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Abstract

Types A and B Niemann-Pick disease (NPD) comprise an autosomal recessive disorder caused by
a deficiency of lysosomal acid sphingomyelinase (ASM), which leads to the intracellular accumula-
tion of sphingomyelin and cholesterol and results in abnormalities of lipid metabolism. We report
two patients with types A and B NPD showing low levels of high-density lipoprotein (HDL) cho-
lesterol in their sera. Three novel mutations, c.567delT, c.575delC, and ¢.1481-9T>G, and a
known mutation, c.691T>C, of the ASM gene were identified in the patients. The c.691T>C
mutation is a unique genotype related to a very mild phenotype of type B NPD in the Japanese
population. Next, the mRNA expressions of 4 ATP-binding cassette (ABC) transporters related
to lipid metabolism, ABCA1, ABCA3, ABCA7, and ABCG1, were analyzed in fibroblasts with
types A and B NPD by real-time RT-PCR using hybridization probes. In the analyses, the
mRNA levels of ABCG1 were significantly decreased in the fibroblasts of types A and B
NPD. The decreased protein level of ABCG1 was also confirmed by Western blot in a fibroblast
of type B NPD. The results suggest that secondary dysfunction of ABCG1 may cause an impair-
ment of cholesterol efflux in the peripheral cells, leading to the low plasma levels of HDL choles-
terol in types A and B NPD. ABCGI is a liver-X-receptor (LXR) target gene involved in choles-
terol efflux to HDL, therefore LXR agonist treatment resulted in the reduction of cholesterol and
sphingomyelin storage in the fibroblasts of type B NPD.
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Types A and B Niemann-Pick disease (NPD) comprise ~  tating neurodegenerative disorder of infancy character-
an autosomal recessive disorder caused by a deficiency of ized by failure to thrive, hepatosplenomegaly, and a
lysosomal acid sphingomyelinase (ASM), which results in  rapidly progressive neurologic course that leads to death

by 2 to 3 years of age. In contrast, type B NPD is a non-
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notype in types A and B NPD*?.

HDL cholesterol is thought to remove cholesterol from
peripheral tissues and play a critical role in protection
against atherosclerotic vascular disease. Some genes
have been identified as regulators of HDL forma-
tion. The membrane transporter ATP-binding cassette
(ABC) transporter A1 (ABCA1) plays a key role in HDL
particle formation, possibly facilitated by the actions of
Low HDL cholesterol

is one of the major characteristics of Tangier disease, in

other membrane transporters”.

which affected cells are characterized by a defective cho-
lesterol efflux due to mutations in the ABCAI gene®®. At
the cellular level, the loss of ABCA1 function inhibits the
efflux of cholesterol and phospholipids in response to
stimulation with the major apolipoprotein of HDL, apoli-
poprotein A-I (apoA-I). Recently, low levels of plasma
HDL cholesterol have been observed in patients with
Niemann-Pick disease type C (NPC), which is a neuro-
visceral disorder caused by mutations in the NPCI or
NPC2 gene and characterized by the accumulation of un-
esterified cholesterol in late endosomes and lysosomes of
visceral cells”. It was shown that basal and cholesterol-
stimulated expression of ABCA1 was diminished in cells
from a patient with NPC, leading to impaired lipidation of
apoA-1”. In NPC, secondary impairment of ABCA1 reg-
ulation may leads to a low level of plasma HDL choles-
terol.

In ASM-deficient NPD macrophages, cholesterol efflux
has been shown to be defective partly due to the seques-
tration of cholesterol by accumulated sphingomyelin, be-
cause sphingomyelin is a cholesterol-binding molecule
that transiently exists with cholesterol in endosomes and
lysosomes®. This may explain the low plasma levels of
HDL cholesterol found in types A and B NPD. Howev-
er, the secondary changes of transporters that control
cholesterol and lipid metabolism, as described below,
could have some effects on the levels of plasma lip-
ids. ABC transporters are a superfamily of highly con-
served member proteins that transport a wide variety of
substrates including ions, amino acids, peptides, sugars,
lipids, and sterols across cell membranes”. ABCAL,
which functions to promote cellular phospholipid and
cholesterol efflux to apoA-I and initiate the formation of
HDL, belongs to the ABCA subfamily of ABC transport-

#37%34%

ers. Recently, other ABC transporters have been re-
ported as novel transporters mediating cellular lipid ef-
flux. ABC transporter A7 (ABCA7), a member of the ABCA
subfamily, is the closest homolog of ABCA1l. ABCA7 was
demonstrated to bind to apolipoproteins and promote the
efflux of cellular phospholipids and cholesterol, suggest-
ing a possible role of ABCA7 in the regulation of cellular
lipid homeostasis'”. ABC transporter A3 (ABCA3) is
another member of the ABCA subfamily that is predomi-
nantly expressed at the limiting membrane of lamellar
bodies in lung alveolar type II cells'. Mutations of the
ABCAS3 gene cause fatal surfactant deficiency in the new-
A recent study indicated that ABCA3 plays an
essential role in pulmonary surfactant lipid metabolism

born'.

and lamellar body biogenesis, probably by transporting
phosphatidylcholine and phosphatidylglycerol, which are
abundant in normal surfactant, as substrates”. ABC
transporter G1 (ABCG1), a member of the ABCG sub-
family of ABC transporters, has been demonstrated to
function as a transporter involved in lipid efflux in periph-

eral cells™.

Expression of the ABCG1 gene is up-regu-
lated by liver-X-receptor (LXR) that functions as a cho-
lesterol sensor responding to elevated intracellular levels
of oxysterols™.

In this report, we first determined molecular lesions in
two patients with types A and B NPD. Both of these
patients showed low plasma levels of HDL cholesterol at
their initial examination in clinic. Similar to fibroblasts
with NPC, two fibroblasts from the patients showed in-
tracellular cholesterol storage demonstrated by filipin
staining. The mRNA expression patterns of 4 ABC
transporters related to lipid metabolism, ABCA1, ABCA3,
ABCA7, and ABCG1, were analyzed in those two fibro-
blasts by real-time RT-PCR using hybridization
probes. In addition, LXR agonist treatment was at-
tempted to reduce the accumulated cholesterol and

sphingomyelin in the fibroblasts of type B NPD.

Materials and Methods

1. Patients

The patient with type A NPD was a 3-year-old Japa-
nese girl who initially presented with convulsion. On
admission, she showed hepatomegaly, the liver was pal-
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pable 10 cm below the right costal margin, but the spleen
was not palpable. Developmental delay was recognized
in this patient. She started walking at the age of 2
years, and then showed neurological deterioration. She
could not speak at the age of 3 years. Laboratory data
on admission included the following : white blood cell
count, 10,800/mm?; hemoglobin, 11.3 g/dl; platelet
count, 14.9x10%mm?®; aspartate aminotransferase, 166
units/L ; alanine aminotransferase, 115 units/L ; serum
total bilirubin, 1.4 mg/dL ; total cholesterol, 282 mg/
dL; triglycerides, 332 mg/dL ; HDL cholestserol, 13
mg/dL ; prothrombin time, 76.0% ; thrombin time,
56.0%.

was determined as 5% of the control cells.

ASM enzyme activity of the white blood cells

The patient with type B NPD was a 28-year-old Japa-
nese woman actively working in an office. She was ad-
mitted to the hospital because of abdominal pain and diag-
nosed with ovarian bleeding. Then, hepatosplenomegaly
was detected, with the liver being palpable 3 cm below
the right costal margin, and the spleen being palpable
5 cm below the left costal margin. She was clinically di-
agnosed with type B NPD, based on the existence of Nie-
mann-Pick cells in bone marrow. Laboratory data on
admission included the following : white blood cell count,
8,000/mm”® ; hemoglobin, 10.5 g/dl; platelet count,
15.5x10%mm?®; aspartate aminotransferase, 58 units/
L ; alanine aminotransferase, 61 units/L ; serum total
bilirubin, 1.3 mg/dL; total cholesterol, 185 mg/
dL; triglycerides, 186 mg/dL; HDL cholestserol,
13 mg/dL ; prothrombin time, 56.8% ; thrombin time,
31.8%.

was determined as 30% of that in control cells.

ASM enzyme activity of the white blood cells

2. Mutational analyses

To elucidate the molecular lesions in the two patients,
we determined the whole sequence of ASM genomic
DNA from each patient. We first designed primers (se-
quences available on request) encompassing each ASM
coding exon and its splice site using the genomic contig
NC_000011.8. The PCR products from genomic DNA
were sequenced directly with an ABI Prism BigDye Ter-
minator Cycle Sequencing Ready Reaction Kit (Applied
Biosystems, California, USA) using an automated se-
quencer (ABI Prism 310 Genetic Analyzer, Applied Bio-

systems, Carfornia, USA). The inheritance pathway of
the identified mutations was determined among the fami-
ly members of the patient with type B NPD. Blood
samples were obtained from the family members after
obtaining informed consent. To analyze the transcripts
from the ASM gene of these patients, cDNA was synthe-
sized using the Total RNA Isolation System (Promega,
Wisconsin, USA) and SuperScript One-Step RT-PCR
System (Life Technologies, California, USA) for sequenc-

ing.

3. Cell culture and filipin staining

In NPC fibroblasts, accumulation of intracellular un-
esterified cholesterol can be demonstrated by staining
with filipin. To see whether the same accumulation of
unesterified cholesterol as NPC is observed in types A
and B NPD, we performed filipin staining of fibroblasts
from our patients. Normal fibroblasts used in this study
ASM-deficient fi-

broblasts were established from our two patients with

were obtained from control subjects.

types A and B NPD. The cells were subsequently main-
tained in Eagle’s minimal essential medium (E-MEM)
supplemented with L-glutamine (2 mM), penicillin
(100 IU/ml), streptomycin (100 pg/ml), and 10% heat-in-
activated fetal bovine serum (HI-FBS) (Dainippon Phar-
maceutical, Osaka, Japan). All cells were seeded overnight
at the density of 2.5 X 10* cells/cm” before treatment. Cul-
tures were maintained in a humidified 5% CO, incubator
at 37°C.

For filipin staining, cells were incubated in medium
supplemented with LDL cholesterol (50 pg/ml) (Sigma,
St. Louis, USA) for 24 h, and then cells were stained with
300 pg/ml of filipin complex (Sigma, St. Louis, USA) in 1
X PBS for 30 min.
Zeiss LSM 510 META confocal microscope equipped
with a UV laser.

Stained cells were examined using a

4. Hybridization probe assays

RNA was prepared from fibroblasts and purified using
High Pure PCR Product Purification (Roche Diagnotics,
For quantitative RT-PCR, 1 pg of
RNA were first reverse-transcribed into cDNA for 10

Basel, Switzerland).

min at 55°C. Real-time PCR for detecting target genes
was performed using a LightCycler thermal cycler sys-
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Table 1.  Oligonucleotide primers and hybridization probes used in the LC-PCR assay
Primer or probe Type Sequence Position
ABCA1F Sense 5-TAGTCCTCTTTCCCGCATTATC-3’
ABCAIR Antisense 5-TGCCTTCCAGATCATGGAAC-3’
ABCA1D Donor Probe 5'-ATACACCTGACACTCCAGCCACAAGGCA-3'-Fluorescein

ABCA1A Acceptor Probe
ABCA3F Sense
ABCA3R Antisense
ABCA3D Donor Probe
ABCA3A Acceptor Probe
ABCAT7F Sense
ABCA7R Antisense
ABCA7D Donor Probe
ABCA7A Acceptor Probe
ABCGI1F Sense
ABCGI1R Antisense
ABCG1D Donor Probe
ABCG1A Acceptor Probe

5-LCRed640-GTCATGGCTGAGGTGAACAAGACCTTCCA-3'-Phosphorylation
5-CGCTGTCAAGCTCAACA-3'

5-CTCCGAGGAGTAGTTGATGG-3'
5-CAGCTGTATGCGGCCTTCTTCAGGAA-3'-Fluorescein
5-LCRed640-ATGGCCCAGAATTGCTGGCAGTGC-3'-Phosphorylation
5-GCTACTCTTTGCACCAGATACAC-3'

5-AGGTCTGGGCTGCCTTCTT-3’
5-TCAGCAGGGTGAGCTCCTCGAAGGT-3'-Fluorescein
5'-LCRed640-CGGTTGACCTGGGCCATGAGCTTC-3'-Phosphorylation
5-GCCAAGAAGGTCTTGAGCAA-3'

5-GATCTGAAAGGGCACGTCTG -3
5-ATGCCTACTGTTCTGACATTTCCCCTGGAG -3'-Fluorescein
5'-LCRed640-TGGGAGTCTTTCTTCGGGAACACCTGAACT-3'-Phosphorylation

tem according to the manufacturer’s instructions. Prim-
ers and hybridization probes for ABCA1, ABCAS3,
ABCA7, and ABCGI cDNAs are shown in Table 1. The
first hybridization probes were labeled with fluorescein
as the donor fluorophore at its 3' end. The second hy-
bridization probes were labeled with the acceptor fluoro-
phore LightCycler Red 640 (LCRed640) at its 5’ end and
blocked from extending at its 3’ end by phosphoryla-
tion. The amplification started with an initial denatur-
ation step at 95°C for 10 min, followed by 40 cycles of
95°C for 10 s, 62°C for 15 s, and 72°C for 8 s with a tem-
At the end of the 40
cycles, a cooling step of 40°C for 30 s was per-
formed. The GAPDH mRNA was amplified as a house-
keeping gene using the same method. The mRNA lev-

perature transition rate of 20°C/s.

els of each gene were standardized for GAPDH
levels. LightCycler software version 3.3 (Roche Diag-
nostics, Basel, Switzerland) was used to analyze PCR ki-
netics and calculate quantitative data. A standard curve
was generated by each run including one sample of a
known concentration. The results from 3 separately
performed experiments are presented as the mean =

standard deviation.

#37%34%

5. Immunoblotting experiments

To detect ABCG1 protein by Western blotting, 15 pg of
total protein from cell lysates of the patient firbrobasts
obtained by mixing cells with NuPAGE LDS sample buf-
fer (Invitrogen Technologies, California, USA) was dena-
tured by heating at 70°C for 10 min, and electrophoresed
on 4-12% NuPAGE Bis-Tris Mini Gels (Invitrogen Tech-
nologies, California, USA) using NuPAGE SDS running
buffer (Invitrogen Technologies, California, USA). Trans-
fer to a nitrocellulose membrane was performed by using
iBlot® Western Detection kit (Invitrogen Technologies,
California, USA). The nitrocellulose membranes were
blocked with non-fat dry milk (1%) for 1 h, and were sub-
sequently incubated with primary antibodies for 1 h. For
the detection of ABCG1, a rabbit monoclonal anti-human
ABCGI antibody (1 :2,000) (Abcam, Cambridge, Eng-
land) was used. Human B-actin protein was detected on
the same membrane to quantify protein loading. A rab-
bit polyclonal antibody against B-actin (1 : 2,000) (Abcam,
Cambridge, England) served as a loading control. The
primary antibody was detected by anti-rabit secondary
antibody (1 :2,000) with chemiluminescence reagent
(Bio-Rad, California, USA) for 3 min and exposed to X-

ray film for 15 s. To examine an effect of LXR agonist,
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TO-901317, on the expression levels of ABCG1 protein,
the mediums were supplemented with 5 uM TO-901317
for 24 h.

6. Immunofluorescence staining of human fibro-
blasts by lysenin

Skin fibroblasts from a control subject and a patient with
type B NPD were cultured and maintained in Eagle’s mini-
mal essential medium (E-MEM) supplemented with L-
glutamine (2 mM), penicillin (100 IU/ml), streptomycin
(100 pg/ml), and 10% heat-inactivated fetal bovine serum
(HI-FBS) as described before'®. To see an effect of LXR
agonist, TO-901317, on intracellular levels of cholesterol
and sphingomyelin, normal and type B NPD fibroblasts
were incubated in the medium in the absence or presence
of 5 uM T0O-901317 (Sigma, St. Louis, USA) plus HDL
cholesterol (Sigma, St. Louis, USA) for 24 h, and stained
TO-901317 was demonstrated to
reduce intracellular level of accumulated cholesterol in the
fibroblasts of NPC'.
malization of the impaired cholesterol trafficking through

with filipin or lysenin.

This reduction was induced by nor-

(a) Allele 1

exon2

5 '-AAARCCCCCTAGCCCCCCAGCCCCAGGTGCCCCTGT-3"

AARCCCCCTAGCCCCCAGCCCCAGGTGCCCCTGTC

WA

¢.575delC

(b)

(exon5)-CTTAATCCTGgtgag--- ---ccagtcagccccacagecttgcagGTTACC-(exon6)

mutation
exon5

the correction of secondary decreases of ABCA1 and
ABCG1 gene expressions in the NPC cells.

Intracellular cholesterol and sphingomyelin of the cells
were visually quantified using confocal microscope. For
lysenin staining, after washing with PBS, the cells were
fixed with 3.7% (w/v) formaldehyde in PBS, washed, and
permeabilized with digitonin (50 pg/ml) for 10 min,
blocked with 2% BSA-PBS for 15 min. The cells were
incubated with lysenin (1 ng/ml in 2% BSA-PBS) for 2 h,
washed with PBS, and incubated with anti-lysenin anti-
serum diluted 1/1,000 with 2% BSA-PBS for 1 h, fol-
lowed by incubation with 10 pg/ml tetramethylrhodamine
isothiocyanate-conjugated goat anti-rabbit IgG (Chemi-
con International Inc., California, USA) on 2% BSA-PBS
for 1 h. Fluorescence microscopy was performed using
a Zeiss LSM 510 META confocal microscope equipped
with a UV laser.

Results

Mutational analyses

Two heterozygous ASM gene mutations were identi-

Allele 2

intron5 exon6
5¢-cccaca(t/g)ccttgcagGTTA-3’

TAACCT GCAAGGATGTGGGG

l 200

exon6
5-AATCCTGGTTACCG-3’

exon5

exon6

CGGTA CCAGGGAT TA
CTTAATCCTG TCAGCCCCACAGCCTTGCAGGT TACC 50 60
13 140

Patient
Fig. 1.

Nucleotide sequences of the ASM mutations identified in the patient with type A NPD.

Normal control

(a) Two

heterozygous ASM gene mutations were identified in the patient with type A NPD. One of the ASM alleles in
this patient contained a one-base deletion (designated as c.575delC) in exon 2, which caused the premature
termination codon (TGA) at ASM codon 261. The other ASM allele had a T-to-G transversion mutation (c.1481-

9T >G) at the consensus acceptor splice site of intron 5.

(b) The ASM cDNA had an insertion sequence, 20 bases

of the acceptor splice site of intron 5, between exons 5 and 6, compared to the wild-type sequence.
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fied in the patient with type A NPD (Fig. 1a). One of
the ASM alleles in this patient contained a one-base dele-
tion (designated as c¢.575delC) in exon 2, which caused
the premature termination codon (TGA) at ASM codon

261. The other ASM allele had a T-to-G transversion
mutation (c.1481-9T>G) at the consensus acceptor
splice site of intron 5. This second mutation can be con-
sidered one of the consensus sequences for mRNA splic-

exon 6 ‘

mRNA ’ exon 5

Normal splicing

Genomic DNA gt —_— cccacazccttgcag

ccagtcagccccacagecttgeag| exon 6

Genomic DNA gt
Mutant splicing (case 1, allele 2)
exon 5 tcagccccacagccttgcag

Fig. 2. Identification of abnormal splicing in a patient with type A NPD. The mutation is positioned in the
consensus sequence in the acceptor splice site of intron 5 of the genomic DNA. The ASM mRNA of the patient
had an insertion sequence, 20 bases of the acceptor splice site of intron 5, between exons 5 and 6. The creation
of another acceptor site due to the mutation of the consensus sequence might cause this aberrant insertion. In
this sequence, contrary to expectation, there was no other allelic sequence found, suggesting that the other allelic
mutation, a premature stop codon mutation (c.575delC), may make the mutant transcript unstable, resulting in
nonsense-mediated delay of the mutant transcripts.

mRNA

exon2 exon2 exon2 exon2
231
R G s G L 231
R G S G L
5 GGGGTTCTSGCCT—S 5 —GGGGTTCTGGCCT—S’

5 '-CCCCCTAGCCCCCCAGCCCCAGGTGCCCCTGT-3" —-CCCCCTAGCCCCCCAGCCCCAGGTGCCCCTGT-3" s
5‘-Acc,ccm;mccc 3 CCCCCAGCCCCCCAGCCCCAGGTGCCCCTGTC O 'AGGCCAGAACCCC'3

MMM@MMMMM&M

¢.691T>C (p.231S>P) ¢.567delT
exon2
231
exonz R G 8 G L

5 '~GGGGTTCTGGCCT-3"
C

5'-CCCCCTAGCCCCCCAGCCCCAGGTGCCCCTGT-3/ 51 ~AGGCCAGRACCCC-3"

CCCCCAGCCCCCCAGCCCCAGGTGCCCCTGTC G h 1

¢.691T>C (p.231S>P)

¢.567delT

Allele 1 Allele 2

Fig. 3. Nucleotide sequences of the ASM mutations identified in the patient with type B NPD. There were two
heterogeneous mutations in the ASM gene. One was a one-base deletion (designated as c¢.567delT) in exon 2,
which caused the premature termination codon (TGA) at ASM codon 261. The other allele contained a T-to-C
transversion in exon 2, which predicted a serine (TCT) to proline (CCT) change at codon 231 (designated as
¢.691T>C, or p.S231P).
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ing. Therefore, to discover whether aberrant splicing of
ASM mRNA was occurring in the patient, we analyzed
the mRNA of the ASM gene. In this patient, the ASM
c¢DNA had an insertion sequence, 20 bases of the accep-
tor splice site of intron 5, between exons 5 and 6, com-
pared to the wild-type sequence (Fig. 1b). The creation
of another acceptor site due to the mutation of the con-
sensus sequence might have caused this aberrant inser-
tion (Fig. 2). In this sequence, contrary to expectation,
there was no other allelic sequence found, suggesting
that another mutational allele, premature stop codon mu-
tation (c.575delC), may make the mutant transcript un-
stable, resulting in a nonsense-mediated decay of the
mutant transcripts. In the patient with type B NPD,
there were two heterogeneous mutations in the ASM
gene (Fig. 3). One was a one-base deletion (designated
as ¢.567delT) in exon 2 which caused the premature ter-
mination codon (TGA) at ASM codon 261. The other al-
lele contained a T-to-C transversion at the ASM cDNA,
which predicted a serine (TCT) to proline (CCT) change
at codon 231 (designated as ¢.691T>C, or p.S231P).

Filipin staining

Compared to normal fibroblasts, cultured fibroblasts
from the patients showed intracellular distributions of
cholesterol with filipin staining in a characteristic distri-
bution pattern near the nucleus, showing that fibroblasts

wild type A NPD

type B NPD

Fig. 4. Filipin staining of normal and type A and B
NPD fibroblasts. Accumulations of unesterified
cholesterol were visualized by confocal microscopy. Three
different fibroblast types were examined in this
study : normal cells (a), type A NPD cells (b), and type
B NPD cells (¢). Fibroblasts in (b)-(c) were filipin-
positive and had cholesterol-laden lysosomes.

exhibited intracellular storage of cholesterol after incuba-
tion with LDL cholesterol (Fig. 4). This observation
suggested that ASM deficiency causes intracellular cho-
lesterol storage in fibroblasts similar to that in cells with
NPC.

Hybridization probe assays

The mRNA levels of 4 ABC transporters, ABCA1,
ABCA3, ABCA7, and ABCG1, were analyzed in one fibro-
blast from a control subject and two fibroblasts from the
two patients with types A and B NPD by real-time RT-
PCR using hybridization probes (Table 2). After being
standardized for GAPDH levels, the mRNA levels of
ABCA1 and ABCG1 were significantly decreased in the

Table 2. Expression pattern of ABCA genes in the fibroblast cells with types A and B Niemann-Pick disease

Sample Copy number ~ GAPDH Copy number

Genes Samples (n=3, average+S.D) (n=3, average+S.D.) Corrected Copy number
ABCA1 Normal 4.24(+0.18)x 10" 2.39(+0.10)x10° 1.77x10*
type A NPD 2.46(%0.04)x 10 3.90(+0.21) x10° 6.31x10%
type B NPD 1.62(+0.13)x10° 1.93(+0.04)x 10° 8.41x10%
ABCA3 Normal 6.08(x1.04)x10° 2.39(+0.10)x 10° 2.54x10™
type ANPD 5.37(0.44) x 10 3.90(x0.21)x10° 1.38x10"
type B NPD 3.95(%0.29) x 10 1.93(x0.04)x 10° 2.05x10™*
ABCA7 Normal 4.20(+0.18)x 10 2.39(+0.10)x10° 1.75x10™"
type A NPD 1.34(+0.09) x 10 3.90(+0.21) x 10° 3.44x10°
type B NPD 5.18(+0.22) x 10° 1.93(+0.04)x 10° 2.69x10™
ABCG1 Normal 4.80(£0.59) x 10° 2.39(+0.10)x 10° 2.01x10™*
type ANPD 1.16(%0.07)x 10° 3.90(+0.21)x10° 2.97x10°"
type B NPD 2.36(+0.12)x10° 1.93(%0.04)x 10° 1.22x10°"

S.D., Standard Deviation, *<0.0001, **5=0.0003, ***p=0.0002
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fibroblasts from the patients compared with that in the
In ABCG1, mRNA expression was de-
termined to be about one-tenth of the mRNA expressed

normal control.

by the normal control, suggesting significant suppression
of ABCG1 mRNA expression in fibroblasts with types A
and B NPD. There was no significant difference in
mRNA levels of the ABCA3 and ABCA7 genes.

TO-901317
(=) (=) (+) (+)

< ABCG1

<« S -actin

Normal Type B Normal TypeB

Fig. 5. Immunoblotting of ABCG1 proteins from the
cell lysates of normal and type B NPD. ABCG1
proteins was detected using 15 pg each of the cell
lysates. Compared to that in normal cells, a weaker
band of ABCG1 protein was observed in the cell lysate
of type B NPD, but the band was intensified in the
presence of TO-091317. Human B-actin protein was
detected on the same membrane to quantify protein
loading.

Normal fibroblast

TO-901317

Lysenin

Filipin

Immunoblotting experiments

ABCG]1 protein was detected using 15 pg of cell lysates
from normal cells and from type B NPD (Fig.5). Com-
pared to that from normal cells, a weaker ABCG1 bands
was observed in the cell lysates of type B NPD, but the

band was intensified in the presence of TO-091317.

Immunofluorescence staining of human fibro-

blasts by lysenin

In normal fibroblasts, there was no positive staining of
filipin or lysenin in either the absence or presence of TO-
091317 plus HDL cholesterol (Fig. 6).
ings of filipin and lysenin were observed in fibroblasts of

Positive stain-

type B NPD, but stainings were reduced in the presence
of TO-091317 plus HDL cholesterol.

Discussion

Two novel mutations, ¢.575delC and ¢.1481-9T>G,
were identified in a Japanese patient with type A NPD
(Fig. 7). The ¢.1481-9T >G mutation is the third splice-
site mutation of the ASM gene to be identified in patients
with types A and B NPD. This mutation is positioned in
the consensus sequence in the acceptor splice site of in-

NPD type B fibroblast

— (+) (=) (+)

Fig. 6. Immunofluorescence staining of human fibroblasts by lysenin and filipin. To determine the effect of LXR
agonist, TO-901317, on intracellular levels of cholesterol and sphingomyelin, normal and type B NPD fibroblasts
were incubated in the medium in the absence or presence of 5 uM T0O-901317 plus HDL cholesterol (Sigma) for 24
h, and stained with filipin or lysenin. In normal fibroblasts, there was no positive staining of filipin or lysenin in
either the absence or presence of TO-091317 plus HDL cholesterol. Positive stainings of filipin and lysenin were
observed in the fibroblasts of type B NPD, and these staining were reduced in the presence of TO-091317 plus

HDL cholesterol.

#37%34%
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Type A NPD

¢.575delC

¢.1481-9T>G (splicing)

¢.567delT ¢.691T>C (S231P)

Type B NPD

Fig. 7. Four mutations identified from two Japanese
patients with types A and B NPD. Two novel genetic
variants, ¢.575delC and ¢.1481-9T>G, were identified
as compound heterozygous mutations in a Japanese
patient with type A Niemann-Pick disease. Two
mutations, ¢.567delT and c.691T>C, were also
identified in a patient with type B NPD. The former,
¢.567delT, is a novel mutation, but we previously
reported c.691T>C (S231P) as a homozygous mutation
in an unrelated Japanese patient with type B NPD,
suggesting that the c¢.567delT could be related to a
mild phenotype of types A and B NPD.

tron 5, which creates another acceptor site, resulting in
aberrant insertion. Two heterozygous mutations,
¢.567delT and c.691T>C, were identified in the ASM
gene from a Japanese patient with type B NPD
(Fig. 7).
tively working as an office clerk, with normal delivery of

This patient showed a mild clinical course, ac-
a healthy baby girl. The c.567delT mutation is a one-
base deletion mutation causing a frameshift, which is ex-
pected to lead to a severe phenotype of type ANPD. Thus,
the ¢.691T>C mutation could be related to the mild phe-
notype in this patient. In our previous report, homozy-
gous mutation of c.691T>C was noted in a Japanese pa-
tient with type B NPD'. This patient was a 39-year-
old man actively working as a fireman, unrelated to the
present case. Mild liver dysfunction was detected at 27
years of age, and he was admitted to our hospital for ex-
amination of hepatic dysfunction at 39 years of age. The
liver was palpable 5 cm below the right costal margin and
the spleen 3 cm below the left costal margin. Laborato-
ry data evaluating hepatic function and the coagulation
system were not remarkable. ASM enzyme activity of
cultured skin fibroblasts from the patient showed 19% of

the activity of normal controls. Thus, we suggest that

¢.691T>C is a unique genotype related to a very mild
phenotype of type B NPD in the Japanese population.

In fibroblasts from types A and B NPD, the mRNA ex-
pressions of ABCAI and ABCGI genes were significantly
decreased compared with normal fibroblasts. In particu-
lar, the ABCG1 gene was markedly suppressed to about
one-tenth of that in normal control cells. In contrast,
there was no significant difference between types A and
B NPD and the normal control regarding mRNA expres-
sions of ABCA3 and ABCA7 genes.

of HDL cholesterol were observed in most patients with

Low plasma levels

NPC, and apoA-I-mediated lipid efflux was shown to be
impaired in fibroblasts with NPC”. It was recently dem-
onstrated that basal and cholesterol-stimulated expres-
sion of ABCA1 is reduced in fibroblasts from patients
with NPC, leading to impaired lipidation of apoA-1°.
Because the mRNA levels of ABCA1 were about half
those of the normal control in our study, the mechanism
involving impairment of ABCA1 function may partly con-
tribute to the decreased cholesterol efflux, leading to low
plasma levels of HDL cholesterol in types A and B
NPD. However, impairment of ABCG1 function could
be the main molecular reason for this HDL cholesterol
pattern in types A and B NPD, because the ABCG1 gene
was more intensely suppressed than the ABCA1 in our
study. There are several reports describing evidence
that ABCG1 is a mediator of cholesterol efflux to HDL
cholesterol. Macrophages lacking ABCG1 expression
show impaired cholesterol efflux to HDL but not to lipid-
free apoA-1 in vitro™'?. ABCAI and ABCG1 have been
shown to function cooperatively to remove cholesterol
from cells iz vitro. In a previous study, low HDL-cho-
lesterol levels were reported in two family members with
the ASM deficiency type B NPD*”. In the fibroblasts of
these type B NPD cases, however, apoA-I-dependent
cholesterol mobilization was reported to be normal'”
ApoA-I-dependent cholesterol efflux was not determined
in our study, but ABCA1 may not be a key mediator hav-
ing a negative effect on cholesterol efflux in cells with
types A and B NPD. We suggest that a secondary dys-
function of ABCG1 may cause the impairment of choles-
terol efflux in peripheral cells, leading to low plasma lev-
els of HDL cholesterol in types A and B NPD. This
result was supported by the LXR agonist experiment, in
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which accumulated cholesterol and sphingomyelin were
both reduced in fibroblasts of type B NPD following treat-

ment with LXR agonist and HDL cholesterol.

This find-

ing also suggested the potential of using LXR agonist to
treat types A and B NPD. Further studies will be need-
ed to investigate this possibility.
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