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An integrated human-mouse positional candidate approach was used to identify the 
gene responsible for the phenotypes observed in a mouse model of Niemann-Pick type 
C (NP-C) disease. The predicted murine NPCl protein has sequence homology to the 
putative transmembrane domains of the Hedgehog signaling molecule Patched, to the 
cholesterol-sensing regions of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) re- 
ductase and SREBP cleavage-activating protein (SCAP), and to the NPCl orthologs 
identified in human, the nematode Caenorhabditis elegans, and the yeast Saccharomy- 
ces cerevisiae. The mouse model may provide an important resource for studying the role 
of NPCl in cholesterol homeostasis and neurodegeneration and for assessing the 
efficacy of new drugs for NP-C disease. 

Niemann-pick type C disease is an  auto- 
soma1 recessive, neurovisceral lipid storage 
disorder (OMIM number 257220). The most 
pronounced phenotypic cellular abnormality 
is an alteration of intracellular cholesterol 
homeostasis. In NP-C cells, cholesterol is 
sequestered in lysosomal compartments. In 
response to low density lipoprotein (LDL), 
the cells exhibit a delayed down-regulation 
of both the LDL receptor and of de novo 
cholesterol synthesis, as well as delayed up- 
regulation of cellular cholesterol esterifica- 
tion (1). These alterations are thought to 
reflect a defect in the Golei-mediated efflux 

mouse strains, C57BLKS/J spm and BALB/c 
npcnlh, arose as spontaneous mutations, were 
determined allelic by crossbreeding, and 
have been independently localized to 
mouse chromosome 18 in a region syntenic 
to the human NPCl locus (4, 5). Experi- 
ments with heterokaryon fusions and DNA- 
mediated complementation confirmed that 
the two mouse loci belong to the same 
complementation group as human NPCl 
(6) and indicate that the same gene is al- 
tered in the two mouse NP-C models (spm 

and npcnth) and the orthologous gene is 
defective at the human NPCl  locus. 

We have combined the candidate gene 
map from the human NPCl critical region 
with high-resolution linkage mapping and 
candidate gene analysls using the BALB/c 
npcnlh mouse model to Identify the molecu- 
lar defect responsible for the neurovisceral 
abnormalities in NP-C disease (Fig. 1). We  
integrated the murine and human genetic 
resources by using mouse linkage markers 
and mouse orthologs of two human ex- 
pressed sequence tags (ESTs) located with- 
in the human NPCl critical region (7) to 
assemble a mouse bacterial artificial chro- 
mosome (BAC) contig (Fig. 1C). Partial 
cDNA clones for the two orthologous genes 
in mouse (GenBank accession numbers 
AA002656 and MW83C06) were identi- 
fied in dbEST by BLAST (8) analysis with 
sequences from the respective human or- 
thologous genes 190B6 and Npcl (7). 

The expression patterns of AA002656 
and MW83C06 (the latter now termed 
Npcl) (9) were examined by Northern blot 
analysis of RNA isolated from wild-type 
(WT)  and mutant tissues (Fig. 2). Al- 
though both genes were expressed in all 
W T  tissues examined, there was a marked 
reduction of Npcl mRNA levels in npcnlh/ 
npcnlh liver and brain and spmlspm liver 
compared to W T  tissues (Fig. 2B). We next 
compared the Npcl cDNA sequences from 
W T  and affected animals to determine lf 
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was isolated from adult (8-week-old) mice. Lanes: +/+, BALB/cStCrlfC3HfNctr +"w/+"w; npcnIh/ 
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in the Npcl gene or if it was a secondary 
event resulting from the NP-C phenotypes. 
Because both npcnih and sm are isogenic 
mutations (arising and maintained on in- " 
bred genetic backgrounds), any genetically 
linked genomic alteration identified be- 
tween affected and W T  control mice is 
most likely causative of the disorder. Se- 
quence analysis of the cDNA clones from 
BALB/c npcnih/npcnih mouse liver and brain 
RNA revealed that 44 base pairs (bp) of 
W T  sequence were replaced with 24 bp of 
previously unidentified sequence (1 0). This 
alteration caused a frameshift, resulting in 
premature truncation of the putative open 
reading frame (ORF) (Fig. 3, A and B). 

The putative mutation in Npcl was sub- 
sequently confirmed by isolation of the cor- 
responding genomic region from npcnih/npcnih 
affected and WT mice (GenBank accession 
number AF003348) (Fig. 3C). Sequence 
comparison of the genomic region identified 
an 824-bp insertion of retrotransposon-like 

sequences from the mammalian apparent 
LTR-retrotransposon (MaLR) family ( I  1- 
13) (Fig. 3, C and D). The insert does not 
contain a full-length MaLR, but two distinct 
regions could be identified. The initial 458 
bp had 81% identity to internal sequences of 
the human endogenous retroviral-like ele- 
ment, HERV-L (12), and the terminal 370 
bp were identical to the 3' terminus of a 
mouse transcript (MT) retrotransposon-like 
sequence (1 3). Consistent with previous ob- 
servations that MaLR transposition events 
are prone to rearrangements at integration 
sites (1 3), a comparison of WT and npcnih/ 
npcd mutant Npcl intronic sequences re- 
vealed that in addition to the inserted se- 
quences, 703 bp of WT sequences were de- 
leted (Fig. 3). 

Our results demonstrate that the NP-C 
phenotypes observed in BALB/c npcnih/npcnih 
mice result from a mutation of the Npcl 
gene and, together with work by Carstea et 
al. (7), they establish that this gene is re- 

sponsible for NP-C disease in humans. Anal- 
ysis of the Npcl cDNA predicts an ORF of 
1278 amino acids that encodes an NH2- 
terminal putative signal peptide sequence, a 
domain that is unique to the NPCl or- 
thologs (in mouse, human, the nematode 
CaenmWtis  ekgans, and the yeast Saccha- 
romyces cereuisiue), and 13 putative trans- 
membrane (TM) domains that include a po- 
tential sterol-sensing domain (SSD) (Fig. 
4A). The NPC domain consists of 112 ami- 
no acids and is marked by eight cysteine 
residues with conserved spacing between all 
NPCl orthologs analyzed (Fig. 4B). There is 
extensive sequence similarity between the 
murine and human NPCl in both the ORF 
and a portion of the 3' untranslated region. 
In addition, both murine and human or- 
thologs of AA002656 and Npcl are tran- 
scribed in opposite orientations, overlap for 
284 bp of the 3' end, and within this region 
exhibit 86% nucleic acid identity (Fig. 2A). 

The most pronol~nced cellular pheno- 
types in NP-C disease are an accumulation 
of unesterified cholesterol in the perinuclear 
lysosomal compartments and a delayed re- 
sponse in sterol-responsive pathways to ex- 
ogenous cholesterol caused by disruption of 
intracellular cholesterol trafficking (14). It 
has been postulated that one pathway of 
cholesterol trafficking from the lysosome 
and plasma membrane to the ER is modu- 
lated by a Golgi complex-mediated process 
(2) and that disruption of this pathway may 
be responsible for the NP-C phenotype. 
Analysis of the putative signal peptide and 
TM domains of NPCl (15) supports the 
notion that NPCl is localized in the Golgi, 
ER, or the plasma membrane. Addition- 
ally, NPCl contains a COOH-terminal di- 
leucine motif, which has been implicated as 
a signal for endocytosis from the plasma 
membrane and lysosomal targeting (16). 

A NPC mvl-aensing 
SP domain domain 

NPC1 mu 

Fig. 3. Comparison of Npcl WT and mutant alleles. (A) Schematic repre- 
sentation of NPCl predicted protein in WT and npcnih/npPih mutant mice 
(15). The npcnih mutation results in protein trulication before the SSD and 
11 of the 13 TM domains (vertical black bars). The putative signal peptide 
sequence is denoted by SP and a gray vertical bar. (B and C) Alignment of 
.Npcl cDNA and genomic sequences from WT (+"PC) and npcnih/npcnih 
mutant (npcnih) mice spanning the mutated region. In the mutant cDNA (B), 
the 44 bp of WT sequence (nucleotides 1634 to 1638) are deleted and 
replaced by 24 bp from a MaLR (underline) resulting in a stop codon 
(asterisk) and premature truncation of NPC1. Arrowheads designate splice 
junctions. In the mutant genomic DNA (C), 703 bp of WT sequence (44 bp 
of exon and 659 bp of intron) are replaced with 824 bp of MaLR. The 

orientation of the MaLR sequences (HERV-L and MT) located within the 
insertion (gray bar) are indicated by the open arrows, and the 3' long- 
terminal repeat (LTR) sequence is indicated by the horizontal line. Splicing 
from the WT exons and from within a newly introduced splice site located 
within the inserted MaLR sequence (denoted Exon') is indicated by lines 
above each allele. Solid arrows denote primers used for genotype analysis 
(28). (D) Genotype analysis of npcm allele demonstrates a size alteration 
caused by the MaLR insertion or deletion in the Npcl locus. Lanes: +/+, 
BALB/cStCrlfC3HfNctr +nihPih; +/npPa, BALB/cStCrlfC3HfNctr +"jh/ 
npPih; and npcnih/npcnih, BALB/cStCrlfC3HfNctr npcnih/npcnih. PCR 
products were resolved by 1.2% agarose gel electrophoresis; molecular 
sizes are indicated on the left. 
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Together, these observations suggest that 
NPCl is associated with one or more mem- 
branous structures implicated in intracellu- 
lar cholesterol homeostasis. 

The prediction of an SSD in NPCl is 
based on homology to two other proteins 
with an SSD: 3-hydroxy-3-methylglutaryl 
coenzyme A (HMG-CoA) reductase and 
SREBP cleavage-activating protein (SCAP) 
(Fig. 4A). The SSD in HMG-CoA reduc- 
tase targets degradation of the enzyme in 
response to intracellular sterol levels (1 7). 
Transcription of the gene encoding HMG- 
CoA reductase is also regulated by the 
membrane-bound transcription factors 
SREBPl and SREBP2, whose cleavage and 
release from the membrane is in turn regu- 
lated by the sterol-responsive protein, 
SCAP. An A s ~ ~ ~ ~ + A s n  mutation in the 
SSD of SCAP blocks responsiveness of 
SCAP to intracelluar cholesterol levels 

(18). This amino acid is conserved in the 
putative SSD of mouse, human, and C. 
eleguns NPCl (Fig. 4). The putative SSD 
suggests that NPCl function may involve 
direct interactions with sterol moieties. 
This is consistent.with the abnormalities in 
cellular cholesterol homeostasis observed in 
individuals with NP-C disease. 

There is also extensive amino acid ho- 
mology between the ,putative TM and 
SSD domains of NPCl and the Hedgehog 
signaling protein Patched (PTC) (1 9) 
(Figs. 3A and 4). An SSD has not been 
previously detected in PTC, nor has PTC 
been implicated in cholesterol homeosta- 
sis. However, several links have been 
made between PTC signaling, neuronal 
development, and cholesterol homeostasis 
(20, 21 ). The secreted signaling molecule, 
Sonic Hedgehog (SHH), contains a co- 
valently attached cholesterol moiety (21 ) 
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Fig. 4. Analysis of NPCl sequences. (A) Comparison of NPCl , PTC, HMG-CoA, and SCAP sequences. 
NPCl sequences are from mouse (mNPC1; GenBank accession number AF003348), human (hNPC1; 
GenBank accession number AF002020), C. elegans (F02E8p; GenBank accession number U53340), 
and S. cerevisiae (Lpal 1 p; GenBank accession number U33.335) proteins. Patched (PTC) sequences 
are from human (GenBank accession number U59464), mouse (GenBank accession number U46155), 
zebrafish (GenBank accession number X98883). and fruit fly PTC (GenBank accession number 
M28999) proteins. HMG-CoA sequences are from human (GenBank accession number MI 1058), 
Chinese hamster (GenBank accession number LO01 83), and S. cerevish (GenBank accession number 
M22002) proteins. The SCAP sequence is from the Chinese hamster (SCAP; GenBank accession 
number U67060) protein. Blocks of homologies were identitied with the program MACAW (29). Paitwise 
comparisons in relation to mNPC1 by use of entire protein sequences (values shown at right) or within 
NPC, SSD, or PTC domains (values shown above each domain) were performed with GCG software 
package. (6) Sequence comparisons within the NPC domain. Residues that are identical in at least two 
of the four sequences are highlighted in black. Similar residues are shaded in gray. The NPC domain 
represents the most conserved region outside of the TM domains and SSDs. Conserved cysteines are 
indicated by asterisks. Abbreviations for the amino acids are as follows: A, Ala; C, Cys; D, Asp; E, Glu; 
F, Phe; G, Gly; H, His; I ,  Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; 
W, Trp; and Y, Tyr. 

and has been shown to biochemically in- 
teract with PTC (22). In addition, muta- 
tions in SHH (23) or mutations that pro- 
duce cholesterol deficiencies (24) result in 
abnormal develo~ment and function of 
the central nervous system including ho- 
loprosencephaly (failure of the forebrain 
to divide into hemispheres). The structur- 
al similarities between NPCl and PTC 
raise the possibility that NPCl could also 
interact with protein-sterol complexes 
(21 ) that are required for normal neuronal 
development. Alternati~e'l~, alterations in 
cellular cholesterol homeostasis in utero 
could indirectly alter the function of pro- 
teins. such as SHH. that reauire a choles- 
terol adduct for normal neuronal develop- 
ment or function. While neurodeve10~- 
mental anomalies such as holoprosen- 
cephaly have not been observed in npcd/ 
npd  mice, there is a significant deviation 
from the expected ratio of npPh/npPh 
mice obtained from intercrosses (4). Bio- 
chemical and genetic analyses of the 
NPCl protein with mice, C. elegans, and 
S. cerevisiae may allow a better under- 
standing of NPCl function and assessment 
of pharmacological interventions. 
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Abnormal Lignin in a Loblolly Pine Mutant 
John Ralph," John J. MacKay, Ronald D. Hatfield, 

David M. O'Malley, Ross W. Whetten, Ronald R. Sederoff 

Novel lignin is formed in a mutant loblolly pine (Pinus taeda L.) severely depleted in 
cinnamyl alcohol dehydrogenase (E.C. 1.1.1.1 95), which converts coniferaldehyde to . - 

coniferyl alcohol, the primary lignin precursor in pines. Dihydroconiferyl alcohol, a mono- 
mer not normally associated with the lignin biosynthetic pathway, is the major component 
of the mutant's lignin, accounting for -30 percent (versus -3 percent in normal pine) of 
the units. The level of aldehydes, including new 2-methoxybenzaldehydes, is also in- 
creased. The mutant pines grew normally indicating that, even within aspecies, extensive 
variations in lignin composition need not disrupt the essential functions of lignin. 

Lignins are complex phenolic plant poly- 
mers essential for mechanical support, de- 
fense, and water transport in vascular ter- 
restrial plants (1, 2). They are usually de- 
rived from three hydroxycinnamyl alcohol 
precursors 2a through c in varying propor- 
tions (Fig. 1). In gymnosperms-for exam- 
ple, pine and other conifers-lignin is poly- 
merized from onlv two of the three mono- 
mers, p-coumaryl alcohol 2a and coniferyl 
alcohol 2b, with coniferyl alcohol being pre- 
dominant (-90%). p-Coumaryl alcohol- 
derived subunit levels are increased in com- 
pression wood, which forms during mechan- 
ical or gravitational stress and in wood knots - 
(3). In woody angiosperms, lignin is derived 
from coniferyl alcohol 2b and sinapyl alco- 
hol 2c in roughly equal proportions. Precur- 
sors and derivatives of hydroxycinnamyl al- 
cohols also contribute to the lignin structure. 
For example, acetylated monolignols (hy- 
droxycinnamyl acetates) have been impli- 
cated in kenaf (Hibiscus cannabinus) (4) and , . .  
woody angiosperms (5), and p-coumarate es- 
ters are found in all grass lignins, implicating 
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hydroxycinnamyl p-coumarates as precursors 
(6, 7). Low levels (-5%) of cinnamalde- 
hydes and benzaldehydes are present in all 
isolated lignins and are responsible for the 
bright crimson staining of lignified tissues by 
phloroglucinol-HC1 (8). 

Removal of lignin from wood and plant 
fibers is the basis of chemical pulping to 
produce diverse pulp and paper products. 
Genetic engineering of the lignin biosyn- 
thetic pathway to lower lignin concentra- 
tion or construct lignins more amenable to 
extraction is an active area of current re- 
search (9). However, several mutations 
have been identified and characterized that 
affect the lignin biosynthetic pathway (1 0). 
In maize (Zea mays) and related grasses, 
mutants characterized by a brown midrib 
(bm or bmr) have modified lignin (1 1 ). The 
bm phenotype can result from changes af- 
fecting cinnamyl alcohol dehydrogenase 
(CAD) (for example, bm1 of maize) (12, 
13), 0-methvl transferase IOMT) (for ex- . . 
ample, bm3 'of maize) (12, 13), or both 
CAD and OMT (for example, bmr6 of sor- 
ghum, Sorghum bicolor) (14). Mutations in 
two other maize genes also result in brown 
midrib but the products of 
these genes remain unknown. A mutation 
in the gene encoding ferulate-5-hydroxylase 
has been identified in Arabidopsis thaliana, 
but it does not result in a brown midrib 
phenotype (15). No lignin mutants have 
been previously identified in woody plants. 

CAD catalyzes the last step of the lignin 
precursor biosynthetic pathway (Fig. I ) ,  re- 
duction of hydroxycinnamaldehydes 1 to 
hvdroxvcinnamvl alcohols 2 (the conven- 
tibnal lignin honomers or ionolignols) 
(16). A reduction in CAD activity might 
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