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a
s
t
C
c
o
N
t
n
d

f
m
t
o
1
s
1
h
t
c
w
t
S
p
s
c

t
r
p
b
u
H
p
b
c
D
R

Niemann-Pick C (NP-C) is a fatal autosomal reces-
ive storage disorder characterized by progressive
eurodegeneration and variable hepatosplenomegaly.
t the cellular level, cells derived from an affected

ndividual accumulate unesterified cholesterol in ly-
osomes when cultured with low-density lipoprotein.
he NP-C gene was identified at 18q11. The transcript

s 4.9 kb encoding a 1278-amino-acid protein. We have
efined the genomic structure of NPC1 along with the
* flanking sequence. The NPC1 gene spans greater
han 47 kb and contains 25 exons. Exons range in size
rom 74 to 788 bp with introns ranging in size from
.097 to 7 kb. All intron/exon boundaries follow the
T/AG rule. The 5* flanking sequence has a CpG island
ontaining multiple Sp1 sites indicative of a promoter
egion. The CpG island is located in the 5* flanking
equence, exon 1 and the 5* end of intron 1. We have
lso identified multiple single nucleotide polymor-
hisms in the coding and intronic sequences. © 1999

cademic Press

Niemann-Pick C disease (NP-C) is a neurovisceral
ipid storage disorder (see reviews, 1–3). It has an
stimated incidence as high as 1:150,000 (1). The age
t which symptoms clearly appear can vary from in-
ancy to late adulthood with the majority of patients
resenting in childhood (1). The neurological profile
ncludes progressive ataxia, dysphagia, dystonia, de-

entia, and the hallmark feature supranuclear verti-
al gaze palsy (1).

When NP-C fibroblasts are cultured with low-
ensity lipoprotein (LDL), extensive unesterified cho-

1 To whom correspondence should be addressed at present address
t Merck Research Laboratories, Department of Human Genetics,
P26A-3000, P.O. Box 4, West Point, PA 19486. Fax: (215) 652-

075. E-mail: jill_morris@merck.com.
Accession numbers: AF157365, AF157366, AF157367, AF157368,
F157369, AF157370, AF157371, AF157372, AF157373, AF157374,
F157375, AF157376, AF157377, AF157378, and AF157379.
493
lous metabolic sequestration of cholesterol has been
hown to cause delays in the homeostatic responses
hat normally regulate cellular cholesterol levels (2, 5).
ytochemical and biochemical tests that monitor this
holesterol lipidodic state have in the past provided the
nly means of establishing a laboratory diagnosis of
P-C (1, 2, 5). Such cellular testing has proven difficult

o interpret in cell lines that display only partial phe-
otypic penetrance particularly in prenatal testing and
oes not exist for carrier testing (8).
There are two separate disease gene loci responsible

or NP-C disease. The NPC1 gene is mutated in the
ajority of documented cases (;95%) and an uniden-

ified second loci, NPC2, is estimated to account for 5%
f cases (9–11). The human NPC1 gene is located on
8q11 and has a transcript of 4.9 kb encoding a pre-
umed protein of 1278 amino acids. Human NPC1 has
3–16 putative transmembrane domains, 12 of which
ave high homology to Patched, a protein involved with
he Sonic hedgehog signaling pathway (9, 10, 12). In-
luded in the twelve are five transmembrane regions
ith a putative sterol-sensing domains (SSD) similar

o those found in SREBP Cleavage Activating Protein,
CAP, and HMG-CoA Reductase (9, 13, 14). The NPC1
rotein also has an endoplasmic reticulum targeting
ignal sequence, a leucine zipper motif in an interspe-
ies conserved region, and a lysosomal targeting motif.
As could be expected, the successful identification of

he NPC1 gene (9, 10) has already expedited the labo-
atory diagnosis of this disorder in French Acadian
atients of Nova Scotia (15). A common mutation has
een shown to be linked to a large number of individ-
als in a demographically restricted location (15).
owever, the initial observation of multiple separate
rivate NPC1 mutations in the general population has
een found by several other investigators (personal
ommunications from Dr. Marie Vanier (INSERM U.),
r. Kosaku Ohno (Tottori U.) and Dr. Peter Bauer (U.
ostock) in March, 1999) (9). Thus the currently avail-
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
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ble technique of RT-PCR based NPC1 mRNA analy-
es has its limitations in a wide spread survey of hun-
reds of unrelated families. The successful character-
zation of the full human genomic NPC1 organization
nd its intron/exon sequence intervals as reported here
ot only expands further studies of the gene but also
rovides the opportunity of expediting these muta-
ional analyses through a DNA based PCR strategy.

ATERIALS AND METHODS

Characterization of intron sizes and the intron/exon boundaries
hrough sequencing of genomic clones and through PCR amplifica-
ion from genomic DNA. The bacterial artificial chromosome (BAC)
lone 108N2 (Research Genetics) was previously defined to contain
PC1 genomic sequence (9). PstI or BamHI restriction enzyme di-
ested genomic fragments from 108N2 were subcloned into pUC18
Life Technologies). Subclones were transformed into DH5a bacteria
Life Technologies) and isolated colonies were grown in Luria-
ertani (LB) with ampicillin at 37°C from which 15% glycerol stocks
ere made. Glycerol stocks of individual subclones were arrayed into

hree 96-well plates. The 96-well glycerol stocks were replica plated
nto nylon filters. The filters were laid onto LB agar plates contain-
ng ampicillin and placed at 37°C overnight. The colonies on the
lters were lysed and hybridized against portions of the NPC1 cDNA
y standard techniques (16). DNA was isolated from positive colonies
sing the Wizard kit from Promega. The DNA was sequenced (Ap-
lied Biosystems). Seqwright also sequenced portions of the BAC
08N2 by shotgun sequencing.
Many of the intron/exon boundaries and the intron sizes were

etermined by long range PCR amplification of genomic DNA from
naffected individuals using NPC1 specific primer (Clontech,
oehringer-Mannheim). PCR products were subcloned using the TA
loning vector (Invitrogen) and sequenced multiple times in both
irections across the intron/exon boundaries. Introns 5, 7, 12, 13,
5–19, 22, and 23 were completely sequenced. The sizes of the
emaining introns were determined by gel electrophoresis.
Intron/exon boundaries were defined by comparing the genomic
PC1 sequence versus the NPC1 cDNA sequence using the MacVec-

or program, Assemblign (Oxford Molecular). Consensus sequences
ere aligned using Sequencher 3.0 (Gene Codes Co.). All boundaries
ere sequenced with multiple reads in both directions and were

equenced at least 100 bp into the intron. Sequences were submitted
o GenBank and the accession numbers are indicated (Table 1).

Characterization of the transcription start site. 59 RACE (rapid
mplification of cDNA ends) was done according to manufacturer’s
nstruction (Life Technologies) on RNA from fibroblasts obtained
rom unaffected individuals with a NPC1 specific primer. Secondly,
he 59 end of the NPC1 cDNA was PCR amplified from Marathon
eady cDNA libraries from ovary and fetal tissue (Clontech). Prod-
cts were analyzed by gel electrophoresis. The largest products were
el purified and sequenced (Applied Biosystems).

Characterization of the 59 flanking sequence. By hybridization,
wo 108N2 BAC subclones were identified which contained the 59
anking sequence. The subclones were sequenced multiple times in

FIG. 1. The genomic structure of the NPC1 gene. The intron size
umber.
494
oth directions. The 59 flanking sequence was analyzed for CpG
slands using Grail version 1.3 (17). MatInspector was used to iden-
ify potential transcription factor binding sites (18). Binding sites
isted have a core similarity of 1.00 and matrix similarity of greater
han 0.900.

Polymorphism analysis of the NPC1 genomic sequence. Single
ucleotide polymorphisms (SNPs) were identified by comparing PCR
mplified NPC1 sequences and BAC 108N2 sequences (described
bove) with that of the published NPC1 cDNA sequence (AF002020)
9). Polymorphisms in the intronic sequences were defined by com-
aring NPC1 sequences amplified from the DNA of unaffected indi-
iduals. The recommendations of the Nomenclature Working Group
ere used to name the polymorphisms (19) (Table 2).

ESULTS AND DISCUSSION

The structure of the NPC1 gene was characterized
hrough both the sequencing of PCR products ampli-
ed from genomic DNA with NPC1 cDNA specific
rimers and through the sequencing of subcloned BAC
NA. The BAC clone 108N2 was defined in the NPC1

ritical interval sequence by the genetic marker
18S75E and was shown to contain NPC1 genomic

equence (9). We have found 108N2 to contain the
ntire genomic structure for the NPC1 gene.
The entire genomic structure of the NPC1 gene is

reater than 47 kb (Fig. 1). There are 25 exons which
ange in size from 74 bp (exon 7) to 788 bp (exon 25)
Table 1). Introns range in size from 97 bp (intron 15)
o 7 kb (intron 4). We were unable to amplify across
ntrons 1 and 6 to determine their exact sizes. Se-
uence information for introns 1 and 6 is from BAC
ubclones. The complete sequences of introns 5, 7, 12,
3, 15–19, 22, and 23 were determined. Introns 14 and
7 vary in size by a few base pairs due to polymor-
hisms in repeats of Ts. The rest of the boundaries
ere sequenced at least 100 bp into the intron. All
oundaries were analyzed with multiple sequence
eads in both directions. The intron/exon boundaries
ll follow the GT/AG rule, GT is the splice donor and
G is the splice acceptor (20).
To define the transcription start site of NPC1, 59

ACE was performed on RNA from fibroblasts ob-
ained from unaffected individuals with a primer from
he 59 end of the NPC1 cDNA. In addition, PCR ampli-
cation of the 59 end of the NPC1 cDNA was also done
sing Marathon ready cDNA libraries. The DNA se-
uence of these products did not result in any tran-
cripts with sequences longer than the previously pub-
ished transcription start site at 2121 bp from the ATG

re to scale and the numbers below the black boxes indicate the exon
s a
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the A being nucleotide 11) (9). This data suggests that
he genomic sequence upstream of the transcription
tart site (2121) contains the NPC1 promoter region.
Two genomic subclones from the BAC 108N2 con-

ained the 59 flanking sequence of the NPC1 gene (Fig.
). One clone (BamHI G5) contained 3 kb of 59 flanking
equence along with exon 1 and the 59 end of intron 1.
he 59 flanking region does not contain a TATA se-
uence, but it did contain a GC rich sequence with six
p1 sites indicative of the promoter of the gene (21–23).
pG island analysis using Grail yielded a CpG score of
.848 with a GC composition of 69.7% on a 980-bp
egion of the 59 flanking sequence (17). CpG islands are
efined by a CpG score greater than 0.6 with a percent-
ge GC of greater than 50% (21). The CpG island
xtended from nucleotide 2792 into the 59 flanking
equence (A of ATG being 11) through exon 1 into the
9 end of intron 1. The 59 end of intron one has a GC
ich region with 80% GC composition compared to all
he other 59 intronic sequences in the NPC1 gene which
ave a GC content of 60% or less. CpG islands have
een defined to be at the transcription start site of
any housekeeping genes (21, 22). Their open confor-
ations are believed to allow the binding of transcrip-

FIG. 2. The 59 flanking sequence of NPC1 gene. The bold type ind
etermined by Grail version 1.3 (17). Potential transcription factor b
nd matrix similarity of .0.900) (18). Binding sites with a (2) are
enBank (AF157365).
496
ion factors to promoter regions (22, 24). MatInspector
as used to define multiple potential transcription fac-

or binding sites (18) (Fig. 2). Further experiments
eed to be performed to define the biological relevance
f these putative binding sites.
Polymorphisms were identified in the coding and

ntronic sequences of the NPC1 gene (Table 2).
en SNPs were identified in the coding sequence by
omparing the published NPC1 cDNA sequence
AF002020) with sequences amplified from genomic
NA and by RT-PCR (Table 2a). This sequence ampli-
cation was performed on DNA and RNA from unaf-
ected individuals. Three of the SNPs (at nucleotides
755, 2226, and 2793) did not change the encoded
mino acid. The rest of the SNPs resulted in relatively
onservative changes. At nucleotide 644, there is a
NP that results in an arginine instead of a histidine,
hich are both basic amino acids. At nucleotide 998, a
NP was identified in unaffected individuals that re-
ults in a glycine being an aspartic acid. The mouse
pc1 ortholog also has an aspartic acid at this position.

n addition, at nucleotide 2572, an A . G polymor-
hism results in an isoleucine being a valine. In the
ouse Npc1 ortholog, there is an isoleucine at this

es transcribed sequence. The underlined sequence is the CpG island
ing sites were determined by MatInspector (core similarity of 1.00

he antisense direction. The complete 3-kb sequence is deposited in
icat
ind

in t
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osition whereas the worm ortholog has a valine. One
f the ten SNPs identified was from RT-PCR product
rom RNA from unaffected fibroblast. The SNP at nu-
leotide 1415 was identified in the NPC1 cDNA 1-1
hat was previously shown to be an active form of the
rotein (9). Twenty-six polymorphisms were identified

Single Nucleotide Polymorphisms Id

ucleotidea,b Amino acid change
Region
NPC1

644A . G 215 His 3 Arg —
998G . A 333 Gly 3 Asp —
1415T . C 472 Leu 3 Pro —
1755A . G 585 Lys 3 Lys —
1926C . G 642Ile 3 Met Transm
2226G . A 742 Glu 3 Glu —
2270T . C 757 Val 3 Ala Transm
2572A . G 858 Ile 3 Val Transm
2793C . T 931 Asn 3 Asn —
3659T . C 1220 Ile 3 Thr —

a c indicates that the nucleotide position corresponds to the NPC1
b All polymorphisms are named according to the recommendation
c The orthologous amino acids from mouse (AF003348), yeast (Sa

legans, F02E8p, U53340) NPC1 proteins were identified by Clustal

TAB

Polymorphisms in the Intron

Intron Polymorphisma,b

6 IVS6 2 47A . C
10 IVS10 1 240A . G
11 IVS11 1 100G . A
11 IVS11 2 178A . G
11 IVS11 2 22T . C
13 IVS131 433A . G
13 IVS13 1 570T . A
13 IVS13 1 591G . A
13 IVS13 1 754delT
13 IVS13 1 754 2 755delTT
14 IVS14 1 95delT
14 IVS14 1 121 2 122delTT
14 IVS14 2 24G . A
16 IVS16 1 163C . T
17 IVS17 1 15delT
17 IVS17 1 15 2 17delTTT
17 IVS17 1 378A . G
19 IVS19 1 28T . C
20 IVS20 2 158T . C
21 IVS21 2 306delT
21 IVS21-280G . A
24 IVS24 1 75T . A
24 IVS24 2 123C . T
24 IVS24 2 89A . G
24 IVS24 2 75G . A

a IVS stands for intervening sequence.
b All polymorphisms are named according to the recommendation
497
n the intronic sequences of the NPC1 gene (Table 2b).
he polymorphisms were identified by comparing am-
lified sequences from unaffected individuals. Re-
ently, there has been a great interest in SNPs for their
sefulness in genome scans and association studies
25).

ified in the NPC1 Coding Sequence

the
tein

Amino acids in NPC1 orthologsc

Mouse Yeast Worm

Leu Glu Thr
Asp Gly Asn
Leu Thr Met
Lys Glu Lys

brane Ile — Tyr
Glu Gln Cys

brane Val Val Ile
brane Ile Phe Val

Thr His Glu
Ile Ile Ile

NA sequence with the A of ATG being 11.
the Nomenclature Working Group (19).
aromyces cerevisiae, Lpa11p, U33335), and worm (Caenorhabditis

Alignments (MacVector).

2b

Sequence of the NPC1 Gene

Flanking sequences

aaacaacctc(a/c)ctgtgatgaa
gtcgaaggct(a/g)agtacctttc
aaccaatggc(g/a)gatctgagtt
ccgggaggtg(a/g)agcttggagt
actaaaaata(t/c)aacattttgc
gctgctgtag(a/g)aggtggtctc
gctttccctt(t/a)agtttctcac
ttggtaccta(g/a)ctctgtagtg
tgtcgcataa(delt)tttttttttt
tgtcgcataa(deltt)tttttttttt
tgttgcttcc(delt)tttttttttt
ttttttttt(deltt)ctctgagacgg
cagaagtgac(g/a)cagagccctt
atgtttttcc(c/t)gtgagctttt
gatgacttcc(delt)tttttttttt
gatgacttcc(delttt)tttttttttt
cttattctcc(a/g)tgatcctcgc
aaatctttcc(t/c)gttttgctga
aaacctttgg(t/c)gttcccttat
ttgttttttt(delt)gtgttttttc
gctgtggaat(g/a)ctctctgtaa
tgaggcattc(t/a)tttcaagtat
gttgtccagg(c/t)tggtctcaag
tcagtcttcc(a/g)aagtgggatt
tgggattaca(g/a)gcgtgagcca

the Nomenclature Working Group (19).
ent
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The characterization of the NPC1 genomic structure
ill be invaluable for mutation detection in this pan-
thnic disorder. It will allow for the diagnosis of pa-
ients by genomic DNA as opposed to the currently
vailable methods of RT-PCR or biochemical testing (1,
, 8). In this report, we described the 25 intron/exon
oundaries. In addition, the putative promoter se-
uence which contains a CpG island and multiple
p1 sites, indicative of a promoter region, was iden-
ified (22, 23). Thirty-six polymorphisms were also
etermined.
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