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<4 Fig. 4 The role of Nif2 on iron metabolism in liver and isolated

hepatocyte. a Non-heme iron contents of liver tissue in the WT, Nrf2-
null and Keapl-kd mice fed an MCDD for 6 or 13 weeks. Data are
given as mean + SE (n = 8-15/group). #P < 0.05, #P <001,
significantly different from the WT with control feeding; P < 0.05,
#p < 0.01, significantly different from the Nrf2-null with control
feeding; TP <0.05, 7TP < 0.01, mgmﬁcantly different from the WT
with MCD feeding; 5p < 0.05, ®°P < 0.01, significantly different
from the Npf2-null .with MCD feeding; & ackets *P < 0.05,
##P < 0.01, significantly different between the ¢
hepcidin 1 in the WT, Nrf2-null and Keap!-kd thi
6 or 13 weeks. Data are given as mean
¢ Steady-state Fpnl mRNA levels of the W
mice fed a control or MCDD for 6 or;

Data are given as

mean = SE (n = 6-7/group). d Imminoblot analysis of Fpnl and,

he sWT, Nrf2-null and
r 6 or 13 weeks. Bar
of the immunoblots. Data

hepcidin gene (Hamp) proteins in live
Keapl-kd mice fed a control diet,
graph shows quantitation of opfical den
are given as mean =+ SE (n = 8 oup). e Non-heme iron contents and
f iron release of isolated hep: from the WT, Nrf2-null and
Keapl-kd mice with or without an MCD medium for 24 h. The means
of three independent shown with the SEM

e were measured to directly evaluate
levels. Liver tissue non-heme iron levels
of control diet ingestion were significantly

VICDD treatment increased liver tissue non-
levels in WT, Nrf2-null and Keapl-kd mice.
wing 13-week MCDD treatment, non-heme iron lev-
Is were significantly higher in Nrf2-null mouse livers than
T mouse livers and were significantly lower in Keap!-

kd mouse livers. These results are consistent with the
* results of tissue staining using Berlin blue (Fig. 1a, b).

Iron uptake by hepatocytes takes place primarily via the
transferrin receptor (TfR), and iron excretion from hepé—
tocytes is primarily mediated by Fpnl. Moreover, hepcidin
1 binds to Fpnl and induces its internalization and degra-
dation. This restricts iron release from liver iron stores. The
liver Fpnl expression level was analyzed using quantitative
PCR and immunoblot analysis (Fig. 4c, d). Fpnl mRNA
levels rose significantly in WT and Keapl-kd mouse livers
following MCDD treatment, while elevation was not

.observed in Nrf2-null mouse livers following MCDD

treatment. The elevation in Fpnl mRNA level following
MCDD treatment was generally greater in Keapl-kd mouse
livers than in WT mouse livers (Fig. 4c). Fpnl protein
expression level following control diet ingestion showed no
significant difference among WT, Nrf2-null and Keapl-kd
mouse livers. There was also no significant difference in
this parameter after 6-week MCDD treatment. However,
following 13-week MCDD treatment, Fpnl expression
increased significantly in WT and Keapl-kd mouse livers
(Fig. 4d). The increase of Fpnl expression was more sig-
nificant in the Keapl-kd mouse livers than in the WT
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mouse livers. These results suggest that MCDD treatment
induces activation of iron excretion from the liver in
Keapl-kd mice but not in Nrf2-null mice.

Regarding the serum hepcidin 1 levels (Fig. 4b), at
6 weeks after the start of either the control or MCD diet,
the levels were not significantly different among the WT,
Nrf2-null and Keapl-kd mice. At 13 weeks after the start
of a control diet, the levels were lower in the Keapl-kd
mice compared with WT and Nrf2-null mice. At 13 weeks
after the start of MCDD, the levels were decreased sig-
nificantly in WT mice but not in Nrf2-null and Keapl-kd
mice. The hepatic Hamp levels (Fig. 4d) were significantly
lower in the KeapI-kd mice compared with WT and Nrf2-
null mice at 6 and 13 weeks after the start of a control diet.
After MCDD treatment for 6 and 13 weeks, the levels were
significantly decreased in the livers of WT and Nrf2-null
mice but not in KeapI-kd mice (Fig. 4d). Taken together,
the expression levels of hepcidin 1 and Hamp were not
increased in the serum and livers of Nrf2-null mice fed
MCDD. Therefore, in this study, the results of the
increased hepatic iron contents associated with the loss of
Fpnl induction in Nrf2-null mice fed MCDD would not be

" attributed to an increase in the expression levels of hepci-,

din 1 and Hamp.

For a more detailed analysis of iron metabolism in hepa-
tocytes, we isolated hepatocytes from WT, Nrf2-null and
Keapl-kd mouse livers, and changes in iron metabolism
depending on Nrf2 expression level were analyzed using
primary hepatocyte cultures (Fig. 4e, f). To reproduce:
vivo environments, hepatocytes from WT, Nrf2-nu

intracellular iron levels revealed significantl
levels in Nrf2-null mouse hepatocytes in the
culture group (Fig. 4e). An analysis of iron

Effects of sulforaphane (an Nrf2

in alleviating MCDD-i ohepatitis ‘

Whether or not act
hepatitis progressio
perspective. SEN,..

ion of Nrf2 can suppress steato-
examined from a therapeutic
rf2 activator, was administered
together wil DD to evaluate the effects of this treat-
ment in WT-mi Histopathological changes of the liver
ympared “between WT mice treated with MCDD
T+ mice treated with MCDD + SFN for
13 weeks (Fig. 5a). Figure 5b shows pathological changes
resulting from this treatment, with NAS serving as an

indicator. HE staining revealed no significant change in fat
droplet deposition. Inflammatory cell infiltration decreased
in the SFN-treated- group. Evaluation of hepatic fibrosis
using Sirius red and MT staining showed that fiber exten-
sion (stretching) was less evident in the SFN-treated group,
thus indicating suppression of fibrosis. Immunostaining
with 4-HNE also revealed suppressed iron deposition and
suppressed chromatic response to 4-HNE. in the SFN-
treated group, while no marked chang oted in the
Keapl-kd mouse livers (Fig. 5a). A NAS also
revealed no effect of SFN in allev fat' deposition,

revealed no significant diffe
Next, we measured liv

8 with or without SFN
. Neutral fat level gener-
treatment, although this

1" decreased slightly yet significantly
eek SEN treatment, thereby indicating sig-
ssion of iron accumulation. GSH levels
vation following SFN treatment (data not
:Sma expression was suppressed following
EN treatment, thus indicating the suppression of
2cell activation (Fig. 5d). ,

hanges in Nrf2 expression level following SEN treat-
nent were analyzed, and an increase in expression (acti-
\fétion) was noted early (2 days after the start of treatment)

’: compared. to that found in the group treated with MCDD

alone (Fig. 5e). However, there was no difference in the
Nrf2 expression level at 6 weeks after the start of treatment
between the MCDD + SEN treatment group and the
MCDD alone treatment group. At 13 weeks, Nrf2 expres-
sion was no Jonger apparent in both the MCDD + SFN
treatment group and the MCDD alone treatment group.
These results indicate that activation of Nrf2 by
MCDD + SFN treatment occurs earlier than that following
MCDD alone, but the difference in Nrf2 activation levels
between these two groups eventually decreases. Changes in
liver tissue Fpnl expression following SFN treatment were
analyzed using immunoblot analysis. Fpnl expression
increased both in the groups with and without SFN treat-
ment, and did not differ depending on whether or not SEN
was administered together with MCDD (data not shown).

Discussion

The results of this study have demonstrated the importance
of hepatic Nrf2 and its downstream signaling in the
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Wild type MCDD
+SFN

A Wild type MCDD

H.E.

Sirius
Red

Masson
“Trichrome 4

. Berlin
Blue

4-HNE

Fig. 5 Sulforaphane inhibits hepatic oxidative stress and counteracts
inflammation and fibrosis in steatohepatitis induced by an MCDD.
a H&E-, Sirius red-, Masson trichrome-, Berlin blue- and 4-HNE-
stained sections of representative liver specimens from the WT mice
fed an MCDD with or without SEN for 13 weeks (bars 100 pm).
b NAFLD activity score (NAS) in liver samples fed a control diet or
an MCDD with or without SEN for 13 weeks. Values are mean = SE
(n-= 10-20/group). *P < 0.05, **P < 0.01, significantly different
between the two groups. ¢ Triglyceride, malondialdehyde (MDA) and
non-heme iron contents of liver tissue in the WT mice fed a control

development of nutritional ste
model induced by an MCDD.

870 Keapl-kd mice,
he exacerbation of the

the steatohepatiti:
Nrf2 serves.as

thought to be ROS and radicals from fatty acid f-oxidation,
inflammatory cytokines and/or iron accumulation [1, 2, 4,
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diet or an MCDD with or without SFN for 6 or 13 weeks. Data are
given as mean + SE (n = 8~15/group). d Immunoblot analysis of o-
Sma proteins in livers of the WT mice fed a control diet or an MCDD
with or without SFN for 13 weeks. Bar graph shows quantitation of
optical density of the immunoblots. Data are given as mean + SE
(n = 8/group). e Immunoblot analysis of Nrf2 proteins in nuclear
fraction of livers of the WT mice fed a control diet or an MCDD with
or without for 2 days or 6 or 13 weeks. Data are given as mean + SE
(n = 8/group)

20, 23]. In this study, increased accumulation of MDA and
4-HNE, i.e., increased oxidative stress in the livers, was
noted in Nrf2-null mouse livers, while this accumulation
did not occur in Keapl-kd mouse livers. y-Gcs, Nqol and
Gstal, which are known as antioxidative stress response
genes regulated by Nrf2 and factors involved in direct
elimination of ROS [11, 12], were not induced in Nrf2-null
mouse livers administered MCDD, while they were
markedly induced in Keapl-kd mouse livers (Fig. 3b). The
differences in these defense systems against oxidative
stress should lead to the observed resistance in Keapl-kd
mice, although, on the other hand, lead to the susceptibility
in Nrf2-null mice in terms of the onset and progression of
steatohepatitis induced by MCDD. Moreover, in this study,
expression levels of factors involved in inflammation
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(inflammatory cytokines such as Tnf-o and Mcp-1) and
factors involved in fibrosis (fiber growth factors such as a-
Sma, Tgf-f1, and ol-procollagen) were upregulated in
Nrf2-null mice, while they were down-regulated in Keap!-
kd mice. Both experimental and clinical studies have
shown that prolonged exposure to oxidative stress results in
the progression of hepatic inflammation and fibrosis [3, 8].
To be consistent, this study has shown that the enhance-
ment of the antioxidative defense systems induced by
sustained Nrf2 activation leads to a marked suppression
against the progression of hepatic inflammation and
fibrosis.

In this study, excessive iron accumulated in Nrf2-null
mouse livers; this is an interesting source of oxidative
stress in mouse models of MCDD-induced steatohepatitis
(Figs. 1a, 4a). Fpnl is the only transporter known to be
involved in the excretion of iron from liver tissue [24]. A
recent study demonstrated that regulation of macrophages
by Fpnl involves Nrf2 [18]. The present study also
examined the iron balance in liver tissue and hepatocytes.
Iron ‘staining using Berlin blue (Fig. la, b) and measure-
ment of the non-heme iron level (Fig. 4a) in the mouse
liver tissue following MCDD treatment revealed a signifi-
cantly higher iron level in Nrf2-null mice liver tissue and a
lower level in Keapl-kd mice. However, the expression
levels of hepcidin 1 and Hamp, which are inhibitory mol-
ecules of Fpnl, were not significantly different between
these two kinds of mice fed MCDD (Fig. 4b, d). Furthe
more, primary hepatocyte cultures were examined, and .3
found that hepatocytes from Nrf2-null mice sh

iron. In the
Xpression was
Wthh Nrf2 was

mouse hepatocytes as
patocytes (Fig. 4c, d, D).

apy; no fitst ne"drug therapy for NASH has been estab-
hshed R cently, Iarge scale mterventlonal studies have

antioxidant in adults with NASH [25]. In the present study,
SFN (an Nrf2 activator) was administered together with

"MCDD to evaluate its effect in alleviating steatohepatitis,

with an expectation of steatohepatitis alleviation through
drug-induced Nrf2 activation. SFN is known to be con-
tained in broccoli sprouts and other plant foods, and was
recently shown to serve as a potent Nrf2 activator [21].
Treatment with SFN did not alleviate fat droplet deposition
in histopathological specimens, but did suppress inflam-
mation and fibrosis (Fig. 5a, b). Additionally, oxidative
stress was suppressed by SFN treatment (Fig. 5a, c). These

Cons ering that Nrf2 expressmn
xcess in Keapl-kd mice, prior
e’ important in suppressing the
ohepatitis. Thus, SFN is promising for
preventing the ession of steatohepatitis.

In conclusion, this study using mouse models of
MCD. d steatohepatitis revealed that Nrf2 plays an

mately 1 week (Fig..5
permanently occurs
activation of N
progression

tohepatitis induced by MCD diet

NN

f ron metabolis
| “Fpol

Inflammatory eytokine

| Efinination of ROS |
t *Tafo, Mep-i

*Ngol, Gstal, v-Ges L

Fig. 6 Schematic summary for the protective role of Nrf2 against
oxidative stress-induced liver injury in steatohepatitis induced by an
MCDD. Examination of the pathophysiological background suggests
that Nrf2 is a comprehensive factor that defends the host from
oxidative stress in various aspects and stages. These effects include
not only host defense against oxidative stress by direct elimination of
active oxygen through stimulation of antioxidative stress response
genes (a primary role of Nirf2 according to a conventional view), but
also regulation of iron metabolism in new hepatocytes (shown in the
present study), among other effects. It appears likely that suppression
of oxidative stress by Nrf2 leads to suppression of stellate cell
activation, thus allowing suppression of hepatic fibrosis progression
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important role in regulating the onset and progression of 11

this disease. Examination of the pathophysiological back-
ground for these effects of Nrf2 suggests that Nrf2 is a

comprehensive factor that defends the host from oxidative 12,

stress in various aspects and stages (Fig. 6). The alleviation
of steatohepatitis following treatment with SFN suggests
the feasibility of drug therapy using Nrf2 activators. Nrf2 5
activation by pharmaceutical intervention could be a new

_option for prevention and treatment of steatohepatitis.
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Orexin 2 receptor as a potential target for immunotoxin
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Abstract. Targeting tumor-specific receptors is a promising
approach for cytotoxic agents. The orexin 2 receptor (OX2R)
has reportedly been expressed in a few types of cancer, but
not in normal, cells. This study aimed to explore and assess
the expression levels of OX2R in a wide range of cancer
cell lines and clinical samples to identify its localization. To
analyze OX2R expression, we developed a polyclonal antibody
specific to OX2R by immunizing two rabbits with a peptide
cocktail. A total of 36 cancer cell lines were employed for
reverse transcription polymerase chain reaction (RT-PCR)
and western blot analysis, and 221 samples from various tissue
arrays were used for the immunohistochemistry of OX2R
expression. OX2R was identified in'three cancerous cell lines,
from the gallbladder, squamous cell carcinoma of the head
and neck (SCCHN) and glioblastoma. With clinical samples
of tissue arrays, 69/221 (31.2%) samples reacted positively
with the OX2R antibody. We confirmed its presence on the
cell membrane. In conclusion, OX2R was identified on several
cancer cells as well as clinical samples. Further studies with
larger numbers of clinical samples are required to confirm
the statistical significance of the presence and relationships
of OX2R with tumor histology. Results of the current study
suggested that OX2R is a potent target for immunotoxin or
antibody-drug conjugate (ADC) cancer therapy on OX2R-
positive cancer cells. .
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Introduction

' Cytotoxic drugs are still widely used to treat malignant tumors

via tumor cell death by apoptosis (1). One of the most represen-
tative cytotoxins is cisplatin, which reacts with target genomic
DNA to form DNA adducts (2). Cytotoxins are typically
non-selective and this lack of selectivity occasionally results
in significant toxicity to normal cells. Moreover, treatment
of cancer patients with chemotherapeutic agents frequently
allows tumors to acquire a multidrug-resistant (MDR) pheno-
type (3,4). Overexpression of MDRI, other ATP-dependent
transporters, amplification of drug-inactivating enzymes,

.mutations or modifications of drug targets, alterations in DNA

repair machinery and increased resistance to apoptosis cause
this resistance (3-5). Toxicities of chemotherapy, along with
drug resistance, are major therapeutic limitations that result in
poor clinical outcomes in cancer patients.

Targeting of low extracellular pH, elevated enzymes in
tumor tissues, the hypoxic environment inside the tumor and
tumor-specific antigens expressed on tumor cell surfaces were
previously investigated as possible strategies for improved ther-
apeutic outcomes (6-9). Singh et al highlighted recent trends
in pro-drug and conjugate rationale and a design for cancer
treatment, by analyzing comparative accounts of the advan-
tages and disadvantages associated with each approach (10). A
variety of receptors related to cellular growth factors or cyto-
kines on tumor cells have been shown to be overexpressed (11),
and we believe that targeting these receptors is a promising
strategy. For example, the transfection of the tumor necrosis
factor (TNF) receptor gene in cancer cells, or the exposure of
cancer cells to certain reagents, may increase the expression of
TNF receptors, resulting in the enhancement of the cytotoxic
effect of TNF (12). Identifying new receptors on tumor cells, in
addition to further investigation of therapeutic strategies, is still
crucial for cancer treatment.

In the process of finding potential candidate receptors
in cancer cells, the orexin 2 receptor (OX2R, also known as
hypocretin receptor 2) was found to be a noteworthy target.
The orexin family comprises orexins-A and -B, and their corre-
sponding receptors are OX1R and OX2R, respectively. These
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two receptors belong to the seven-transmembraned G-coupled
receptor superfamily (13). It has become clear that orexin
receptors regulate narcolepsy (14,15). Immunohistochemistry
(IHC) analyses have demonstrated that certain peptides that
bind to orexin receptors were selectively expressed in the
hypothalamus, particularly in the lateral and medial hypotha-
lamic regions (16).

At present, the presence of orexin receptors reported
in human cancer cells is limited. The expression of OX1R
has been found in cell lines from human colon cancer (17).
However, the study pertaining to the expression of OX2R is
limited to clinical samples of cortisol-secreting adrenocor-
tical adenomas (18). Moreover, the role of orexin receptors in
cancer cells is as yet unknown. Thus, identifying the location
of oréxin receptors remains a challenge.

OX2R was selected as.a possible candidate since the
expression levels of OX2R in normal cells are limited (16) and,
thus, OX2R may be a cancer cell-specific target. Although a
high-expression of OX2R has been identified in hypothalamic
samples, systemic administration of antitumor drugs targeting
OX2R may not interact with the hypothalamus due to the pres-
ence of the blood-brain-barrier. In addition, orexin receptors
are a well known target in the field of neuroscience, since they
closely correlate with narcolepsy and other diseases (14,15).
Investigating other functions of OX2R would be helpful in
understanding the roles of orexins.

In the present study, following the screening of OX2R expres-
sion in a variety of cancer cell linies, we investigated cancer tissue
array samples to further examine OX2R expression. In addition,
we examined the possibility of OX2R as a target for immuno-
toxin or antibody-drug conjugate (ADC) cancer therapy.

Materials and methods

Materials. Hepatocellular carcinoma tissue array, ARY-
HHO075 was purchased from Folio Biosciences (Columbus,
"OH, USA). Digestive system disease tissue array, DID381 was
purchased from US Biomax (Rockville, MD, USA). Human
cancer tissue array, VA2 was purchased from. SuperBioChips
(Seoul, Korea). All other reagents were of reagent grade quality.
All tissue samples were collected under the ethical standards
with the donor's complete informed consent under the control
of manufacturers.

Polyclonal antibody against OX2R. Two New Zealand white
rabbits were immunized with three specific peptides of OX2R
to obtain a polyclonal antibody for OX2R. Three peptides
(CRNWSSASELNETQE, FAHTEDRETVYAWF and
C-AVAAEIKQIRARRK) were selected; GenBank reference:
CAI19665.1. The immunization period was 64 days and immu-
nization was performed four times during this period. Rabbit
serum (10 ml) were purified with a peptide affinity column.
The antibody titer of ELISA for CRNWSSASELNETQE was

estimated to be 1 in 4,000 and for C-AVAAEIKQIRARRK to’

be 1 in 16,000. All procedures were performed by Japan Bio
Services (Saltama Japan).

Reverse transcription polymerase chain reaction (RT-PCR).
Total RNA was extracted according to the manufacturer's instruc-
tions (TRIzol, Invitrogen, Carlsbad, CA, USA). Following
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quantification of the extracted RNA, first strand complementary
DNA (cDNA) of each cancer cell line was synthesized.

OX2R expression was measured by RT-PCR, using 1 yg
RNA and oligo (dT) as reverse transcription primers. A control
reaction, which omitted reverse transcriptase was included to
check for the presence of genomic DNA. OX2R was amplified
using a Thermal Cycler (Applied Biosystems, Foster City, CA,
USA) in a 20-pg reaction medium containing 0.1 pg of AmpliTaq
Gold® DNA Polymerase (Applied Biosystems), using the
following cycling conditions: 95°C for 10 min, followed by
35 cycles of 95°C for 30 sec, 57°C for 30 sec and 72°C for 60 sec,
followed by a 10 min extension at 72°C. The sequences for the
sense and anti-sense primers of OX2R and f$-actin used were:
5'-caccgtgttcccaggcettag-3', 5'-ttctggctcggatctgettt-3',
5'-cactgtgttggegtacaggt-3' and 5'-tcatcaccattggcaatgag-3'.
Amplicons were separated by electrophoresis in 2% agarose
gel, stained with ethidium bromide and viewed under UV
illumination. Gene sequence of OX2R was performed by
Invitrogen Japan (Tokyo, Japan).

Western blotting. Proteins (30 ug) were evaluated by the bicin-
choninic acid (BCA) protein assay (Thermo Fisher Scientific,
Waltham, MA, USA), loaded onto a NuPAGE 10% Bis-Tris
gel (Invitrogen) and blotted onto a Polyscreen polyvinylidene
fluoride (PVDF) transfer membrane (ParkinElmer, Waltham,
MA, USA) at 100 V for 1 h in a transfer buffer. The PVDF
membranes were incubated with primary monoclonal antibody
at a 1:2,000 dilution and with a-tubulin antibody (ab24246,
Abcam, Cambridge, MA, USA) at a 1:20,000 in phosphate-
buffered saline (PBS)-0.1% Tween (PBS-T) and 1% bovine
serum albumin (BSA) overnight at 4°C. The membranes were
washed, incubated with a secondary anti-rabbit horseradish
peroxidase-conjugated antibody (GE Healthcare, Fairfield, CT,
USA) at a 1:20,000 dilution for 90 min at a room temperature
and washed for 60 min with PBS-T. Antibody complexes were

“visualized using enhanced chemiluminenscense (ECL) plus

western blotting reagent (GE Healthcare). The images were
scanned by LAS-3000 UVmini (Fuji Film, Tokyo, Japan).

IHC. THC was performed using tissue arrays. Tissue arrays
were deparaffinized by xylene treatment and washed with
an alcohol gradient (from 99 to 50%) and PBS. Arrays were
incubated with polyclonal antibody against OX2R at a 1:1,000
dilution overnight at 4°C. Slides were developed with alkaline
phosphatase (AP)-goat anti-rabbit IgG (Invitrogen) and stained
by BM purple AP substrate (Roche Diagnostics, Rotkreuz,
Switzerland). Slides were also lightly counterstained with
hematoxylin and eosin. Negative controls in this study were
prepared by omitting the primary antibody step.

Immunohistochemical scoring. Samples were scored indepen-
dently by an experienced histopathologist. Immunostaining
was scored as ++/+++ (strong), + (moderate) or - (negative).

Results

OX2R mRNA expression in cancer cells assessed by RT-PCR.
One of the main objectives of this study was to confirm the
expression levels of OX2R in cancer cells. We investigated
36 cancer cell lines originating from 10 different organs, ranging
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Table I. Cell lines used for RT-PCR and western blotting screening.

Organ Cell line
SCCHN YCUT231,YCUTR891, YCUM 862, YCUM911, YCUMs861, YCUL891, Wmm-scc
Glioblastoma multiforme SN19, U251tg, A172, U373, SF295
Breast BT-20, MDA-MRB-231, ZR-75-1,T47D
Liver Hep3B, HepG2, PLC/PFR-5, HuH-7
Gallbladder TGBC1,TGBC2, TGBC14, TGBC44,NOZ, OCUG
Cholangiocarcinoma © MzChA1MzChA2, OZ, HuCCT-1
Pancreas PANCI1, SU.86.86
Uterine cervix Hela, HT-29
Oesophageal carcinoma OE19
Colon DLD-1

RT-PCR, reverse transcription polymerase chain reaction; SCCHN, squamous cell carcinoma of the head and neck.

- OX2R 313 bp—8
B -actin 150 bp—F§

Figure 1. RT-PCR analysis of OX2R mRNA on cancer cells. Total RNA isolated
from cancer cell lines (lane 1, TGBC2; lane 2, SF295 and lane 3, YCUMS862) was
reverse transcribed to cDNA and then assessed by PCR using specific primers
as described in Materials and methods. B-actin was used as an internal control.
Arrows show the location of amplified PCR products of OX2R and B-actin.
OX2R, orexin 2 receptor; RT-PCR, reverse transcription polymerase chain reac-
tion; cDNA, complementary DNA.

from glioblastoma to uterine cervix, and screened all 36 cell
lines to assess this objective (Table I). Total RNA isolated from
cancer cell lines was transcribed to cDNA, and then assessed by
PCR as described in Materials and methods. Primer sequences
and RT-PCR conditions were optimized by referring to other
investigations analyzing the expression of OX2R (19,20) and,
through several trials, to obtain a clear single band.

Of the 36 cell lines, three cell lines, originating from the
gallbladder (TGBC?2), glioblastoma (SF295) and squamous cell
carcinoma of the head and neck (YCUMS62), expressed OX2R
mRNA (Fig. 1). In addition, we performed géne sequences
of PCR products to confirm its homology to OX2R. The
homology between PCR products and OX2R was 98%. We
also screened for the expression of OX1R mRNA, but this was
not identified in any of the cell lines tested in this study (data
not shown). '

OX2R protein expression in cancer cells assessed by western
blotting. To investigate the expression of OX2R protein
on cancer cells, we performed western blot analyses on
the same cancer cell lines. Since antibodies against OX2R
available for both western blotting and THC were limited,
we produced a polyclonal antibody against OX2R. We
immunized two rabbits with three peptides specific to OX2R
and purified serum as described in Materials and methods.
Fig. 2 shows that all 3 cancer cell lines originated from the
gallbladder (TGBC2), glioblastoma (SF295) and squamous

OX2R 50 kDa

a-Tubulin 50 kDa|

Figure 2. Expression levels of OX2R protein on cancer cells, which were found
to be positive for OX2R mRNA upon RT-PCR analysis. Total cell lysates from
cancer cells (lane 1, TGBC2; lane 2, SF295 and lane 3, YCUMS862) were
examined by western blot analysis as described in Materials and methods using
specific antibody against OX2R. The extract from the OE19 cell line (lane 4),
which was negative for OX2R mRNA expression in RT-PCR analysis was
used as a negative control sample. a-tubulin was used as the loading control.
Arrows show the location of the molecular weight for OX2R and the a-tubulin
protein. OX2R, orexin 2 receptor; RT-PCR, reverse transcription polymerase
chain reaction. :

cell ‘carcinoma of the head and neck (YCUMS862), which
were positive for OX2R mRNA expressed the protein of
OXR2. Conversely, OX2R was not detected in the OE19
cell line, which did not express the mRNA of OX2R in
RT-PCR analysis and was used as a negative control (Fig. 2).
This result indicates that the three cell lines express OX2R.

OX2R expression in clinical tissue array samples. Based on
the results of the mRNA and protein expression analysis, we
performed an THC analysis to analyze localization of OX2R
on multiple organs and its frequency of expression among
clinical cancer using the polyclonal antibody against OX2R -
shown at the western blot analysis stage. We prepared 221
clinical'samples from the three tissue arrays purchased, which
enabled us to obtain insights on the objectives described previ-
ously. Details of tissue arrays and protocols are described in
Materials and methods. .

As shown in Table II, 69 of the 221 samples expressed
OX2R, including 8 samples with strong staining and 61 samples
with moderate staining. The remaining 152 samples did not
react with the OX2R antibody. We observed that the expression
of OX2R was located on the cell membrane, where receptors
should be located, as shown in Fig. 3. These results suggest
that 31.2% of clinical cancer samples express OX2R on their
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Table IT. Summary of OX2R immunohistochemistry analyses in a variety of cancers using three tissue.arrays.

Staining intensity

Organ’ No. of patients - + 4+ Positive samples (%)
Liver 80 71 7 2 11
Stomach 34 16 17 1 53
Colon 20 13 7 0 35
Salivary gland 15 8 6 1 47
Larynx 15 7 7 1 53
Rectum 9 6 2 1 33
Lung 9 8 1 0 ; 11
Esophagus 6 6 0 0 0
Small intestine 6 0 5 1 100
Nasopharynx 6 4 2 0 33
Pancreas 6 3 ~ 3 0 50
Gallbladder 5 2 3 0 60
Tongue 2 2 0 0 0
Maxilla 2 0 1 1 100
Bile duct 2 2 0 0 0
Mandible 1 0 1 0 100
Lower lip 1 1 0 0 0
Tonsil 1 1 0 0 0
Anus 1 1 0 0 0
Total , 221 151° 62 8

OX2R, orexin 2 receptor.

AP stain

HE stamn

Figure 3. Immunohistochemistry analysis for OX2R expression in various types of cancer. Tissue specimens on arrays were stained with hematoxylin and
eosin (H&E) or with alkaline phosphatase (AP), which binds specific polyclonal antibodies to OX2R. (A) Images from sample Folio ARY-HH0075 €6
(hepatocellular carcinoma; original magnification, x200). (B) The magnified immunohistochemical image shows the staining for OX2R is significantly limited
on the cell membrane. (Folio ARY-HH0075 G3 sample; original magnification, x400). (C) Images of Folio ARY-HHO0075 C4 as a negative control (original

magnification, x400). OX2R, orexin 2 receptor.

cell membrane. It is also assumed that cancer organs such as.

the stomach, salivary gland and larynx expressed OX2R more
frequently than other organs.

Discussion

This study showed the presence of OX2R on several clinical
cancer samples including salivary gland, stomach and small

intestine cancer. We demonstrated the existence of OX2R on
celllines as well as on clinical samples using tissue arrays. These
results suggest that OX2R is overexpressed in certain types of
cancer and may have biological roles in cancer cells. To reveal
the functions of OX2R in cancer cells, we conducted additional -
experiments to confirm the reaction of OX2R-positive cells
with a ligand, orexin B. We observed minimal growth promo-
tion of OX2R-positive cancer cells despite increasing ligand
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doses (data not shown). Thus, it is suggested that orexin B does
not affect the growth of OX2R-expressing cancer cells and that
traditional molecular-targeted approaches, such as anti-OX2R
antibodies, may not work effectively. Reacting specifically to
OX2R and exhibiting toxicity only inside the OX2R-expressing
- cells may be criteria for drug candidates to target OX2R as a
potential mode of action.

Based on insights revealed in this study, we believe that
antibodies or ligands conjugated to natural toxins or chemicals,
termed immunotoxins or ADCs (21-23), are likely to be an
ideal strategy to target receptors such as OX2R. Immunotoxin
or ADC:s is likely to be an appropriate approach to treat OX2R-
positive cancer cells, since antibodies or ligands that bind
OX2R themselves are often non-cytotoxic, as previously noted.
Immunotoxin is a rationally designed anticancer agent with
potent toxins that target cell-surface antigens or receptors on
cancer cells. An immunotoxin strategy enables the OX2R anti-
body to add specific cytotoxicity to cancer cells by fusing the
OX2R antibody to toxins. This strategy may also avoid toxicity
to the hypothalamus where OX2R is normally expressed with
the function of the blood-brain-barrier to maintain homeo-
stasis (24,25). In addition to the direct killing of cancer cells,
antibody-dependent cell-mediated cytotoxicity (ADCC) occurs
if the antibody to OX2R is conjugated with toxic moiety.

OX2R immunotoxin is an alternative option for patients
with resistance to current antibody therapies, since its anti-
tumor effect varies from current molecular-targeting drugs.
Moreover, dual-specific immunotoxin enables the enhance-
ment of this type of multi-anti-tumor effect. Conjugating
the OX2R antibody and kinase inhibitors may elicit both the
ADCC and multi-kinase inhibition effects.

In this study, the presence of OX2R on a variety of types
of cancer was suggested. However, further studies are required
to confirm the presence of OX2R, since the number of clinical
samples in the same organs are limited. At present, additional
IHC experiments are underway using a larger number of clinical
samples to confirm statistical significance of the presence of
OX2R and the correlation with stage and cancer type. Therefore,
further investigations on OX2R and new immunotoxin/ADC
approaches may offer new therapeutic options for cancer patients.
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BACKGROUND & AIMS: Biliary cholesterol secretion '

helps maintain cholesterol homeostasis; it is regulated by
the cholesterol exporter adenosine triphosphate-binding
cassettes GS and G8 (ABCGS/G8) and the cholesterol
importer Niemann-Pick C1-like 1 (NPC1L1). We studied
another putative regulator of cholesterol secretion into
bile, Niemann-Pick C2 (NPC2)—a cholesterol-binding
protein secreted by the biliary system—and determined its
-effects on transporter-mediated biliary secretion of cho-
lesterol. METHODS: Mice with hepatic knockdown of
Npc2 or that overexpressed NPC2 were created using ade-
novirus-mediated gene transfer; biliary lipids were charac-
 terized. The effects of secreted NPC2 on cholesterol trans-
porter activity wete examined in vitro using cells that'
overexpressed ABCG5/G8 or NPCIL1. RESULTS: Studies
of mice with altered hepatic expression of NPC2 revealed
that this expression positively regulates the biliary secretion
of cholesterol, supported by the correlation between levels
of NPC2 protein and cholesterol in human bile. In vitro
analysis showed that secreted NPC2 stimulated ABCGS/
G8-mediated cholesterol efflux but not NPC1L1-mediated
cholesterol uptake. Consistent with these observations, no
significant changes in biliary cholesterol secretion were ob-
served on hepatic overexpression of NPC2 in ABCGS/GS8-
null mice, indicating that NPC2 requires ABCGS5/G8 to
stimulate cholesterol secretion. Analyses of NPC2 mutants
showed that the stimulatory effect of biliary NPC2 was
independent of the function of lysosomal NPC2 as a regu-
lator of intracellular cholesterol trafficking. CONCLU-
- SIONS: NPC2 is a positive regulator of biliary choles-
terol secretion via stimulation of ABCG5/G8-mediated
cholesterol transport.

Keywords: ABC Transporter; Bile Acids; Liver; Phospholipids.

holesterol homeostasis is regulated by a balance of

de novo synthesis, catabolism in the liver, intestinal
absorption, and secretion into bile. Physiologically, the
amount of cholesterol secreted into bile each day is sim-
ilar to the amounts synthesized in the liver and absorbed
from the intestine,! indicating that biliary secretion is an
important factor regulating whole-body cholesterol lev-
“els. In addition, it has been reported that abnormalities
in biliary cholesterol secretion are associated with hepa-

robiliary diseases, because excess biliary cholesterol is
involved in the formation of cholesterol gallstones,2® a
major risk factor for gallbladder cancer.® Therefore,
proper regulation of biliary cholesterol secretion is im-
portant from both a physiologic and pathophysiologic
point of view.

Recent studies have indicated that hepatic choles-
terol transporters, such as heterodimer of -adenosine
triphosphate- binding cassette G5 (ABCGS) and G8
(ABCGS8)S and Niemann-Pick Cl-like 1 (NPC1L1),5
regulate biliary cholesterol secretion, in addition to
their roles in intestinal cholesterol absorption. Indeed,
mice lacking ABCG5/G8 showed a drastic reduction in
biliary cholesterol concentration,” suggesting that
ABCGS/G8 plays a key role in cholesterol efflux from
hepatocytes into bile. By contrast, NPC1L1 is believed to
be involved in biliary cholesterol reabsorption in hu-
mans, as suggested by analysis of transgenic mice with
liver-specific expression of human NPC1L1.2 Because the
expression of ABCG5/G8° and NPCIL1' is positively
and negatively regulated, respectively, by cellular choles-
terol levels, strict control of biliary cholesterol secretion is
necessary to regulate cholesterol levels in the body.

Besides regulation of expression levels of hepatic cho-
lesterol transporters, modulation of their cholesterol
transport activity is another important factor influencing
biliary transport. Although the detailed molecular mech-
anisms have not been elucidated, it has been reported
that bile components affect the activity of ABCGS/G8
and NPCILI. Indeed, in vitro studies have shown that
ABCGS5/GS8 transport activity is stimulated by the addi-
tion of bile acids and phospholipids.’* Also, NPC1L1-
mediated cholesterol uptake was positively and nega-

- tively correlated with the concentration of bile acids and

phospholipids, respectively.'? In addition to biliary lipids,

Abbreviations used in this paper: ABCG5, adenosine triphosphate~
binding cassette G5; ABCG8, adenosine triphosphate~binding cas-
sette G8; Ad-GFP, green fluorescent protein—expressing adenovirus;

"Ad-tTA, tetracycline-responsive transcriptional activator-expressing ad-

enovirus; MOI, multiplicity of infection; NPC1, Niemann-Pick Ci,;
NPC1L1, Niemann—-Pick Ci-like 1; NPC2, Niemann-Pick C2; pfu,
plaque forming unit.
©2011 by the AGA Institute
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a variety of proteins are also secreted into bile.** However,
little is known about the possible effects of these biliary
proteins on the activity of cholesterol transporters and,
-consequently, biliary cholesterol secretion.

Recently, it was reported - that Niemann-Pick C2
(NPC2)14 is expressed in the liver and secreted into bile.!s
NPC2 has been shown to. bind unesterified sterols with
nanomolar affinity'¢ and to be localized to lysosomes,
where it acts cooperatively with. Niemann-Pick C1
(NPC1), a homologue of NPCILI, as an intracellular
regulator of cholesterol trafficking from lysosomes to the
plasma membrane and other organelles.!”-*® However,
unlike lysosomal NPC2, no physiologic function for se-
creted NPC2 has been identified. This evidence, along
with the fact that NPC2 can bind cholesterol in an
extracellular environment as well as in lysosomes, 1619 led
us to hypothesize that biliary NPC2 influences the activ-
ity of cholesterol transporters and regulates biliary cho-
lesterol secretion.

To elucidate the physiologic function of biliary NPC2,
we performed a series of in vitro and in vivo experiments
using adenoviruses to generate -knockdown and overex-
pression conditions. Our results show a novel function of
NPC2 by which biliary-secreted NPC2 increases choles-
terol secretion into bile via stimulation of ABCGS/G8-
mediated cholesterol efflux. This ﬁndmg was supporced
by analysxs of human bile.

Materials aricl Methods
 Adenoviruses

Adenoviruses expressing the short hairpin RNA
sequence for knockdown of the mouse Npc2 gene (acces-
sion no. BC007190) (Ad-shNpc2 #1 and #2) and adeno-
viruses expressing human NPC2 complementary DNA
(cDNA) (accession no. BC002532) attached to a Myc tag
and 6¢ His tag sequences (Ad-NPC2-Myc-His), human
ABCGS cDNA (accession no. NM022436) attached to a
Myc tag sequence (Ad-Myc-ABCGS), and human ABCGS8
cDNA (accession no. NM022437) attached to an HA tag
sequence (Ad-HA-ABCGB8) were constructed and purified
as described in the supplementary material. In addition,
shControl-expressing adenovirus, designed not to intet-
fere with any genes (Takara Bio, Inc, Shiga, Japan), green
fluorescent protein-expressing adenovirus (Ad-GFP),°
and tetracychne responsive transcriptional activator-ex-
pressing adenovirus (Ad-tTA) were also purified by the
same method. Then, titers of the purified viruses (plaque-
forming units [pfu] per milliliter) were determined using
an Adeno-X Rapid Titer Kit (Takara Bio, Inc)) and the
multiplicity of infection (MOI) was determined by nor-
malizing the virus titer to cell count in each experiment.

Infection of Recombinant Adenoviruses and
In Vivo Experiments

ddY mice (30-35 g) purchased. from Nihon SLC
(Shizuoka, Japan) and Abcg5/g8-deficient mice (BG6;
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12986-AbcgS/Abeg8tm1Hobb/]) (30-35 g) purchased
from Jackson Laboratory (Bar Harbor, ME) were anesthe-
tized by ether inhalation; the jugular vein was exposed,
and then recombinant adenovirus was intravenously in-
jected. At 4 days (for experiments using Ad-shNpc2) or 3
days (for experiments using Ad-NPC2-Myc-His) after ad-
enovirus infection, mice were anesthetized by intraperi-
toneal injection of urethane. The cystic duct was ligated
and a common bile duct fistula was credted using a
Teflon catheter (UT-03; Unique Medical Co, Ltd, Tokyo,
Japan) to collect hepatic bile specimens. Intravenous in-
fusion of tauroursodeoxycholate was performed accord-
ing to methods described in a previous report.?* Hepatic
bile specimens were collected, followed by liver, intestine,
and brain samples. In each experiment, bile flow was not
significantly different among groups.

To determine messenger RNA (mRNA) levels of Nch
in collected tissues, quantitative real-time polymerase
chain reaction was performed as described in the supple-
mentary material. To determine protein levels of NPC2 in
the liver and bile, 100 pg liver homogenate and 10 u,L
bile specimens were used for Western blot analysis as
described in the supplementary material.

Concentrations of lipids in each specimen were quan-
tified as described in the supplementary material. Biliary
lipid secretion rates were calculated by multiplying the
concentration of each lipid component by bile flow,
which is normalized by 30 g body weight.

Protocols were performed according to accepted crite-
ria for humane care of experimental animals and ap-
proved by the review board of our institution for animal
studies.

Cholesterol Efflux Assay

LLC-PK1 cells were seeded on 12-well plates at a
density of 1.0 = 10° cells/well. Two days later, cells were
infected with Ad-tTA (10 MOI), Ad-Myc-ABCGS5 (5 MOT),
and Ad-HA-ABCGS (5 MOI) to overexpress ABCGS5/G8.

"For control experiments, cells were infected with Ad-tTA

(10 MOI) and Ad-GFP (10 MOI). Then, 3 hours after
infection, 1 wCi [*H]cholesterol was added to the culture
medium in each well and incubated for 24 hours. Cells
were then washed twice and preincubated for 30 minutes
with transport buffer. After preincubation, cells were
treated with 800 uL transport buffer containing indi-
cated amounts of recombinant NPC2 protein or bovine
serum albumin together with the indicated concentra-
tions of taurocholate and phosphatidylcholine for 3
hours and the radioactivity of the transport buffer in
each well was then measured using a liquid scintillation
counter. To measure cellular cholesterol content, cells
were washed twice with ice-cold transport buffer and
disrupted with 0.IN NaOH and 0.1% sodium dodecyl |
sulfate overnight, and the radioactivity in the cell lysate '
was then measured. The efflux ratio was calculated by
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dividing the radioactiviﬁy in the transport buffer by the
sum of that in the transport buffer and cell lysate.

Collection of Human Gallbladder Bile

Specimens '

Experiments using human samples were con-
ducted according to a study protocol approved by the
Institutional Review Board of the University of Tokyo
and Tsukuba University upon obtaining informed con-
sent from all subjects. Gallbladder bile specimens were
obtained from 15 patients after surgical treatment at
Tsukuba University and used for Western blot analysis to
determine the expression of biliary NPC2 protein and for

the quantification of biliary lipids as described in the

supplementary material.

Results

Biliary Cholesterol Secretion Is Reduced in

Hepatic Npc2-Knockdown Mice \

To test the hypothesis that biliary NPC2 affects
cholesterol secretion into bile, Npc2-knockdown mice
were created by intravenous administration of adenovi-
ruses (Ad-shNpc2 #1 and Ad-shNpc2 #2) expressing
short hairpin RNA against Npc2. Following infection with
Ad-shNpc2 #1 and #2, the hepatic expression of Npc2
mRNA was significantly reduced to 53% and 19% of basal
levels, respectively, whereas expression of Npc2 mRNA in
the intestine and brain was not affected (Figure 1A). Corre-
sponding to the decreased mRNA level, hepatic and biliary

Npc2 protein levels were significantly reduced in Npc2- -

knockdown mice compared with control mice (Figure 1B).
By contrast, expression of the Abcg5 and Abcg8 proteins,
which are cholesterol exporters expressed in the liver, was
not differerit among control and Npc2-knockdown mice
(Figure 1B). We then compared the biliary lipid compo-
sition of these mice. Pigure 1C shows that che biliary
cholesterol secretion in Npc2-knockdown mice was
reduced to approximately 59% and 33% of that in
control mice, while levels of bile acids and phospho-
lipids, which are not NPC2-binding molecules,?? re-
mained unaffected. We also confirmed that the molar
ratio of biliary cholesterol secretion was selectively
decreased by Npc2 knockdown (Supplementary Table
1). These results suggest that hepatic and/or biliary
- NPC2 play important roles in the secretion of choles-
terol from hepatocytes into bile.

Recombinant NPC2 Protein Can Stimulate
ABCGS5/G8-Mediated Cholesterol Efflux

Because Npc2-knockdown mice showed a reduc-
tion in biliary cholesterol secretion (Figure 1C), we sur-
mised that biliary NPC2 facilitates cholesterol secretion
from hepatocytes into bile. It is known that the
ABCGS5-ABCGS heterodimer (ABCGS/G8) plays a key
role in biliary cholesterol secretion,?>?* so we hypoth-
esized that secreted NPC2 may stimulate the ABCGS/
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G8-mediated cholesterol efflux. To verify this hypoth-
esis, we constructed LLC-PK1 cells transiently over-
expressing ABCG5/G8 due to infection with Ad-Myc-
ABCGS and Ad-HA-ABCGS. Protein expression and
localization at the apical membrane of the introduced
ABCGS and ABCGS8 cDNA products were confirmed by
Western blot analysis (Figure 2A) and immunohisto-
chemical staining (Figure 2B), respectively. Using this cell
system, we performed a cholesterol efflux assay and an-
alyzed the effects of adding recombinant NPC2 protein
to the assay buffer. As a negative control, we used bovine
serum albumin because it has been reported that albu-
min is secreted into bile?s and binds to cholesterol.2® The
results in Figure 2C show that the addition of NPC2
protein leads to cholesterol efflux only in ABCGS/G8-
overexpressing cells. In addition, we found that NPC2
protein can stimulate - ABCGS/G8-mediated cholesterol
efflux-in the presence of various concentrations of tau-
rocholate and phosphatidylcholine (Figure 2D), both of
which are major components of bile. Further in vitro
experiments were performed with 5 mmol/L tauro-
cholate.

Because we found that the concentration of NPC2
protein in gallbladder bile was approximately 10 to 80
pg/mL in humans (Figure 7), we next analyzed the con-
centration dependence of NPC2 protein on its stimula-
tory effects. As shown in Figure 2E, NPC2 increased
cholesterol efflux in a concentration-dependent manner
only in ABCGS5/G8-overexpressing cells and saturation of
the stimulatory effect was not observed within the phys-
iologically relevant concentration of NPC2 (+ 100 pg/
mL). Furthermore, despite the weak effects of cholesterol-
preincubated NPC2 on ABCGS/G8 activity (Figure 2F),
the addition of taurocholate restored the stimulatory
effects of preincubated NPC2 on ABCGS/G8-mediated
cholesterol efflux (Figure 2F). Taken together with the
physiologic fact that biliary-secreted bile acids and phos-
pholipids form micelles and facilitate the dissolution of
cholesterol in bile, these results suggest that secreted
NPC2 has the potential to increase ABCGS/G8-mediated
cholesterol efflux under physiologic conditions.

Because NPCIL1, which plays a key role in the cel-
lular uptake of cholesterol, is also expressed on the bile’
canalicular membrane of hepatocytes,® it is possible
that biliary-secreted NPC2 may affect NPC1L1-medi-

~ ated cholesterol reuptake from bile to hepatocytes. To

examine this possibility, a cholesterol uptake assay was
performed using NPCILl-overexpressing Caco-2
cells.1227-29 Although cholesterol uptake was increased
by overexpression of NPC1L1, no significant alteration
in transport activity was observed following the addi-
tion of recombinant NPC2 protein (Supplementary
Figure 1). This result implies that secreted NPC2 pro-
tein has only a minor effect on NPCIL1-mediated
cholesterol uptake.
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Figure 1. Effect of hepatic Npc2 knockdown on biliary cholesterol secretion in mice. Mice were infected with the indicated Ad-shNpc2 (1.5« 109
pfu) or shControl-expressing adenovirus (1.5 + 10° pfu). Four days after adenovirus infection, liver, intestine, brain, and bile specimens were
collected. (A) Relative mRNA levels of Npc2 were analyzed by quantitative real-time polymerase chain reaction and normalized to g-actin in each
specimen. (B) Protein expression of biliary Npc2, hepatic Npc2, Abcg5, and Abcg8 was measured by Western blot analysis. Relative protein levels
of hepatic and biliary Npc2 were calculated as the band density in each specimen. (C) Secretion rates of biliary cholesterol, bile acids, and
phospholipids were quantified as described in the supplementary material. Each column and vertical bar represents the mean « SE of 4 determi-
nations. “Significantly different by analysis of variance followed by Dunnett’s test (P« .05). **Significantly different by analysis of variance followed by

Dunnett’s test (P + .01).

Increased Hepdtz'c and Biliary NPC2
Facilitates Cholesterol Secretion Into Bile

To show the stimulatory effects of NPC2 protein
on cholesterol secretion in vivo, we analyzed biliary cho-
lesterol in hepatic NPC2-overexpressing mice. Infection
with Ad-NPC2-Myc-His increased the amount of total
NPC2 protein (introduced NPC2-Myc-His protein plus
endogenous Npc2 protein) in the liver and bile, whereas
expression of hepatic AbcgS/g8 protein was unchanged
(Figure 3A). Biliary cholesterol secretion was significantly
increased in response to increased hepatic and biliary
NPC2 levels, without significant effects on biliary bile
.acids and phospholipids (Figure 3B). Taken together with

“the observation that Npc2-knockdown mice have re-

duced cholesterol levels in bile (Figure 1C), these results
suggest that NPC2 can stimulate cholesterol secretion
into bile in vivo.

The Stimulatory Effect of Biliary NPC2 on

Cholesterol Secretion Is Independent of Its

Function in Intracellular Cholesterol

Trafficking

Because NPC2 is involved in intracellular choles-
terol trafficking from lysosomes to the plasma membrane
and other organelles,'® it was possible that changes in
biliary cholesterol secretion in hepatic Npc2-knockdown
mice (Figure 1) and NPC2-overexpressing mice (Figure 3)
were a secondary effect of alteration in intracellular cho-
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Figure 2. Effect of recombinant NPC2 protein on ABCGE/G8-mediated cellular cholesterol efflux. (A) Expression of Myc-ABCGS and HA-ABCGS
24 hours after infection with Ad-Myc-ABCGS and Ad-HA-ABCG8 was measured by Western blot analysis. (B) Cellular localization of Myc-ABCGS
(red) and HA-ABCGS (green) 24 hours after infection was determined by immunohistochemical staining. Nuclei were stained with TO-PRO-3 iodide
(blue), and codistribution of Myc-ABCGS and HA-ABCGS is shown in yeilow. The panel shows the Z-sectioning image. (C) Cells were treated with -
transport buffer containing the indicated concentrations of recombinant NPC2 protein or bovine serum albumin (BSA) in the absence of taurocholate
(TCA), and the cholesterol efflux ratio was determined. (D) Cells were treated with transport buffer containing recombinant NPC2 protein (15 pug/mL)
together with the indicated concentrations of TCA and phosphatidyicholine (PC), and the cholesterol effiux ratio was determined. (E) Cells were
treated with transport buffer containing the indicated concentrations of recombinant NPC2 protein or BSA together with 5 mmol/LL TCA, and the
cholesterol efflux ratio was determined. The NPC2-mediated increase in efflux ratio was calculated by subtracting the cholesterol efflux ratio in the
absence of NPC2 from that in the presence of NPC2. (F) A cholesterol efflux assay with cholesterol-preloading recombinant NPC2 protein (50 ug/mL)
was performed and the NPC2-mediated increase in efflux ratio was calculated. Each experiment was performed in 3 replicates, and results were
confirmed by 2 independent sets of experiments. Each column and horizontal bar represents the mean «  SD. **Significantly different by analysis of

variance followed by Dunnett’s test (P = .01).

lesterol trafficking but not an alteration in the NPC2- 2 mutants on ABCGS/G8-mediated cholesterol efflux
stimulated cholesterol efflux. To discriminate between  in vitro. Figure 4 shows that purified NPC2 WT and
these 2 possibilities, we constructed 2 NPC2 mutants  D72A protein increased cholesterol efflux mediated by
(D72A and V96F); intracellular cholesterol trafficking ~ ABCGS/GS8, whereas NPC2 V96F had little effect on
-activity in both mutants was reduced to less than 15% of  this process. This result suggests that the cholesterol-
that of wild-type, whereas cholesterol-binding activity ~ binding activity of NPC2 is necessary for the stimula-
was nearly normal in NPC2 D72A but disrupted in NPC2  tory effects of secreted NPC2 on ABCGS5/G8-mediated
VO6F.16 We first assessed the stimulatory effects of these ~ cholesterol transport.
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Figure 3. Changes in biliary cholesterol secretion following hepatic NPC2 overexpression in mice. Mice were infected with Ad-tTA (2 = 10° pfu)
together with Ad-NPC2-Myc-His (2 « 109 pfu) or Ad-GFP control (2 « 108 pfu). Three days after adenovirus infection, liver and bile specimens were
collected. {A) Expression levels of biliary NPC2, hepatic NPC2, Abcg5, and Abcg8 were analyzed by Western blot analysis. The Myc tag and 6+ His'
tag increased the molecular weight of the NPC2-Myc-His protein compared with endogenous Npc?2 protein. Relative protein levels of biliary and
hepatic NPC2 were calculated by totaling band densities of NPC2-Myc-His protein and those of endogenous Npc2 protein normalized to the affinity
to the anti-NPC2 antibody (detalils are described in the supplementary material). (B) Secretion rates of biliary cholesteral, bile acids, and phospholipids

~ were quantified as described in the supplementary material. Each column and vertical bar represents the mean -

“*Significantly different by Student t test (P« .01).

Subsequently, to elucidate the in vivo effects of these
NPC2 mutants on biliary cholesterol secretion, we in-
troduced each NPC2 mutant into mice by adenovirus-
mediated expression. After we confirmed that expres-
sion levels of hepatic Abcg5/g8 were similar and that a
significant increase in total NPC2 protein level was
observed in the liver and bile of each Ad-NPC2-Myc-
His-infected mouse (Figure 5A), bile components of
these mice were quantified. As shown in Figure SB,
biliary cholesterol secretion in mice overexpressing
NPC2 D72A was significantly higher than that in con-
trol mice, whereas the overexpression of NPC2 V96E
did not affect biliary cholesterol, both of which are
consistent with our in vitro observations (Figure 4). By
contrast, the concentrations of biliary bile acids and
phospholipids did not differ under each set of condi-
tions (Figure SB). We also confirmed selective increases
in the molar ratio of biliary cholesterol in NPC2 WT-
and NPC2 D72A-overexpressing mice (Supplementary
Table 1). Because a stimulatory effect on biliary cho-
lesterol secretion was observed in NPC2 D72A, which
had lictle effect on intracellular cholesterol craffick-

SE of 5 determinations.

ing,!6 the actions of secreted NPC2 as a stimulator of
cholesterol secretion should be independent of the
activity of lysosomal NPC2 to stimulate the intracel-
lular transfer of cholesterol.

ABCGS5/G8 Is Required for NPC2-Mediated
Stimulation of Biliary Cholesterol Secretion

To examine whether stimulation of cholesterol
secretion by biliary NPC2 is physiologically dependent on
the ABCGS5/G8-mediated pathway, we introduced NPC2
adenoviruses into Abcg5/g8-deficient mice. Although the
difference in biliary cholesterol secretion between
Abcg5/g8 (¢ /* ) mice and AbcgS/g8 (¢ /° ) mice” was
lessened by adenovirus infection, the results shown in
Figure 6 reveal a stimulatory effect of NPC2 only in
Abcg5/g8 (¢ /¢ ) mice (Figure 6B and Supplementary
Table 1), despite the similarly increased expression of
NPC2 protein in the liver and bile of both genotypes
(Figure GA). These results.indicate that secreted NPC2
requires ABCGS/G8 to stimulate the biliary secretion of
cholesterol.
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Figure 4. Comparison of stimulatory effects among NPC2 mutants on ABCG5/G8-mediated cellular cholesterol efflux. The effects of each NPC2
mutation on ABCG5/G8-mediated cholestero! efflux were analyzed using ABCG5/G8-overexpressing LLC-PK1- cells and recombinant NPC2
mutants. Cells were treated with transport buffer containing the indicated types of recombinant NPC2 or bovine serum albumin (BSA; 15 pg/mL) .
together with taurocholate (5 mmol/L), and the cholesterol effiux ratio was determined. This experiment was performed in 3 replicates, and results
were confirmed by 2 independent sets of experiments. Each column and horizontal bar represents themean«  SD of 3 determinations. **Significantly
different by analysis of variance followed by Dunnett’s test (P« .01).

Positive Correlation Between NPC2 Protein hepatic bile in mice (data not shown) and that
and Cholesterol Levels in Human Bile ABCGS/G8 is expressed not only in hepatocytes but also
Following the observations that Npc2 levels in  in bile duct and gallbladder epithelial cells,?® we further
gallbladder bile are positively correlated with those in  examined the relationship between NPC2 protein levels
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Figure 5. Comparison of biliary cholesterol secretion among mice overexpressing NPC2 mutants. Mice were infected with AJ={TA (2 « 109 pfu)
together with the indicated types of Ad-NPC2-Myc-His (2« 109 pfu) or Ad-GFP control (2« 109 pfu). Three days after adenovirus infection, liver and
bite specimens were collected. (A) Expression levels of biliary NPC2, hepatic NPC2, Abcg5, and Abcg8 were analyzed by Western blot analyses as
described in the legend for Figure 3A. (B) Secretion rates of biliary cholesterol, bile acids, and phospholipids were quantified as described in the
supplementary material. Each column and vertical bar represents the mean »  SE of 4 determinations. **Significantly different by analysis of variance
followed by Dunnett’s test (P« .01). ’
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Figure 6. Effect of hepatic NPC2 overexpression in Abcg5/g8-defi-
cient mice. Abcg5/g8(s /+ ) and Abcgd/g8( /+ ) mice were infected
with Ad-tTA (1« 109 pfu) together with Ad-NPC2-Myc-His (1+ 109 pfu)

or Ad-GFP control (1 + 109 pfu). Three days after adenovirus infection,

liver and bile specimens were collected. (A) Expression levels of hepatic
NPC2 and biliary NPC2 were analyzed by Western blot analysis. The
Myc tag and 6+ His tag increased the molecular weight of NPC2-Myc-
His protein compared with endogenous Npc2 protein. (B) Secretion
rates of biliary cholesterol, bile acids, and phospholipids were quantified
as described in the supplementary material. Each column and vertical
bar represents the mean + SE of 5 determinations. **Significantly dif-
ferent by analysis of variance followed by Dunnett’s test (P« .01).

and cholesterol concentrations in human gallbladder
bile. Figure 7 shows that biliary cholesterol concentration
was positively correlated with biliary NPC2 content (R *

091,P+ 1.3« 10 9).In addidon, using partial correla-
tion analysis, we confirmed that this positive correlation

NPC2 STIMULATES BILIARY CHOLESTEROL SECRETION 1671

remained significant even if ic was adjusted for the hy-
drophobicity of bile and the concentrations of biliary bile
acids, phospholipids, and total proteins in each specimen
(R+ 070, P = .02). This positive correlation may be
accounted for, at least partly, by the present finding that
biliary NPC2 acts as a stimulator of cholesterol secretion
into bile. ‘

Discussion

The major contribution of the present study was
to identify the physiologic function of biliary NPC2 as a
positive regulator of cholesterol secretion into bile, and
this novel function of NPC2 is accounted for by the
stimulation of ABCGS5/G8-mediated cholesterol efflux. It
is known that the 2 half ABC transporters, ABCGS and
ABCGS, which act on the bile canalicular membrane,??
are essential for the biliary secretion of' cholesterol;
Abcg5/g8-deficient mice have a significantly reduced bil-
iary cholesterol output.”
In the present study, in addition to ABCGS/G8, NPC2

 was found to be essential for cholesterol secretion, be-

cause hepatic Npc2-knockdown mice exhibit a significant
reduction in biliary cholesterol secretion. Although it has
been reported that Npc2-knockout mice have an accu-
mulation of cholesterol and sphingomyelin in their liv-
ers3® and this accumulation may affect biliary cholesterol

secretion,3! transient knockdown of hepatic Npc2 had

little effect on hepatic levels of these lipids (Supplemen-
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Figure 7. Correlation between cholesterol and NPC2 protein in human
gallbladder bile. Five microliters of human gallbladder bile specimens
was analyzed. Concentrations of biliary NPC2 were determined by
Western blot analysis using recombinant NPC2 as a standard. Concen-
trations of cholesterol in each specimen were quantified as described in
the supplementary material. Correlation analysis was performed using
Pearson’s method. R value represents Pearson’s correlation coeffi-
cient.

-1513-




1672 YAMANASHI ET AL

tary Figure 2). In addition, bile acid composition and the
hydrophobic index of bile, which can also affect the
efficiency of biliary cholesterol secretion,? were unaf-
fected by the transient knockdown and overexpression of
hepatic and biliary NPC2 (Supplementary Figures 3 and
4). Together with the fact that NPC2 has litte effect on
the expression levels of hepatic AbcgS/g8 protein and
biliaty secretion of bile acids and phospholipids (Figures
1, 3, and 5), these results suggest that the reduction of
biliary cholesterol secretion in Npc2-knockdown mice is
a direct effect of reduced biliary (and hepatic) Npc2
protein.

Our in vitro studies showed that secreted NPC2 has
the ability to act as a cholesterol acceptor in ABCGS/G8-
mediated efflux (Figure 2C). However, considering that
NPC2 binds cholesterol with 1:1 stoichiometry and that
the cholesterol concentration in bile is approximately
0.03 to 10 mmol/L, which is estimated to be more than
100-fold higher than that of biliary NPC2 (0.3-3 pmol/L)
(Figure 7), the significant reduction in biliary cholesterol
secretion in Npc2-knockdown mice (Figure 1) cannot
fully be accounted for by NPC2 action as a cholesterol
acceptor. In general, most biliary cholesterol is dissolved
in mixed micelles, which are mainly composed of bile
acids and phospholipids, suggesting that these micelles
are physiological solubilizers of cholesterol in bile. Based
on the observation that the on-rate and off-rate of cho-
lesterol from NPC2 are very rapid'¢ and the fact that
NPC2 can stimulate cholesterol transfer from one lipo-
some to another,? we presume that NPC2 can accept
cholesterol to accelerate the transfer of cholesterol from
ABCGS/G8 proteins to micelles. Indeed, when ABCGS/
G8-overexpressing cells were incubated with secreted
NPC2 protein together with 5 mmol/L taurocholate and
200 pmol/L phosphatidylcholine, NPC2-mediated in-
creases in the cholesterol efflux ratio (6.2% at 15 pg/mL
NPC2 protein) (Figure 2D) were drastically higher than
those when ABCGS5/G8-overexpressing cells were incu-
bated with NPC2 protein alone (0.6% at 15 pug/mL NPC2
protein) (Figure 2C). Within the physiologic range for
NPC2 protein, the NPC2-mediated increase in choles-
terol efflux was not saturated (Figure 2E), which is con-
sistent with the linear correlation between NPC2 and
cholesterol levels in human bile specimens (Figure 7).
In addition, while cholesterol-preincubated NPC2 pro-
tein lost the ability to increase cholesterol efflux via
ABCGS/GS, incubation with taurocholate restored the
NPC2-mediated stimulation of cholesterol efflux (Fig-
ure 2F), suggesting that cholesterol can be transferred
from NPC2 to taurocholate. These results support the
hypothesis that NPC2 functions physiologically as a
stimulator of cholesterol transfer from hepatocytes to
biliary micelles, in addition to its function as a cho-
lesterol acceptor.

In bile formation, cholesterol secretion is preceded by

"‘ABCB11-mediated bile acid secretion and ABCB4-medi-
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ated phospholipid secretion.?* Because of its hydropho-
bicity, cholesterol requires mixed micelles, which are pri-
marily composed of bile acids and phospholipids, to be
solubilized in bile. Therefore, the functions of ABCB11
and ABCB4 are likely to be indirectly involved in the
regulation of biliary cholesterol secretion** In the pres-
ent study, we showed that biliary secretion of bile acids
and phospholipids was not affected by biliary NPC2
levels (Figures 1, 3, 5, and 6 and Supplementary Table 1),
suggesting that NPC2 may only have a minor effect on
the transport activity of ABCB11 and ABCB4. Taken
together with the fact that NPC1L1-mediated cholesterol
uptake was not affected by the presence of secreted NPC2
protein (Supplementary Figure 1), NPC2 is assumed to

‘be a direct and selective stimulator of biliary cholesterol

efflux.

Conversely, the transport activity of ABCB11 and
ABCB4 may affect the activity of biliary NPC2, because
an in vitro cholesterol efflux assay showed that the
NPC2-mediated increase in cholesterol efflux was en-
hanced by the increased concentrations of taurocholate
and phosphatidylcholine (Supplementary Figure 5). Ad-
ditionally, in NPC2-overexpressing mice, the stimulatory
effect of biliary NPC2 on cholesterol secretion was re- -
duced by depletion of the endogenous bile acids pool,
which was accompanied by a reduction in biliary bile
acids and phospholipids (Supplementary Figure 6). Fur-
thermore, this reduced activity of NPC2 was restored by
tauroursodeoxycholate infusion, which can stimulate bil- -
iary secretion of bile acids and phospholipids?! (Supple-
mentary Figure 6). These results suggest that the activity
of biliary NPC2 may be positively regulated by bile acids

“and phospholipids. Taken together with the observations

that hepatic overexpression of ABCB11 increases biliary
cholesterol secretion® and that Abcb4-deficient mice
have reduced secretion of cholesterol into- bile,*¢ it ap-
pears that, through the secretion of biliary bile acids and
phospholipids, ABCB11 and ABCB4 may play an impor-
tant role in cholesterol secretion by indirectly increasing
the activity of biliary NPC2, in addition to improving the
cholesterol dissolution.

Our studies of Abcg5/g8-deficient mice (Figure 6) sug-
gest that NPC2 stimulates ABCGS5/G8-dependent choles-
terol secretion but does not affect the ABCGS/G8-inde-
pendent pathway.?7-39 Together with the established idea

that biliary cholesterol secretion is primarily regulated by

ABCGS/G84041 and our findings that there is a strong
positive correlation between biliary NPC2 and cholesterol
levels in bile (Figure 7), NPC2- and ABCGS/G8-mediated
biliary cholesterol secretion are assumed to share the
same process, which would require an intimate func-
tional association between these proteins. Selective regu-
lation of cholesterol efflux by biliary NPC2 protein (Fig-
ures 1C, 3B, 5B, and 6B and Supplementary Table I) may
be accounted for by this functional interaction.

-1514-



May 2011

In conclusion, using a series of in vivo and in vitro
analyses, we identified the physiologic function of biliary
NPC2 as a positive regulator of biliary cholesterol secre-
tion mediated by the ABCGS/G8-dependent pathway,
which is also supported by the positive correlation be-
tween NPC2 protein and cholesterol levels in human bile.
Because biliary cholesterol secretion is one of the key
facrors involved in maintaining whole-body cholesterol

levels and is associated with hepatobiliary diseases,2* our’

findings have both physiologic and pathophysiologic im-
portance. This is the first report on the function of biliary
NPC2 and provides new insights into the physiology of
biliary cholesterol secretion.

Supplementary Material

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal. org, and at doi:
10.1053/j.gastro.2011.01.050.

References

1. Vuoristo M, Miettinen TA. Absorption, metabolism, and serum
concentrations of cholesterol in vegetarians: effects of choles-
terol feeding. Am J Clin Nutr 1994;59:1325-1331.

2. Zanlungo S, Nervi F. The molecular and metabolic basis of biliary

cholesterol secretion and gallstone disease. Front Biosci 2003;
8:51166-s1174.
3. Zanlungo S, Rigotti A, Nervi F. Hepatic cholesterol transport from

plasma into bile: .implications for gallstone disease. Curr Opin -

Lipidol 2004;15:279-286.

4. Goldin RD, Roa JC. Gallbladder cancer: a morphological and
molecular update. Histopathology 2009;55:218-229.

5. Berge KE, Tian H, Graf GA, et al. Accumulation of dietary choles-
terol in sitosterolemia caused by mutations in adjacent ABC
transporters. Science 2000;290:1771-1775.

6. Altmann SW, Davis HR Jr, Zhu LJ, et al. Niemann-Pick C1 Like 1
protein is critical for intestinal cholesterol absorption. Science
2004;303:1201~1204.

7. Yu L, Hammer RE, Li-Hawkins J, et al. Disruption of Abcgb and
Abcg8 in mice reveals their crucial role in biliary cholesterol

) secretion; Proc Natl Acad Sci U S A 2002;99:16237-16242.

8. Temel RE, Tang W, Ma Y, et al. Hepatic Niemann-Pick C1-like 1
regulates biliary cholesterol concentration and is a target of
ezetimibe. J Clin Invest 2007;117:1968~1978.

9. Repa JJ, Berge KE, Pomajzl C, et al. Regulation of ATP-binding
cassette sterol transporters ABCGS and ABCGS8 by the liver X
receptors alpha and beta. J Biol Chem 2002;277:18793—18800.

10. Iwayanagi Y, Takada T, Suzuki H. HNF4alpha is a crucial modu-
lator of the cholesterol-dependent regulation of NPC:LLl Pharm
Res 2008;25:1134-1141.

11. Vrins C, Vink E, Vandenberghe KE, et al. The sterol transporting
heterodimer ABCG5/ABCGS8 requires bile salts to mediate cho-
lesterol efflux. FEBS Lett 2007;581:4616-4620.

12. Yamanashi Y, Takada T, Suzuki H. Niemann-Pick C1-like 1 over-
expression facilitates ezetimibe-sensitive cholesterol and beta-
sitosterol uptake in CaCo-2 cells. J Pharmacol Exp Ther 2007;
320:559-564.

13. Zhou H, Chen B, Li RX, et al. Large-scale identification of human
biliary proteins from a cholesterol stone patient using a pro-
teomic approach. Rapid Commun Mass Spectrom 2005;19:
3569-3578.

14.
15.

16.

17.

18.

19.
20.

21.

22.
23.

24.

25.

’ 26.
27.
28.
29.
30.
31.
32.

33.

- 1515~

NPC2 STIMULATES BILIARY CHOLESTEROL SECRETION 1673

Naureckiene S, Sleat DE, Lackland H, et al. Identification of HE1
as the second gene of Niemann-Pick C disease. Science 2000;
290:2298-2301.

Klein A, Amigo L, Retamal MJ, et al. NPC2 is expressed in human
and murine liver and secreted into bile: potential implications for
body cholesterol homeostasis. Hepatology 2006;43:126~133.
Ko DC, Binkley J, Sidow A, et al. The integrity of a cholesterol-
binding pocket in Niemann-Pick C2 protein is necessary to control
lysosome cholesterol levels. Proc Natl Acad Sci U S A 2003;100:
2518-2525.

Liscum L, Sturley SL. Intracellular trafficking of Niemann-Pick C
proteins 1 and 2: obligate components of subcellular lipid trans-
port. Biochim Biophys Acta 2004;1685:22-27.

Zhang M, Sun M, Dwyer NK, et al. Differential trafficking of the
Niemann-Pick C1 and 2 proteins highlights distinct roles in late
endocytic lipid trafficking. Acta Paediatr Suppl 2003;92:63-73;
discussion 45. )

Okamura N, Kiuchi S, Tamba M, et al. A porcine homolog of the
major secretory protein of human epididymis, HE1, specifically
binds cholesterol. Biochim Biophys Acta 1999;1438:377-387.
tkebuchi Y, Takada T, Ito K, et al. Receptor for activated Ckinase
1 regulates the cellular localization and function of ABCB4. Hepa-
tol Res 2009;39:1091-1107.

Oude Elferink RP, Ottenhoff R, van Wijland M, et al. Uncoupling of
biliary phospholipid and cholesterol secretion in mice with re-
duced expression of mdr2 P-glycoprotein. J Lipid Res 1996;37:
1065-1075.

Liou HL, Dixit SS, Xu S, et al. NPC2, the protein deficient in
Niemann-Pick C2 disease, consists of multiple glycoforms that
bind a variety of sterols. J Biol Chem 2006;281:36710-36723.
Klett EL, Lee MH, Adams DB, et al. Localization of ABCGS and
ABCGS proteins in human liver, gall bladder and intestine. BMC
Gastroenterol 2004;4:21. ) :

Yu L, Li-Hawkins J, Hammer RE, et al. Overexpression of ABCG5
and ABCGS8 promotes biliary cholesterol secretion and reduces
fractional absorption of dietary cholesterol. J Clin Invest 2002;
110:671-680.

Keulemans YC, Mok KS, de Wit LT, et al. Hepatic bile versus
gallbladder bile: a comparison of protein and lipid concentration
and composition in cholesterol gallstone patients. Hepatology
1998;28:11~16.

Charbonneau DM, Tajmir-Riahi HA. Study on the interaction of
cationic lipids with bovine serum albumin. J Phys Chem B 2010;
114:1148-1155.

Narushima K, Takada T, Yamanashi Y, et al. Niemann-pick C1-
like 1 mediates alpha-tocopherol transport. Mol Pharmacol
2008;74:42-49.

Yamanashi Y, Takada T, Suzuki H. In~vitro characterization of the
six clustered variants of NPC1L1 observed in cholesterol low
absorbers. Pharmacogenet Genomics 2009;19:884-892.
Takada T, Suzuki H. Molecular mechanisms of membrane trans-
port of vitamin E. Mol Nutr Food Res 2010;54:616-622.

Sleat DE, Wiseman JA, El-Banna M, et al. Genetic evidence for
nonredundant functional cooperativity between NPC1 and NPC2
in lipid transport. Proc Natl Acad Sci U S A 2004;101:5886~
5891.

Oude Elferink RP, Paulusma CC, Groen AK. Hepatocanalicular
transport defects: pathophysiologic mechanisms of rare dis-
eases. Gastroenterology 2006;130:908-925.

Marzolo MP, Rigotti A, Nervi F. Secretion of biliary lipids from
the hepatocyte. Hepatology 1990;12:1345~1418S; discussion
141S-1428S.

Infante RE, Wang ML, Radhakrishnan A, et al. NPC2 facilitates
bidirectional transfer of cholesterol between NPC1 and lipid bi-
layers, a step in cholesterol egress from lysosomes. Proc Natl
Acad Sci U S A 2008;105:15287-15292.




