50 ‘
g |
° 0 T T T T T T T T T
S
o
& & N o o> & N o> o>
E S L FE S EE
< - N4 &\/ N é\, &\/
e S NS
N N
& X
2 2

FIGURE 3. Impaired glutamine-dependent mitochondrial respiration in NPC1-depleted cells is prevented by co-depletion of MLN64. A-H, OCRs of CHO
cells transfected with siNT or with siNPC1, siMLN64, or siNPC1/siMLN64 were measured using a Seahorse Bioanalyzer XF96 in the presence of glucose alone
(A-D) or in the presence of glucose and glutamine (E-H) during the consecutive addition of 1 um oligomycin, 2 um FCCP, and 2.5 um antimycin, as indicated. A
and E, OCR monitored over 77 min in cells transfected with non-targeting siRNA or siRNA against NPC1, MLN64, or NPC1 and MLN64. Band F, average basal OCR
prior to the addition of oligomycin; Cand G, ATP turnover calculated as the difference between basal OCR and the OCR in the presence of oligomycin. D and
H, maximum respiratory rates; OCR in the presence of FCCP (*, p < 0.05; **, p < 0.01). /, total cellular ATP levels in cells that were incubated with media
containing 2.5 mm glucose with or without T mm glutamine for 30 min, standardized to protein, and expressed as a percentage of the average of siNT. All data

shown are means = S.E. (error bars) (a, p < 0.05 versus siNT glucose; b, p < 0.05 versus siNT glutamine).

were no significant differences in any of these aspects of the
OCR among control cells and cells depleted of NPC1 and/or
MLNG64 (Fig. 3, A-D). In the presence of glutamine and glucose,
control siNT cells and cells depleted of NPC1 and MLN64 or of
MLNG64 alone increased their basal and ATP synthase-depen-
dent OCR and had a higher maximum respiratory activity com-
pared with measurements in the presence of glucose alone (Fig.
3, E-H), indicating that glutamine was used as a substrate for
respiration. In contrast, NPC1-depleted cells showed no differ-
ences in the basal OCR or in any of its components in the pres-
ence or absence of glutamine (Fig. 3, E-H) and had significantly
lower mitochondrial respiration rates than control cells or cells
depleted of both NPC1 and MLN64 when glucose and gluta-
mine were available as energy substrates. Non-mitochondrial
components of oxygen consumption, given by the OCR in the
presence of antimycin A, were similar in all cells (Fig. 3E), dem-
onstrating that the decreased OCR in NPC1-deficient cells was
due to decreased mitochondrial respiration. The levels of total
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cellular ATP were the same in all cells in the presence of glucose
alone (Fig. 31), reflecting the lack of differences in mitochon-
drial respiration rates and glucose uptake. In the presence of
glutamine and glucose as energy substrates, however, cellular
ATP levels were higher in NPC1-depleted cells than in control
siNT cells or cells depleted of both NPC1 and MLNG64 (Fig. 31),
possibly reflecting increased glycolysis in NPC1-depleted cells.
Impaired Mitochondrial ATP Transport in NPCI-deficient
Cells—To further investigate the low mitochondrial respiration
in NPC1-depleted cells even when glutamine is available as an
energy substrate, we used the genetically encoded, mitochon-
drially targeted ATP sensor mtAT1.03 to measure mitochon-
drial ATP (mitoATP) levels in a live cell imaging approach (31,
35). Basal ratio signals of the mitochondrially targeted ATP
probe were not significantly different in cells expressing shRNA
against NPC1 (shNPC1) compared with control cells express-
ing non-targeting shRNA (shNT), indicating similar mitoATP
levels in both groups (Fig. 44). As expected, the addition of
SASBMB
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FIGURE 4. Impaired mitochondrial ATP transport in NPC1-deficient cells. CHO cells expressing shNT or shNPC1 were transiently transfected with the
FRET-based ATP sensor mtAT1.03. MitoATP levels ([ATP], ;) were measured as the ratio of emission at 535 nm/480 nm (Ratio(Fs35 nm/Faso nm))s With excitation
at435 nm in the presence of glucose and glutamine. A, mitoATP levels in shNT and shNPC1 cells during the addition of 1 um oligomycin. Ratio(Fss5 nm/Faso nm)
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oligomycin caused a rapid drop in mitoATP levels due to inhi-
bition of ATP synthase. However, in control shNT cells,
mitoATP levels recovered substantially within minutes of
oligomycin addition and in the continued presence of oligomy-
cin, indicating transport of cytosolic ATP into mitochondria,
whereas recovery was minimal in NPC1-deficient cells (Fig.
4A). For a quantitative analysis of this effect, the FRET ratio
measured over time was normalized to the basal FRET ratio in
the absence of inhibitors (Fig. 4B). Calculation of the averaged
normalized FRET ratio revealed a more pronounced decrease
of mitoATDP levels in NPC1-deficient cells upon the addition of
oligomycin and significantly lower mitoATP levels during the
continued exposure to oligomycin compared with control
shNT cells (Fig. 4B), indicating that mitochondrial ATP import
was impaired in NPC1-deficient cells. Inhibition of glycolysis
with deoxyglucose also decreased mitoATP levels in all cells
(Fig. 4C); however, the decrease in mitoATP in response to
deoxyglucose was much less pronounced in shNPC1 cells than
in control shNT cells (Fig. 4C), consistent with decreased trans-
port of mitochondrial ATP into the cytosol. MitoATP levels
partially recovered in control cells even in the presence of
deoxyglucose, whereas recovery was again minimal in NPC1-
deficient cells (Fig. 4C), probably due to decreased oxidative
phosphorylation in NPC1-deficient cells.

The Increased Lactate Production by NPCI1-depleted Cells
Is Not Primarily Caused by Inactivation of Pyruvate De-
hydrogenase—One possible reason for an increase in glycolysis
to lactate and decreased pyruvate oxidation is a deficiency in
PDH levels or activity, as found in Npc1 ~/~ cerebellum (7, 36).
If PDH inactivation contributed to the higher lactate produc-
tion in NPC1-depleted CHO cells, we would expect a decrease
in lactate production to the same levels in all cells by treatment
with dichloroacetate, which indirectly activates PDH through
inhibition of PDH kinase. As expected, lactate production
decreased in all cells in the presence of dichloroacetate and was
no longer significantly higher in NPC1-depleted cells (Fig. 54),
suggesting that impaired PDH activity may have contributed to
some extent to the increase in lactate formation in NPC1-de-
pleted cells (Fig. 5A). However, the levels of phosphorylated and
of total PDH were not significantly different in NPC1-depleted
cells compared with control cells or with cells transfected with
siRNA against NPC1 and MLN64 or against MLN64 alone (Fig.
5,Band C).

Increased Expression of the Antioxidant Response Factor Nrf2 in
NPCI-depleted Cells Is Prevented by Co-depletion of MLN64—
Mitochondrial dysfunction is often associated with an in-
creased generation of ROS, and increased levels of oxidative
stress have been found in several cell and animal models of NPC
disease (7, 14—17). ROS production, measured as H,O,, was
also increased in the long term NPC1-deficient CHO-4-4-19
cell line (Fig. 6A). In contrast to CHO-4-4-19 cells, acute deple-
tion of NPC1 by siRNA transfection did not lead to an increase
in ROS production (Fig. 6B). However, mRNA levels of the
antioxidant response factor Nrf2 were increased in NPC1-de-
pleted cells (Fig. 6C). This increase was prevented by either
treatment with the antioxidant N-acetylcysteine (NAC) or co-
depletion of MLN64 in addition to NPC1 (Fig. 6C), suggesting
that low levels of oxidative stress develop very soon after the
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FIGURE 5. Unchanged levels of total and phosphorylated PDH in NPC1-
depleted cells. A, lactate concentration in incubation media supplemented
with 2.5 mmglucose * 10 mm dichloroacetate (DCA) and incubated for 30 min
with CHO cells with siNT or with siNPC1, siMLN64, or siNPC1/siMLN64. B, rep-
resentative immunoblot of lysates prepared from cells used in A probed with
antibodies against phosphorylated (pPDH) and total PDH and actin as a load-
ing control. C, density analysis of bands from the immunoblot. Data shown
are means * S.E. (error bars) (n = 3). a, p < 0.05 versus siNT without
dichloroacetate.

loss of NPC1 without yet causing a measurable increase in ROS
in the cellular environment and indicating a role for mitochon-
drial cholesterol in the development of oxidative stress. Treat-
ment with NAC for 48 h also prevented the increased lactate
production in NPC1-depleted cells (Fig. 6D), suggesting that
initial mild increases in oxidative stress contribute to the met-
abolic alterations in NPC1-deficient cells.

Increased Mitochondrial Cholesterol Levels, Lactate Produc-
tion, and Nrf2 mRNA Levels in NPC2-depleted CHO Cells
Expressing NPC2"3'P—Although depletion of MLN64 alone
did not have any effects on the metabolic parameters we mea-
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FIGURE 6. Oxidative stress contributes to increased lactate production in
NPC1-depleted cells. A, reactive oxygen species (H,0,) production by wild
type or NPC1-deficient CHO cells (4-4-19). B, H,0, production by CHO cells
transfected with siNT or siNPC1. C, Nrf2 mRNA levels relative to cyclophilin
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and incubated with or without NAC for 48 h. D, lactate levels in incubation
medium supplemented with 2.5 mm glucose and incubated with cells trans-
fected with siNT, siNPC1, and/or siMLN64 and treated with or without 1 mm
NAC for 48 h. a, p < 0.05 versus siNT without NAC. Error bars, S.E.

sured, it was still possible that MLN64 depletion in NPC1-de-
ficient cells had effects in addition to the decrease in mitochon-
drial cholesterol levels. We therefore used a second approach to
manipulate mitochondrial cholesterol levels, based on the
known transport characteristics of NPC2 proteins with differ-
ent point mutations (1, 27). NPC2V®'P cannot transfer choles-
terol to NPC1 (1), but its expression allows cholesterol trans-
port to mitochondria in NPC2-depleted cells (27). NPC2¥1195
cannot bind or transfer cholesterol at all (1, 27). Stable CHO cell
lines were generated using expression vectors encoding an
shRNA sequence against hamster NPC2 in addition to cDNA
sequences for mCherry or human NPC2%*, NPC2V¥'", or
NPC2Y!'%, Control cells expressed the corresponding non-tar-
geting shRNA vector with cDNA encoding mCherry. Our pre-
vious work has shown no effects on cholesterol transport when
NPC2 mutants were expressed in addition to endogenous
NPC2 (27). Transfection with shRNA reduced the levels of
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hamster NPC2 mRNA by ~50% compared with shNT control
cells (0.51 *= 0.01, 0.52 = 0.07, 0.39 = 0.06, and 0.33 = 0.07
relative to shNT cells in mCherry-, NPC2¥?T., NPC2V8P_ or
NPC2Y'"*S-expressing shNPC2 cells, respectively). The levels
of human NPC2 mRNA were comparable in the three lines
expressing NPC2%", NPC2V5'P, or NPC2¥''%% (117 and 87% of
NPC2%T in NPC2V3'® and NPC2¥''%%, respectively) and unde-
tectable in the mCherry-expressing cells. Mitochondrial frac-
tions isolated from these cell lines were devoid of markers for
endoplasmic reticulum and endosomes (Fig. 7A). Mitochon-
drial cholesterol levels in cells expressing shRNA targeting
endogenous NPC2 in combination with expression of
mCherry, NPC2%", or NPC2Y'*S were similar to those in cells
expressing non-targeting shRNA (Fig. 7B). However, cells
expressing sShRNA against endogenous NPC2 and expressing
NPC2V¥'P had increased levels of mitochondrial cholesterol
(Fig. 7B), thus resembling NPC1-depleted cells. Lactate secre-
tion and Nrf2 mRNA levels were significantly increased in cells
depleted of endogenous NPC2 and expressing NPC2V5'P but
unchanged in cells depleted of endogenous NPC2 and express-
ing mCherry, NPC2%7T, or NPC2Y''*3 (Fig. 7, C and D). These
findings provided further evidence that mitochondrial choles-
terol accumulation could increase oxidative stress and affect
energy metabolism.

DISCUSSION

In addition to the well known accumulation of cholesterol in
late endosomes, NPC1-deficient cells have increased levels of
cholesterol in mitochondria. The consequences of imbalances
in mitochondrial cholesterol homeostasis are not well charac-
terized. Previous studies have shown mitochondrial deficien-
cies and an increase in lactate levels in Npcl '~ murine brain
(4, 7). Here we have investigated the alterations in energy
metabolism caused by NPC1 deficiency and the role of mito-
chondrial cholesterol in precipitating these changes in CHO
cells. Metabolic alterations in NPC1-deficient cells included
increased lactate production, mitochondrial respiration
defects, impaired ATP transport across mitochondrial mem-
branes, and increased oxidative stress. In two different experi-
mental models, most of these metabolic changes occurred only
when mitochondrial cholesterol levels were increased and were
prevented by blocking endosomal cholesterol transport to
mitochondria.

The increased lactate production observed in NPC1-de-
pleted CHO cells pointed to defects in mitochondrial energy
metabolism, which became apparent when glutamine was
added as a mitochondrial energy substrate. The seemingly nor-
mal mitochondrial respiration rates in NPC1-depleted CHO
cells in the presence of glucose alone were probably due to
generally low levels of mitochondrial respiration in CHO cells
under these conditions (Fig. 3, A—D) and were consistent with
the known high glycolytic flux to lactate in proliferating CHO
cells (33, 37). In the presence of glutamine, OCRs were lower in
NPC1-depleted cells compared with control cells until the
addition of antimycin (Fig. 3, E-H), clearly indicating defects in
the three main components of mitochondrial respiration,
namely ATP turnover, proton leak activity, and substrate oxi-
dation (34). ATP turnover and substrate oxidation are each
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influenced by several processes. Thus, ATP synthase activity,
ATP/ADP exchange, and turnover of ATP in the extramito-
chondrial space determine overall ATP turnover, whereas sub-
strate oxidation requires substrate uptake and metabolism as
well as electron transport activity (34). Mitochondrial protein
levels and the extent of mitochondrial staining with fluorescent
dyes were similar in NPC1-deficient and control cells (data not
shown); therefore, the differences in mitochondria respiration
were unlikely to be due to decreased mitochondrial abundance.
Further investigation using a genetically encoded fluorescent
ATP sensor that localizes to mitochondria (31, 32, 35) revealed
deficiencies in the transport of ATP between mitochondrial
matrix and cytosol in NPC1-deficient cells (Fig. 4). Mitochon-
drial ATP transport occurs in exchange for ADP and is medi-
ated by the adenine nucleotide translocator in the inner mem-
brane and the voltage-dependent anion channel (VDAC) in the
outer mitochondrial membrane. Impaired ATP/ADP exchange
would also limit the availability of ADP to ATP synthase and
thus limit oxidative phosphorylation in NPC1-deficient cells,
consistent with the observed decrease in ATP turnover and
basal OCR (Fig. 3). Impaired ATP/ADP transport could also
explain some of the metabolic alterations observed in murine
Npcl~'~ brain, where lactate levels increase even before onset
of symptoms, followed by an up-regulation of glycolytic gene
expression and dysregulation of other metabolic pathways (7),
and, at very late stages of NPC disease, a decrease in ATP levels
and mitochondrial ATP generation (4). In contrast to CHO
cells, the brain strongly relies on the oxidative metabolism of
glucose and might be particularly sensitive to metabolic alter-
ations caused by mitochondrial cholesterol accumulation.
Moreover, decreased levels of non-phosphorylated, active PDH
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in NpcI~/~ murine cerebellum (7, 36) and impaired mitochon-
drial ATP generation in the presence of pyruvate (7) indicate
additional defects in pyruvate oxidation in NPC1-deficient
brain.

The metabolic alterations and defects in mitochondrial res-
piration in NPC1-depleted CHO cells were prevented by co-de-
pletion of MLN64 to inhibit endosomal cholesterol transport to
mitochondria. Similarly, mitochondrial cholesterol accumula-
tion following depletion of endogenous NPC2 and expression
of NPC2V8'P Jed to increased lactate production, which was not
observed in the presence of an NPC2 mutant unable to support
endosomal cholesterol mobilization to mitochondria (Fig. 7).
Sphingolipids, gangliosides, and sphingosine also accumulate
in NPC1- or NPC2-deficient endosomes and could be trans-
ported to a greater extent to mitochondria. However, MLN64
specifically binds cholesterol (38 —40), and depletion of MLN64
is not expected to reverse effects caused by lipids other than
cholesterol. Moreover, because overexpression or depletion of
MLNG64 does not alter the endosomal cholesterol accumulation
in NPCl1-deficient cells (5, 25), it is also unlikely to alter the
endosomal accumulation of sphingolipids or their nonspecific
transport to mitochondria. A similar argument can be made for
the depletion and expression of NPC2 mutants, which bind
cholesterol but not sphingolipids (41, 42). Thus, our findings
indicated that the adaptations in energy metabolism were
caused by mitochondrial cholesterol accumulation due to
increased transport of endosomal cholesterol to mitochondria.
Elevated mitochondrial cholesterol levels have been observed
in several (patho)physiological conditions, including in certain
types of cancer cells, during cardiac ischemia and hepatic stea-
tosis and in the brains of a murine model of Alzheimer disease
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(13, 18 —24, 43). All of these conditions are also associated with
alterations in energy metabolism. On the other hand, enrich-
ment of the prostate cancer cell line LNCaP with cholesterol
complexed to cyclodextrin increased mitochondrial cholesterol
levels but had no effects on cellular respiration (44). Thus, the
cellular context and the pathways leading to the build-up of
mitochondrial cholesterol may influence which aspects of
mitochondrial function are most affected. Mitochondrial cho-
lesterol decreases membrane fluidity and permeability and low-
ers proton leak activity (12). Elevated mitochondrial cholesterol
levels have also been linked to impaired glutathione and pyru-
vate import (18, 45), decreased phosphate carrier activity (46,
47), and higher citrate export from mitochondria (20), suggest-
ing that several mitochondrial transport processes can be
affected by cholesterol. Of particular interest in the context of
the present study are reports that both the adenine nucleotide
translocator and VDAC are influenced by cholesterol (13,
48 —52), which may explain our observation of decreased ATP
transport across the mitochondrial membranes (Fig. 4). More-
over, alterations in VDAC permeability represent one mecha-
nism through which accumulation of cholesterol mainly in the
mitochondrial outer membrane could affect ATP production
without a direct effect on the mitochondrial inner membrane,
as was observed in a study using isolated mitochondria
enriched with cholesterol (9). Where cholesterol accumulates
in NPC1-deficient cells is not entirely clear and may depend on
the cellular context and stage of the disease. In NPC1-deficient
CHO cells, it seems likely that cholesterol accumulates mainly
in the mitochondrial outer membrane because arrival at the
inner membrane is not increased compared with control cells
(5, 27). However, one study found increased inner membrane
cholesterol levels in murine brain mitochondria isolated at a
late stage of NPC disease (4).

Several reports in recent years have indicated a role for oxi-
dative stress in NPC disease (7, 14—17, 53). Oxidative stress can
increase as a consequence of mitochondrial dysfunction and
ROS production, and excessive ROS generation impairs mito-
chondrial function through oxidative damage of mitochondrial
proteins, DNA, or lipids (11, 54, 55). Our findings suggest that
elevated mitochondrial cholesterol levels contribute to the
development of oxidative stress (e.g. through defects in oxida-
tive phosphorylation or in mitochondrial glutathione import)
(18) and that oxidative stress in turn promotes metabolic alter-
ations. Initially, NPC1-deficient cells appear to be able to con-
trol ROS production through antioxidant response systems;
however, over time, ROS generation may overwhelm cellular
antioxidant capacities and become apparent as in the NPC1-
deficient CHO-4-4-19 cells. Whether a similar sequence of
mitochondrial cholesterol accumulation, oxidative stress, and
metabolic alterations would occur in NPC1-deficient brain and
at what stage of the disease these alterations would develop are
not clear. In murine Npcl /= cerebellum, mRNA levels of the
antioxidant response factor Nrf2, which is expressed as a cellu-
lar response to even mild oxidative stress (56), are increased
presymptomatically and remain elevated in later stages of NPC
disease (7). Treatment of NPC1-deficient mice with the antiox-
idant NAC starting at the onset of symptoms caused only lim-
ited improvements of disease pathology (16). Antioxidant
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treatment at even earlier stages might be more beneficial, but it
is difficult to implement in human patients, where diagnosis is
often delayed beyond the onset of overt symptoms.

Our findings show that mitochondrial cholesterol can regu-
late mitochondrial function and energy metabolism. It there-
fore seems likely that increased mitochondrial cholesterol lev-
els also lead to metabolic alterations in NPC1-deficient brains.
However, the consequences of such metabolic alterations on
the neuropathology in NPC disease are not yet known.
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