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Background: Mutant Niemann-Pick C1 (NPC1) is degraded by the proteasome.
Results: NPC1 is one of the clients of HSP/CHIP (heat shock protein/carboxyl terminus of Hsp70-interacting protein) com-

plexes and accepts ubiquitin at multiple lysine residues.
Conclusion: HSPs are critical in the quality control of NPCI1.

Significance: Unraveling the mechanisms of NPC1 degradation is crucial for development of a chaperone therapy.

Most cases with Niemann-Pick disease type C carry muta-
tions in NPCI1. Some of the mutations, including the most
frequent I1061T, give rise to unstable proteins selected for
endoplasmic reticulum-associated degradation. The purpose
of the current study was to shed mechanistic insights into the
degradation process. A proteasome inhibitor MG132 pro-
longed the life span of the wild-type NPC1 expressed in COS
cells. The expressed protein associated with multiple chaper-
ones including heat shock protein 90 (Hsp90), Hsp70, heat
shock cognate protein 70 (Hsc70), and calnexin. Accordingly,
expression of an E3 ligase CHIP (carboxyl terminus of Hsp70-
interacting protein) enhanced MG132-induced accumula-
tion of ubiquitylated NPC1. Co-expression and RNAi knock-
down experiments in HEK cells indicated that Hsp70/Hsp90
stabilized NPC1, whereas Hsc70 destabilized it. In human
fibroblasts carrying the I1061T mutation, adenovirus-medi-
ated expression of Hsp70 or treatment with an HSP-inducer
geranylgeranylacetone (GGA) increased the level of the
mutant protein. In GGA-treated cells, the rescued protein
was localized in the late endosome and ameliorated choles-
terol accumulation. MALDI-TOF mass spectrometry revealed
three lysine residues at amino acids 318, 792, and 1180 as potential
ubiquitin-conjugation sites. Substitutions of the three residues
with alanine yielded a mutant protein with a steady-state level
more than three times higher than that of the wild-type. Introduc-
tion of the same substitutions to the I1061T mutant resulted in an
increase in its protein level and functional restoration. These find-
ings indicated the role of HSPs in quality control of NPC1 and
revealed the role of three lysine residues as ubiquitin-conjugation
sites.
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Niemann-Pick disease type C (NPC)? is an autosomal reces-
sive lipid storage disorder characterized by an accumulation of
free cholesterol and other lipids in the late endosome/lysosome
(1). It is caused by mutations in NPCI or NPC2 genes (2, 3).
NPC1 is a membrane protein that resides primarily in the late
endosome, whereas NPC2 is a soluble protein that resides pri-
marily in the lysosome (4, 5). 95% of NPC patients carry muta-
tions in the NPC1 gene, and more than 200 mutations of NPC1
responsible for NPC have been identified. Some of the muta-
tions are predicted to cause premature termination or large
deletion of the polypeptide, but many others are predicted to
cause single amino acid substitution or small in-frame deletion,
including the most frequent 11061T substitution that is found
in ~20% of disease alleles (6).

We and others (7-9) reported reduced protein levels of
NPC1 in fibroblasts from patients with NPCI mutations.
Importantly, cells from patients with juvenile/adult forms
retained relatively high levels of the protein (7), suggesting that
the NPC1 protein level may be one of the major factors that
determine disease severity. It was unlikely that this decrease
was secondary to any cellular phenotype of NPC, because
NPC2-deficient cells contained increased levels of NPC1 (7, 8)
and also because treatment of the cells with U18666A that
induces an NPC phenotype increased the NPC1 protein level
(10). We found rather increased levels of NPC1 mRNA in these
cells (11), excluding the possibility that the decreased protein
level was attributable to impaired transcription.

Gelsthorpe et al. (9) reported that treatment of 11061T
homozygous human fibroblasts with chemical chaperones (i.e.
glycerol or 4-phenylbutyric acid) increased the protein level of
the mutant NPC1 and that overexpression of the 11061T

2 The abbreviations used are: NPC, Niemann-Pick C; ERAD, endoplasmic retic-
ulum-associated degradation; Insig-1, insulin induced gene-1; Hsc70, heat
shock cognate protein 70; TPR, tetratricopeptide repeat; BAG2, BCL2-asso-
ciated athanogene 2; IB, immunoblotting; IP, immunoprecipitation; GGA,
geranylgeranylacetone.
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mutant in NPC1-deficient CHO cells restored the cholesterol
flow. They concluded that the 11061T mutant retains NPC1
function but is selected for endoplasmic reticulum-associated
degradation (ERAD) due to protein misfolding. This conclu-
sion was supported by subsequent studies that demonstrated
the ability of ryanodine receptor antagonists (12) or MG132
(13) to increase the protein level of the 11061T mutant and
alleviate cholesterol accumulation in patient-derived cells.
Recently, Ohgane et al. (14) described oxysterol derivatives that
could bind to and suppress degradation of this mutant protein.
Despite these lines of evidence for NPC1 ERAD, the quality
control and degradation mechanisms at the molecular level
remain largely unknown.

In ERAD, molecular chaperones play a critical role in the
quality control of proteins, assisting their folding and also facil-
itating degradation of misfolded polypeptides by the ubiquitin-
proteasome system. Proteins are earmarked for degradation by
the covalent attachment of a polyubiquitin chain(s) to a lysine
residue(s). This is a multistep process involving an E1 ubiqui-
tin-activating enzyme, E2 ubiquitin-conjugating enzyme, and
E3 ubiquitin ligase (15, 16). The purpose of the current study
was to shed mechanistic insights to the NPC1 ERAD. Specifi-
cally, we aimed at identification of molecular chaperones that
participate in quality control of NPC1 and lysine residues that
accept ubiquitin.

EXPERIMENTAL PROCEDURES

Materials—Dulbecco’s modified Eagle’s medium and Ham’s
F-12 medium were from Invitrogen. Bovine calf serum was
from Atlanta Biologicals. Geldanamycin, anti-FLAG M2-aga-
rose, and rabbit polyclonal anti-FLAG were from Sigma. Rabbit
polyclonal antibody against NPC1 was from Abcam and against
Insig-1 (insulin-induced gene-1) from Biorbyt. Mouse mono-
clonal antibodies against ubiquitin (P4D1), heat shock protein
40 (Hsp40), Hsp70, Hsp90, heat shock cognate protein 70
(Hsc70), calnexin, HA tag, and GFP and rabbit polyclonal anti-
body against CHIP (carboxyl terminus of Hsp70-interacting
protein) were from Santa Cruz Biotechnology. Geranylgeranyl-
acetone was a gift from Eisai Co., Ltd. (Tokyo, Japan).

Expression of Recombinant Proteins and RNAi Knockdown of
Endogenous Proteins— All expression plasmids encoded human
proteins and all siRNAs were based on human sequences.
pASC9/FLAG-NPC]1, an expression plasmid of NPC1 with a
FLAG tagin the Clal site, has been described (17). pSV-SPORT/
NPC1 wild-type and mutants with amino acid substitutions
Y634C, P691S, or I1061T were a gift from Dr. J. F. Strauss III
(University of Pennsylvania Medical Center). The Psyl frag-
ment of the FLAG-NPC1 cDNA that flanks the FLAG epitope
was introduced to the corresponding site of pSV-SPORT/
NPC1 to generate a FLAG-tagged version of the cDNAs. The
carboxyl-terminal 12 base pairs were deleted from pSV-
SPORT/FLAG-NPC1 by PCR-based mutagenesis to generate a
c¢DNA that encoded FLAG-NPC1/8LLNEF. Lysine residues at
amino acids 318, 792, and 1180 were substituted by alanine
using a QuikChange Site-directed mutagenesis kit (Stratagene)
and the substitution was confirmed by direct sequencing.
pcDNA3.1 expression plasmids of Hsc70, Hsp70, and Hsp90
have been described (18) and those of FLAG-CHIP and CHIP/
SASBMB
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OTPR that lacked the tetratricopeptide repeat (TPR) domains
were a gift from Dr. 1. Hisatome (Tottori University).
pcDNA3.1 plasmids of HA-BAG2 (BCL2-associated athano-
gene 2) and FLAG-gp78 were a gift from Dr. C. Patterson (Uni-
versity of North Carolina at Chapel Hill) and Dr. Y. Yihong
(National Institutes of Health, NIDDK), respectively. siRNAs
against Hsc70 and Hsp70 have been described (18). The
sequence of siRNA against CHIP was: sense, 5'-GGAGCAG-
GGCAAUCGUCUGTT-3, and antisense, 5'-CAGACGAUU-
GCCCUGCUCCTT-3'. COS or HEK cells were transfected
with the expression plasmid or siRNA using Lipofecta-
mine 2000 reagent (Invitrogen) according to the manufactu-
rer’s instructions. Adenoviruses carrying LacZ or Hsp70 (19)
were a gift from Dr. A. Nakai (Yamaguchi University).

Cell Culture—COS cells, HEK cells, and human skin fibro-
blasts were maintained in DMEM, 10% bovine calf serum at
37 °C in a humidified atmosphere with 5% CO,. We used four
lines of human skin fibroblasts, one from a control subject and
three from NPC patients. The NPC1 mutations of the three
patients were 11061T/11061T, 11061T/del 740,741, and F705S/
S$813X. CHO/NPC1(—) cells that do not express NPC1 and
CHO/FLAG-NPCI1 knock-in cells that stably express FLAG-
NPC1 (10) were maintained in the same way except for the use
of F-12 medium instead of DMEM.

Immunocytochemistry and Filipin Staining—All procedures
were carried out at 4 °C. For FLAG-NPC1 expression experi-
ments using CHO/NPC1(—) cells, cells on coverslips were fixed
with 4% paraformaldehyde in PBS for 15 min, permeabilized
with 0.5% Nonidet P-40 in PBS for 15 min, blocked with 1%
bovine serum albumin for 1 h, and incubated with rabbit anti-
FLAG (1:200) for 1 h. Bound antibodies were detected with
Alexa 548-conjugated secondary antibody. Filipin staining was
performed as described (10) and images were obtained using
Leica TSC SP-2 confocal laser microscope. For filipin staining
of human skin fibroblasts, fixed cells were incubated with filipin
in the same way and images were obtained using Leica DMRB
fluorescent microscope. For quantification of fluorescent sig-
nals, the regions of interest was set to surround the perinuclear
signals and the average intensity was obtained using NIH
Image]J software.

Immunoprecipitation and Western Blotting—All procedures
were carried out at 4 °C. Cells were washed with PBS and lysed
by sonication in buffer A (10 mm Tris-Cl, pH 7.4, 150 mm NaCl,
1 mm EDTA, 1 mm EGTA, 1% Triton X-100) supplemented
with Complete protease inhibitor mixture (Roche Applied Sci-
ence). After a brief centrifugation to remove insoluble material,
the supernatant was precleared with an aliquot of agarose
beads. For immunoprecipitation (IP) of FLAG-NPCI1, the
extracts were incubated for 16 h with anti-FLAG M2-agarose
beads, washed with buffer A, and followed by elution of bound
proteins by heating at 65 °C for 10 min in SDS-PAGE sample
buffer. For IP of endogenous NPC1, the extracts were incubated
for 16 h with anti-NPC1 and immune complexes were collected
by using Dynabeads protein G (VERITAS). SDS-PAGE, West-
ern transfer, and immunoblotting (IB) were carried out as
described (10). The blot was developed using an ECL kit (Amer-
sham Biosciences).
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FIGURE 1. Effects of protease inhibitors on expression and degradation of FLAG-NPC1. A, levels of FLAG-NPC1 and its ubiquitylated form. COS cells were
transfected with expression constructs for FLAG-NPC1 and GFP. At 48 h post-transfection, they were incubated for 6 h in the absence (lane 1) or presence of 0.15
mm chloroquine (lane 2), 0.1 mm leupeptine (lane 3), 10 mm NH,Cl (lane 4), 5 um MG132 (lane 5), or 5 um lactacyctin (lane 6). 1% Triton X-100 extracts were
subjected to anti-GFP IB or anti-FLAG IP. The IP products were probed with anti-FLAG or anti-ubiquitin (P4D1). Molecular masses are given on the left (kDa). The
arrowheads indicate the top margin of the separating gel. Shown are representative results reproduced three times. B, degradation of FLAG-NPC1. Transfected
cells were pulse-labeled with [>*S]Met/Cys and chased in the absence (open circles) or presence of 5 um MG 132 (closed circles) or 0.15 mm chloroquine (triangles).
At the times indicated, cells were harvested and anti-FLAG IP products were subjected to autoradiography. Representative autoradiographs are shown. Band
densities were determined by densitometry and expressed as relative to the values at time 0. Each dot represents mean = S.E. of three determinations. ti/,

values are given in the text.

Pulse-Chase Analysis—COS cells in 6-well plates were trans-
fected with the indicated expression constructs. 48 h after
transfection, cells were pulse-labeled for 2 h with EXPRESS™
[**S]Met/Cys (50 uCi/ml, PerkinElmer Life Sciences) in Met/
Cys-free DMEM supplemented with dialyzed bovine calf serum
and then chased in DMEM, 10% bovine calf serum. FLAG-
NPC1 was immunoprecipitated from 1% Triton X-100 extracts
and analyzed by SDS-PAGE followed by autoradiography. Den-
sitometry was performed using NIH Image] software. The
decay constant (k) was estimated by fitting first-order decay
curves to form y = e~ by using Excel software and a half-life
time was calculated using the formula #,, = 0.693/k.

Cell Fractionation—Membranes were fractionated by using
an Opti-prep gradient (Axis-Shield plc.) as described (20).
Briefly, cells were homogenized with a Potter homogenizer in
ice-cold buffer (10 mm Hepes, pH7.0,1 mM EDTA, 1 mMm EGTA
supplemented with a protease inhibitor mixture). After centrif-
ugation at 100,000 X g for 1 h at 4 °C, the supernatant was
discarded and the pellet was resuspended in the same buffer,
overlaid onto an Opti-prep gradient, and centrifuged at
100,000 X gfor 16 hat4 °C. The top 12 fractions of the gradient
were recovered and numbered accordingly.

MALDI-TOF Mass Spectrometry—CHO/FLAG-NPC1 knock-in
cells were incubated in the absence or presence of 5 um MG132
for 6 h and FLAG-NPCI1 was recovered from cell extracts by
anti-FLAG IP and subjected to SDS-PAGE. FLAG-NPCI1 in
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excised gel plugs was digested using sequencing grade modified
porcine trypsin. The peptides were extracted, dried in a vac-
uum, centrifuged, and redissolved in 0.1% trifluoroacetic acid.
The peptide mixture resulted from protein digestion was ana-
lyzed using a Voyager-DE STR MALDI-TOF mass spectrome-
ter (Applied Biosystems).

Statistical Analysis—Student’s ¢ test was used for statistical
analysis of the results. p values of <0.05 were considered to be
significant.

RESULTS

ERAD of NPC1I Expressed in COS Cells—We reported previ-
ously that when FLAG-NPC1 was expressed in COS cells, treat-
ment of the cells with MG132 caused an accumulation of
ubiquitylated NPC1. Similar responses were obtained with a
loss-of-function mutant P691S, in accordance with the
notion that NPC1 underwent ERAD (21). In the current
study, we attempted to confirm NPC1 ERAD and tested
whether we could reproduce accelerated ERAD of the
11061T mutant, as suggested by other groups (9, 12-14).

MG132 effect on the level of ubiquitylated NPC1 was repro-
duced in COS cells transiently expressing FLAG-NPC1 together
with EGFP (Fig. 1A4). This drug treatment also caused a clear
increase in the steady-state level of FLAG-NPC1. Similar effects
were observed with another proteasome inhibitor lactacystin. In
contrast, neither lysosomal protease inhibitors chloroquine nor
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FIGURE 2. Effects of MG132 on expression and degradation of mutant NPC1. A, schematic representation of NPC1 showing the amino acid substitutions
and the LLNF motif. N and C denote amino and carboxyl terminus, respectively. B, steady-state levels of the protein and ubiquitylated form. COS cells were
transfected with each FLAG-NPC1 construct. At 48 h post-transfection, cells were cultured for 6 h in the absence or presence of MG132 (5 um) and anti-FLAG IP
products were subjected to IB with anti-FLAG or anti-ubiquitin (P4D1). C, dose-dependent effects of MG132. Cells expressing the wild-type or 11061T mutant
were cultured for 6 h in the absence or presence of increasing concentrations of MG132 and processed as in B. Band C, shown are the representative results
reproduced at least twice. D, degradation of the I1061T mutant. Cells were transfected with constructs for the wild-type (open circles) or 11061T mutant (closed
circles) and pulse-labeled and chased as described in the legend to Fig. 1B. Each dot represents mean * S.E. of three determinations. ti/, values are given in the

text. Representative autoradiographs are shown in the inset.

leupeptin affected the steady-state level and caused no accumula-
tion of the ubiquitylated form. Similarly, no effect was observed by
addition of NH,Cl that increases lysosomal pH and inhibits prote-
olysis in this compartment. As a control, the level of co-expressed
EGFP was not affected by MG132 or lactacystin. Accordingly,
MG132 more than doubled the half-life time of FLAG-NPCI1 as
analyzed by pulse-chase labeling (8.6 * 1.6 and 189 = 1.1 h,
mean * S.E., n = 3, in the absence and presence of 5 um MG132,
respectively), whereas chloroquine barely affected the half-life
time (9.6 = 0.8 hin the presence of 0.15 mm chloroquine) (Fig. 1B).

Next we examined effects of MG132 on the 11061 T mutant,
in parallel with other loss-of-function mutants (P691S, Y643C)
and an ER-retention mutant SLLNF (Fig. 24). The 11061T
mutant protein migrated on electrophoresis faster than the
wild-type protein (Fig. 2B), most likely because of differential
glycosylation (9, 13). MG132 was effective on all of these
mutants to induce accumulation of the ubiquitylated form and
increase the steady-state levels (Fig. 2B). Dose-response analy-
sis revealed that the accumulation of the ubiquitylated I1061T
mutant was induced by MG132 more efficiently than that of the
wild-type protein (Fig. 2C). Pulse-chase labeling (Fig. 2D)
revealed a markedly shortened half-life time of this mutant pro-
tein (9.6 = 0.5 and 4.2 = 0.8 h, mean * S.E., n = 3, for the
wild-type and 11061 T mutant, respectively).
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Association of NPCI with Molecular Chaperones and Its
Ubiquitination by CHIP—Molecular chaperones involved in
ER quality control can be classified to two categories: one is
luminal proteins such as calnexin, and the other is cytosolic
proteins such as Hsp40, -70, -90, and Hsc70 (15, 22). Because
NPC1 is a multipass membrane protein that has both luminal
and cytosolic surfaces, both types of chaperones can be
involved in its quality control. To determine molecular chaper-
ones that participate in quality control of NPC1, anti-FLAG IP
products from COS cells expressing FLAG-NPC1 were probed
with antibodies against each chaperone molecule. As shown in
Fig. 3, four kinds of chaperone molecules, Hsp90, Hsp70,
Hsc70, and calnexin, were co-precipitated with FLAG-NPCI1.
In contrast, no Hsp40 was co-precipitated. In addition to its
effect on the steady-state level of FLAG-NPC1, MG132 treat-
ment increased the amounts of co-precipitated chaperone mol-
ecules. Similar results were reproduced for I1061T and 6LLNF
mutants (data not shown).

There are a number of E3 ligases that participate in ERAD.
One is CHIP that associates with multiple chaperones includ-
ing Hsp70, Hsc70, and Hsp90 via its TPR domains (23, 24, 25).
As expected from co-precipitation of these chaperones, CHIP
was also present in the FLAG-NPCI1 IP products (Fig. 3). Given
this association, we examined whether CHIP could ubiquiti-
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FIGURE 3. Co-precipitation of chaperone proteins and CHIP with Flag-
NPC1. COS cells were transfected with or without the wild-type FLAG-NPC1
construct. At 48 h post-transfection, cells were cultured for 6 h in the absence
or presence of MG132 (5 um) and 1% Triton X-100 extracts were subjected to
anti-FLAG IP followed by IB with the indicated antibodies (right panel). The
extracts from untransfected cells were also subjected to IB with the indicated
antibodies (left panel). Shown are representative results reproduced at least
twice.

nate NPC1. When FLAG-tagged CHIP was co-expressed with
FLAG-NPC1, MG132-induced accumulation of ubiquitylated
FLAG-NPCI1 was obviously enhanced, whereas this effect was
not at all observed with CHIP/8TPR that lacked the TPR
domains (Fig. 4B). BAG2, originally identified as a component
of CHIP-Hsp70 protein complexes, has been shown to disrupt
the interaction between CHIP and an E2 ubiquitin-conjugating
enzyme and by doing so, eventually suppresses ubiquitination
of the substrate (26, 27). Expression of BAG2 suppressed
MG132-induced accumulation of ubiquitylated Flag-NPC1
(Fig. 4C).

Reciprocal Control of NPC1 Stability by Hsc70 and Hsp70/
Hsp90 in HEK Cells—In the case of CHIP substrates such as
HERG (human ether-a-go-go-related gene), CFTR (cystic
fibrosis transmembrane conductance regulator), and epithelial
sodium channels, it has been demonstrated that Hsc70 and
Hsp70/Hsp90 exert reciprocal effects on the protein stability,
i.e. Hsc70 facilitates ubiquitination of the substrate by CHIP
leading to its degradation, whereas Hsp70/Hsp90 suppresses
ubiquitination leading to its stabilization (18, 28, 29). To see
whether NPC1 stability was regulated in a similar manner, we
conducted co-expression and RNAi knockdown experiments
in HEK cells. This cell line was used because of successful appli-
cations of siRNAs against human Hsc70/Hsp70 as well as an
HSP90 inhibitor geldanamycin in our previous studies (18, 30).
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First we examined effects of co-expressed HSPs on the
steady-state level and MG132-induced accumulation of ubiq-
uitylated FLAG-NPC1 and found reciprocal effects of Hsc70
and Hsp70. Hsc70 decreased the steady-state level and exagger-
ated the accumulation both in MG132-treated and -untreated
cells, whereas Hsp70 increased the steady-state level and sup-
pressed MG132-induced accumulation. Hsp90 exhibited mar-
ginal effects (Fig. 5A).

Next we explored the association of endogenous proteins by
co-IP experiments and found that Hsc70, Hsp70, and Hsp90 as
well as CHIP were co-precipitated with NPC1 (Fig. 5B). Given
this association, we tested effects of siRNAs against Hsc70,
Hsp70, and CHIP on the levels of endogenous NPC1 and
MG132-induced accumulation of its ubiquitylated form and
again found reciprocal effects of Hsc70 and Hsp70. siRNA
against Hsc70 increased the steady-state level and suppressed
accumulation of the ubiquitylated form, whereas siRNA against
Hsp70 caused a clear reduction in the steady-state level and
exaggerated the accumulation. Like siRNA against Hsc70,
siRNA against CHIP increased the steady-state level and sup-
pressed the accumulation of the ubiquitylated form (Fig. 5C).
We also evaluated effects of geldanamycin as described pre-
viously (30) and found that it decreased the level of NPC1
and exaggerated the accumulation of its ubiquitylated form
(Fig. 5D).

Stabilization of the 11061T Mutant in Human Fibroblasts by
HSPs—The above findings indicated accelerated proteasomal
degradation of the 11061T mutant and the role of HSPs in its
quality control. We then asked whether the endogenous
11061T mutant protein is similarly degraded and, if so, whether
itis possible to rescue the mutant protein by increasing the level
of HSP. To address these questions, we used primary-cultured
fibroblasts from a control subject and NPC patients carrying
the I1061T mutation.

First we examined effects of MG132 on the steady-state lev-
els of NPC1 (Fig. 6A). As reported elsewhere (7), anti-NPC1 IB
gave two bands at 170 and 190kDa in control cell extracts and
the level of the mutant NPC1 in the patient’s cells was obviously
reduced as compared with the level of the wild-type protein
in control cells. Although MG132 increased the level of the
mutant protein in NPC cells, there appeared to be an appropri-
ate concentration range for this drug to be effective, because it
failed to affect the level at concentrations higher than 5 um. The
same drug treatment caused a marginal increase in the level of
the wild-type protein in control cells.

Next we examined the effect of Hsp70 overexpression (Fig.
6B). Adenovirus-mediated expression of Hsp70 caused a dose-
dependent increase in the steady-state level of the mutant
NPC1 and as a control, no effect was observed with adeno-
LacZ. Given these results, we tested the ability of geranylgera-
nylacetone (GGA) to increase the level of the mutant NPC1
(Fig. 6C). GGA is an anti-ulcer drug that induces expression of
HSPs and by doing so, helps maturation of unstable proteins
(31, 32). GGA treatment caused a dose-dependent increase in
the level of endogenous Hsp70 and Hsp90 and these increases
were accompanied by an increase in the protein level of the
mutant NPC1. This effect of GGA on the level of NPC1 was
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construct 8TPR. Each TPR domain is shown in dark gray. Amino acid numbers are indicated above. B, effects of CHIP on the accumulation of ubiquitylated
FLAG-NPC1. COS cells were transfected with FLAG-NPC1 alone or together with FLAG-CHIP constructs that encoded the wild-type or TPR as indicated. At 48 h
post-transfection, cells were cultured for 6 h in the absence or presence of MG132 (3 um) and anti-FLAG IP products were subjected to IB with anti-FLAG or
anti-ubiquitin (P4D1). The single asterisk indicates the CHIP dimer and the double asterisk indicates the immunoglobulin light chain. C, effects of BAG2. Cells
were transfected with FLAG-NPC1 alone or together with HA-BAG as indicated. After treatment with MG132 at 5 um for 6 h, cell extracts were subjected to
anti-HA IB or anti-FLAG IP. The IP products were probed with anti-FLAG or anti-ubiquitin (P4D1). Shown are representative results reproduced at least twice.

abolished when cells were incubated in the presence of 1 um
geldanamycin (Fig. 6D).

We then examined by using subcellular fractionation
whether the mutant NPC1 in GGA-treated cells was trans-
ported to the late endosome (Fig. 6E). When homogenates from
NPC cells were fractionated on Opti-prep, the early endosome
marker Rab5 was recovered in fractions 2— 4, the late endosome
marker lamp2 in fractions 3—6, and the ER marker calnexin in
fractions 4—12. Hsp70 was recovered in fractions 8 =12, both in
GGA-untreated and -treated cells, suggesting its association
with the ER. As expected, the mutant NPC1 was at detectable
levels only in fractions from GGA-treated cells, and was recov-
ered in fractions 3—6, suggesting its localization in the late
endosome. These results lead us examine whether GGA could
ameliorate the intracellular cholesterol accumulation in these
cells (Fig. 6F). When NPC cells carrying the 11061 T mutation
were cultured in the presence of GGA, filipin staining revealed
a clear reduction of cholesterol accumulation. This effect was
not observed in cells carrying sterol-sensing domain mutations
F705S/S813X.

Identification of Ubiquitin-conjugation Sites of NPCI—We
used MALDI-TOF mass spectrometry to identify lysine resi-
dues of NPC1 that potentially accept ubiquitin. The strategy
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depends on the fact that trypsin digestion of ubiquitin-conju-
gated proteins produces diglycine-branched peptides in which
the C-terminal Gly-Gly fragment of ubiquitin is attached to the
e-amino group of a modified lysine residue within the peptide
(33). In practice, CHO/FLAG-NPC1 knock-in cells were incu-
bated in the absence or presence of 5 um MG132 for 6 h and
FLAG-NPCI1 was recovered from cell extracts by IP and was
separated on PAGE. FLAG-NPC1 in excised gel plugs was
digested with trypsin and the peptide mixture was analyzed using a
MALDI-TOF mass spectrometer. This digestion yielded 194 and
146 peptides derived from FLAG-NPC1 in MG132-treated and
-untreated samples, respectively. Comparison between the mea-
sured mass and the theoretical mass of each peptide showed that
15 peptides in the MG132-treated sample were potentially modi-
fied with a Gly-Gly fragment (Table 1). Of these 15 peptides, 9 were
also predicted to be modified with a Gly-Gly fragment in MG132-
untreated samples. Of the 6 peptides that were predicted to be
specifically modified in the MG132-treated sample, 3 peptides
corresponded to the amino acid sequences that contained a lysine
residue on the cytosolic loops of NPC1. The sequences of the 3
peptides were DKGEASCCDPVSAAFEGCLR (amino acids 317—
336), RQEKNR (amino acids 789 —-794), and AFTVSMKGSRVER
(amino acids 1174—1186). The other 3 peptides corresponded to
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FIGURE 5. Regulation of NPC1 stability by HSPs/CHIP in HEK cells. A, effects of co-expression of HSPs on the expression level of FLAG-NPC1. Upper panel, cells
were transfected with each HSP construct and at 48 h post-transfection, 1% Triton X-100 extracts were harvested and subjected to IB with the indicated
antibodies. Lower panel, cells were transfected with FLAG-NPC1 alone or together with each HSP construct. At 48 h post-transfection, they were cultured for6 h
in the absence or presence of MG132 (5 um) and anti-FLAG IP products were subjected to IB with anti-FLAG or anti-ubiquitin (P4D1). B, co-precipitation of
chaperone proteins with NPC1. Cells were cultured for 6 h in the absence or presence of MG132 (5 um) and 1% Triton X-100 extracts were subjected to
anti-NPC1 IP. The extracts and IP products were subjected to IB. C, effects of RNAi knockdown of HSP/CHIP. Upper panel, cells were transfected with each siRNA
and at 48 h post-transfection, 1% Triton X-100 extracts were harvested and subjected to IB. Lower panel, cells were transfected with each siRNA. At 48 h
post-transfection, cells were cultured for 6 h in the absence or presence of MG132 (5 um) and anti-NPC1 IP products were subjected to IB. —1st ab, IP was
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further incubated in the absence or presence of MG132 (5 um) for 6 h. 1% Triton X-100 extracts were subjected to anti-NPC1 IP followed by IB. Shown are the
representative results reproduced at least twice.

the amino acid sequences on the luminal loops of NPC1, which are
unlikely to be accessible to ubiquitin ligases. Thus, this analysis
identified the three lysine residues at amino acids 318, 792, and
1180 as potential ubiquitin-conjugation sites of NPC1.

To confirm conjugation of ubiquitin to these residues and to
assess their role in NPC1 degradation, we generated a series of
mutants with single (S1, S2, S3), double (D1, D2, D3), or triple
(T1) lysine to alanine substitutions as listed in Fig. 7A. When
expressed in COS cells, the steady-state levels of these mutants
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were obviously higher than that of the wild-type protein and
appeared to be in an order of the wild-type < S series < D
series < T1 (Fig. 7B). Densitometry showed that expression
levels of the three S series mutants were within a similar range
and the same was the case for D series mutants (Fig. 7C). Pulse-
chase labeling (Fig. 7D) revealed a markedly prolonged half-life
time of T1 (8.0 = 1.3 and 20 * 0.6 h, mean * S.E., n = 3, for the
wild-type and T1, respectively). We then examined effects of
MG132 (Fig. 7E). Like in the case of wild-type, MG132 treat-
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FIGURE 6. Stabilization of the 11061T mutant by HSPs in human fibroblasts. A, effects of MG132 on the protein level of NPC1. Cells were cultured in the
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the representative blots using cells from a control subject or a patient heterozygous for [1061T. Similar results were reproduced using cells from a patient
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post-transfection, 1% Triton X-100 extracts were subjected to IBs. C, effects of GGA. Cells were cultured in the absence or presence of increasing concentrations
of GGA for 24 h and cell extracts were subjected to IB. D, effects of geldanamycin. Cells were incubated for 24 h in the absence or presence of geldanamycin (1
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Shown are representative blots using cells from a patient heterozygous for 11061T. Similar results were reproduced using cells from a patient homozygous for
11061T. Allin A-E, shown are the representative results, which were reproduced at least twice. F, effects of GGA on intracellular cholesterol accumulation. After
treatment with or without GGA (0.3 um for 48 h), cells were fixed and stained with filipin. Shown are representative images obtained with a fluorescent
microscope and results of densitometry. Each bar represents mean * S.E. of three determinations. Signals from more than 10 cells were evaluated in each
experiment. *, p < 0.01, significantly different from the values in untreated cells. Bar, 50 um.

ment at 5 uMm for 6 h caused an apparent increase in the steady-  three lysine residues and suggested their critical role in the reg-
state levels of S series mutants. This effect was obscured in D ulation of NPC1 ERAD.

series mutants and was absent in T1. MG132-induced accumu- Finally, we asked whether the T1 mutant was functional and
lation of the ubiquitylated form was reduced in S series if so, whether elimination of the three lysine residues could
mutants, as compared with that of the wild-type, further rescue the 11061T mutant from ERAD. To address the first
reduced in D series mutants, and was undetectablein T1. These  question, T1 was transiently expressed in CHO/NPC1(—) cells
findings are consistent with conjugation of ubiquitin to the and by staining with filipin, its function was compared with that
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TABLE 1

FLAG-NPC1-derived peptides predicted to be modified with a Gly-Gly fragment(s)
+ and — denote samples from MG132-treated and -untreated cells, respectively. Amino acid residues derived from the FLAG tag (shown in lowercase letters) were excluded

from the amino acid numbering.

Detected
No. Start End Peptide sequence Modifications in Position
1 789 794 RQEKNR 1 Gly-Gly + only Cytosolic, Lys-792
2 37 42 DKRYNC 1 Gly-Gly +, —
3 1174 1186 AFTVSMKGSRVER 1 Gly-Gly + only Cytosolic, Lys-1180
4 307 318 dkSNIAFSVNASDK 1 Gly-Gly +—
5 985 997 EGKQRPQGGDFMR 1 Gly-Gly + only Luminal
6 295 306 KRYFVSEYTPIA 1 Gly-Gly +-—
7 164 181 EAPSSNDKALGLLCGKDA 1 Gly-Gly +—
8 391 404 EKEYFDQHFGPFFR 1 Gly-Gly +—
9 162 181 DVEAPSSNDKALGLLCGKDA 1 Gly-Gly +-—
10 580 595 AQAWEKEF INFVKNYK 2 Gly-Gly +—
11 789 805 RQEKNRLDIFCCVRGAE 1 Gly-Gly +—
12 295 305 KRYFVSEYTPIddyd 2 Gly-Gly +—
13 317 336 DKGEASCCDPVSAAFEGCLR 1 Gly-Gly + only Cytosolic, Lys-318
14 40 60 YNCEYSGPPKPLPKDGYDLVQ 2 Gly-Gly + only Luminal
15 868 893 DDSYMVDYFKSISQYLHAGPPVYFVL 1 Gly-Gly + only Luminal

of the wild-type. To address the second question, we engi-
neered a construct that carried both the triple substitutions and
[1061T (11061T/T1) and its function was compared with that of
the 11061T. Transient expression in CHO/NPCI1(—) cells
showed that the protein level of the 11061T/T1 was obviously
higher than that of the I1061T (Fig. 8A4). Like the wild-type,
expression of T1 abolished the intracellular cholesterol accu-
mulation almost completely, suggesting that elimination of the
three lysine residues did not interfere with NPC1 function (Fig.
8B). The effects of the 11061 T mutant were variable in individ-
ual cells that expressed this mutant: in some cells it caused only
a marginal effect, whereas in others it partially reduced the
accumulation. Quantification of filipin signals from multiple
cells showed that on average, the cholesterol accumulation was
reduced by ~30% in cells expressing the I11061T. The same
quantification showed that expression of the 11061 T/T1 caused
almost complete clearance of the accumulation (Fig. 8C).

DISCUSSION

Using human skin fibroblasts, several laboratories have pre-
sented evidence for NPC1 ERAD and accelerated degradation
of the [1061T mutant (9, 12—14). In the current study, we con-
firmed NPC1 ERAD using transient expression in COS cells.
Consistent with proteasomal degradation of NPC1, the protea-
some inhibitor MG132 increased the steady-state level of the
expressed protein, caused an accumulation of its ubiquitylated
form, and prolonged its life span (Fig. 1). The ubiquitination, at
least partially, takes place in the ER, because of the MG132-
induced accumulation of the ubiquitylated form of an ER-re-
tention mutant SLLNF (Fig. 2). Because mature NPC1 primar-
ily resides in the late endosome, it is most likely that this
modification and degradation occurs during biosynthesis of
this protein. The negative effects of lysosomal protease inhibi-
tors suggest that NPC1 is minimally degraded in the lysosome
and it remains to be clarified how mature NPC1 is degraded.
We could also reproduce accelerated ERAD of the 11061T
mutant in our expression experiments, as indicated by its
reduced life span and an exaggerated accumulation of its ubiq-
uitylated form in the presence of MG132 (Fig. 2).

As for the molecular chaperones involved in quality control
of NPC1, overexpression of calnexin was found to increase the
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protein level of the I11061T mutant in patient-derived fibro-
blasts (12). Here we presented evidence for involvement of mul-
tiple HSPs including Hsc70, Hsp70, and Hsp90 in NPC1 quality
control (Fig. 3). Accordingly, overexpression of CHIP enhanced
MG132-induced accumulation of its ubiquitylated form (Fig.
4B). Together with suppression of the accumulation by BAG2
(Fig. 4C) and CHIP siRNA (Fig. 5C), these results suggested that
CHIP is one of the E3 ligases responsible for NPC1 ubiquitina-
tion. Transient expression and siRNA knockdown experiments
in HEK cells (Fig. 5) suggested that as in the case of other CHIP/
HSP clients, NPC1 stability was regulated by Hsc70 and Hsp70/
Hsp90 in a reciprocal manner, i.e. Hsc70 facilitates its ubiquiti-
nation leading to degradation, whereas Hsp70/Hsp90 exerts
the opposite effect. Co-expression experiments showed a mar-
ginal effect of Hsp90 on the level of FLAG-NPC1 and MG132-
induced accumulation of its ubiquitylated form (Fig. 5A). How-
ever, geldanamycin caused a significant reduction in the level of
endogenous NPC1 and exaggerated its ubiquitination (Fig. 5D),
suggesting that Hsp90 was also able to stabilize NPC1.

NPCI1 contains a sterol-sensing domain (4). In the case of
HMG-CoA reductase that also contains this domain, it is well
established that gp78, a membrane-anchored E3 ligase, associ-
ates with Insig-1 and couples sterol-regulated ubiquitination to
proteasomal degradation (34). We reported previously that in
COS cells, MG132-induced accumulation of ubiquitylated
FLAG-NPCI1 was not affected by the cellular cholesterol level
(21). We found in the current study that in COS cells, co-ex-
pressed FLAG-gp78 failed to enhance the MG132 effect on
ubiquitination of FLAG-NPCI1 and that in HEK cells, endoge-
nous Insig-1 was not co-precipitated with NPC1 (data not
shown). These lines of negative data argue against the role of
gp78 in NPC1 ERAD and also suggest that unlike HMG-CoA
reductase, NPC1 degradation is not regulated by the cellular
cholesterol level.

Because the cooperative activity of HSPs and CHIP is
involved in the quality control of multiple client proteins (24), it
is not surprising that NPC1 is one of those clients. Importantly,
however, we could increase the protein level of the 11061T
mutant in patient-derived fibroblasts by overexpression of
Hsp70, and this effect was mimicked by GGA, which has an
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FIGURE 7. Characterization of NPC1 mutants that lack potential ubiquitin-conjugation sites. A, schematic representation of NPC1 showing the three
lysine residues predicted by MALDI-TOF mass spectrometry to accept ubiquitin. Single, double, and triple substitutions were introduced to FLAG-NPC1 as
listed. B, steady-state levels of the mutants expressed in COS cells. Cells were transfected with each construct together with pEGFP. 1% Triton X-100 extracts
were subjected to anti-GFP IB or anti-FLAG IP followed by anti-FLAG IB. C, densitometry of the data shown in B. Band densities were quantified and expressed
as relative to the values of the wild-type. Each bar represents mean = S.E. of three determinations. D, degradation of the T1 mutant. Cells were transfected with
constructs for the wild-type (open circles) or T1 mutant (closed circles) and they were pulse-labeled and chased as described in the legend to Fig. 1B. Each dot
represents mean = S.E. of three determinations. ti/, values are given in the text. Representative autoradiographs are shown in the inset. E, effects of MG132.
Transfected cells were treated with or without MG132 at 5 um for 6 h. Anti-FLAG IP products were probed with the indicated antibodies. Shown are represent-

ative results reproduced at least twice.

activity to induce expression of HSPs (Fig. 6). Geldanamycin
suppressed the GGA effect (Fig. 6D) suggesting that the activity
of Hsp90 was indispensable for GGA to be effective. In GGA-
treated cells, the I1061T protein was localized in the endosomal
fractions and ameliorated the cholesterol accumulation (Fig. 6,
E and F), consistent with the notion that the [1061T mutant
retains NPC1 function (9). GGA can be orally administrated
and reach the brain, and it has been shown to alleviate neuro-
degeneration in an animal model of spinal and bulbar muscular
atrophy (31). To pursuit its potential as a therapy;, its effects in
NPC animal models should be the subject in future studies.
With respect to pharmacological rescue of NPC1 mutants,
two recent studies demonstrated the capacity of histone
deacetylase inhibitors to increase expression of mutant NPC1
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proteins and to correct cholesterol storage defects in human
NPC cells (35, 36). Histone deacetylase inhibitors appear to
have pleiotropic effects both at transcriptional and post-tran-
scriptional levels. ERAD is one of the processes modulated by
these agents as evidenced by enhanced acetylation of Hsp90 in
cells treated with them (37) and increased expression of BAG2
in cells treated with siRNA against histone deacetylase (38).
MALDI-TOF mass spectrometry predicted conjugation of
ubiquitin to three lysine residues at amino acids 318, 792, and
1180 and experiments using a series of substitution mutants
provided two lines of evidence for modification of these resi-
dues (Fig. 7). First, the steady-state levels of the substitution
mutants were inversely related to the number of potential ubiq-
uitination sites, in an order of the wild-type < S series < D
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FIGURE 8. Function of the triple substitution mutant to rescue intracellular cholesterol accumulation. A, steady-state levels of the mutants expressed in
CHO/NPC1(—) cells. Cells were transfected with each construct together with pEGFP. 1% Triton X-100 extracts were subjected to anti-GFP IB or anti-FLAG IP
followed by anti-FLAG IB. Shown are the representative blots reproduced at least twice. B, intracellular cholesterol accumulation. CHO/NPC1(—) cells were
transfected with each construct and at 48 h post-transfection, subjected to anti-FLAG immunostaining followed by filipin staining. Shown are representative
images obtained with a confocal microscope. Bar, 25 um. C, densitometry of the data shown in B. Quantification of filipin signals was performed as described
in the legend to Fig. 6F. Each bar represents mean = S.E. of three determinations. Signals from more than 10 cells that were either negatively or positively
stained with anti-FLAG were evaluated in each experiment. *, p < 0.01, significantly different from the values in anti-FLAG negative cells.

series < T1. Second, the levels of MG132-induced accumula-
tion of the ubiquitylated form appeared to depend on the num-
ber of potential ubiquitination sites, in an order of the wild-
type > S series > D series > T1. These findings were consistent
with conjugation of ubiquitin to these three lysine residues.
Furthermore, they suggested that conjugation to individual
lysine residues operates independently from each other and is
functionally equivalent as a tag for protein degradation.

Biosynthesis of NPC1 appeared to be intrinsically an ineffi-
cient process, because it is estimated that more than two-thirds
of the wild-type protein is degraded by ERAD, based on the
observation that the steady-state level of expressed T1 was
more than three times higher than that of the wild-type protein.
This is consistent with the report by Gelsthorpe et al. (9) in
which it was estimated that ~50% of NPC1 in human fibro-
blasts was retained in the ER and targeted for degradation. We
also showed that the triple substitutions did not interfere with
NPCI1 function but rather restored function of the 11061T
mutant (Fig. 8). These results provided another line of evidence
for accelerated degradation of the 11061 T mutant. They are also
consistent with the fact that none of the three lysine residues
are included in the disease-causing mutations so far reported
(NPC gene variation database).

In summary, we confirmed NPC1 ERAD, provided evidence
for the role of HSPs in its quality control, and revealed the role
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of three lysine residues as ubiquitin-conjugation sites. These
lines of information will be of value in future attempts to
develop a pharmacological chaperone therapy that aims at sta-
bilization of unstable, mutant NPC1 proteins.
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