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 Niemann-Pick type C1 disease (NPC1) is an autosomal 
recessive lipid storage disorder characterized by clinical 
manifestations involving primarily the liver and brain ( 1 ). 
The onset of signs or symptoms can occur at any age and 
have a variable phenotype. The classic clinical phenotype 
is also variable and includes mid-to-late childhood onset of 
gait disturbance followed by progressive neurodegenera-
tion with vertical gaze palsy, seizures, and dementia, result-
ing in death during the second or third decade ( 2–4 ). The 
clinical phenotype of NPC1 disease has been categorized 
according to the age of onset of symptoms ( 5, 6 ), includ-
ing an early-onset, rapidly progressive form associated with 
hepatic dysfunction and psychomotor delay during in-
fancy, the classic form, and a late-onset type characterized 
by a slowly progressive intellectual impairment in adoles-
cence or adulthood. 

 The gene responsible for NPC1 disease,  NPC1 , was 
localized to chromosome 18 using linkage analysis and 
subsequently identifi ed using positional mapping and 
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ral history, clinical features, and disabilities associated with 
NPC1 disease ( 37, 38 ). These reports confi rm the hetero-
geneous nature of NPC1 disease, and have identifi ed par-
ticular symptoms including cataplexy and epilepsy being 
more common than previously reported. The present 
analysis of the National NPC1 Disease Database reports  i ) 
further characterization of plasma lipoprotein abnormali-
ties in NPC1 disease,  ii ) associations between the lipid pro-
fi les, gene mutations, and biochemical phenotypes in 
NPC1 patients,  iii ) possible correlations between the lipid 
profi les, age of diagnosis and death, and the average abili-
ties for NPC1 patients, and  iv ) the  NPC1  mutations includ-
ing fi ve novel mutations present in the database cohort. 

 METHODS 

 National NPC1 Disease Database 
 The development and initial information obtained for the Na-

tional NPC1 Disease Database was provided in an earlier report 
( 38 ). The plan to establish a National NPC1 Disease Database was 
introduced during the annual National Niemann-Pick Disease 
Foundation Family Conference, sponsored in part by the Ara 
Parseghian Medical Research Foundation (APMRF), in 2003. 
Those families expressing an interest in such a study were asked 
to provide their name, home address, and phone number for 
later contact by the APMRF. The study design was reviewed and 
approved by the University of Arizona Institutional Review Board 
through the Human Subjects Protection Program. The families 
were then mailed the NPC1 disease clinical questionnaire, in ad-
dition to a parental consent form, a subject’s consent form, and 
a minor’s assent form, each of which required the proper signa-
tures and dates for the information to be entered into the data-
base and used for the present study. 

 National NPC1 disease clinical questionnaire 
 An NPC1 disease clinical questionnaire, previously prepared 

and graciously provided by Dr. Mercè Pineda (Hospital Sant Joan 
de Déu, Barcelona), was translated into English and modifi ed for 
use in creating an American National NPC1 Disease Database. 
The questionnaire consisted of 83 questions, including one for 
the specifi c gene mutations and four for the lipid profi le compo-
nents (total cholesterol, HDL-C, LDL-C, and triglycerides). The 
study was conducted over a one-year period from December 2003 
to December 2004. The questionnaire was completed by par-
ents/caregivers and/or physicians responsible for patients with 
NPC1 disease living in the United States. The questionnaire did 
not specifi cally request information concerning who provided 
the initial diagnosis of NPC1 disease (primary care physician, pe-
diatrician, neurologist, or other specialist). However, in all cases 
the parents/caregivers and/or patients were informed of the di-
agnosis for NPC1 disease after either genotype analysis, enhanced 
fi lipin staining, and/or decreased cholesterol esterifi cation using 
cultured fi broblasts derived from patients, consistent with the 
age at diagnosis reported in the questionnaire and the time of 
identifi cation of the  NPC1  gene. 

 NPC1 lipid profi les and gene mutations 
 Fasting lipid profi les, all of which were obtained from a certi-

fi ed clinical diagnostic laboratory, were either mailed or faxed 
from parents/caregivers or their physicians responsible for the 
patient with NPC1 disease. Components of the lipid profi le ob-
tained from patients in the NPC1 Database were compared with 

molecular cloning techniques ( 7, 8 ). The encoded prod-
uct, the Niemann-Pick C1 (NPC1) protein, contains sev-
eral specialized regions ( 9–11 ), including a sterol-sensing 
domain also present in other key proteins regulating cho-
lesterol metabolism, including 3-hydroxy-3-methyl-glutaryl-
CoA reductase and sterol regulatory element-binding 
protein (SREBP) cleavage-activating protein ( 12, 13 ). Recent 
studies indicate cholesterol binds to luminal loop-1 of 
NPC1 ( 14 ), and that a separate N-terminal helical subdo-
main of NPC1 is required for cholesterol transfer between 
NPC2 and the cholesterol-binding domain of NPC1 ( 15 ). 
At the cellular level, decreased NPC1 protein function re-
sults in an accumulation of both cholesterol and gly-
cosphingolipids within late endosomes and lysosomes 
( 16–19 ). As a result, it is believed that the NPC1 protein 
has a central role in regulating the transport of these lipids 
out of late endosomes/lysosomes to other cellular com-
partments, including the Golgi apparatus, plasma mem-
brane, and endoplasmic reticulum ( 20–23 ). Consistent 
with this proposed function, studies performed in human 
and mouse fi broblasts have demonstrated that the NPC1 
protein is primarily localized to a novel late endosome-like 
compartment capable of transiently interacting with LDL-
derived cholesterol-enriched late endosomes/lysosomes 
( 24, 25 ). 

 Since the identifi cation of the  NPC1  gene, a number of 
studies have characterized various mutations and at-
tempted to associate these mutations with a biochemical 
and clinical phenotype ( 26–29 ). To date, more than 243 
different loss-of-function mutations of  NPC1  have been re-
ported ( 30, 31 ), in addition to 60 different nondisease-
causing polymorphisms ( 31–34 ). Although the ability to 
establish meaningful genotype and clinical phenotype as-
sociations has been diffi cult, primarily due to the fact that 
most NPC1 patients are compound heterozygous for dif-
ferent mutations, some associations have been established 
for NPC1 patients with homozygous mutations. In particu-
lar, the relatively common I1061T mutation, present in ap-
proximately 20% of all known mutations for  NPC1  and 
prominent among individuals of Western European de-
scent, predisposes patients to the classic NPC1 clinical 
phenotype ( 34, 35 ). 

 Defects in cholesterol traffi cking out of lysosomes might 
be expected to produce changes in plasma lipoprotein lev-
els. We previously reported low plasma HDL cholesterol 
(HDL-C) levels in 17 of 21 NPC disease patients studied, 
and provided evidence using human  NPC1  � / �    fi broblasts 
that this is due to defective upregulation of the key trans-
porter mediating new HDL particle formation, ABCA1, as 
a consequence of impaired release of cholesterol from 
lysosomes ( 36 ). We also found a tendency toward reduced 
plasma LDL cholesterol (LDL-C) and increased plasma 
triglycerides in these patients ( 36 ). In the current study, 
we sought to determine whether these abnormalities are a 
consistent feature of NPC1 disease, and whether the re-
duction in HDL-C might be a refl ection of the biochemi-
cal severity of the disease. 

 Recently, two independent reports, including ours, have 
been published providing an in depth analysis of the natu-
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ity of disease. For these patients, the average concentra-
tions (± SE) of total cholesterol were 146 ± 5.6 mg/dl 
(3.78 ± 0.14 mmol/l), HDL-C 35 ± 2.0 mg/dl (0.91 ± 0.05 
mmol/l), LDL-C 86 ± 5.0 mg/dl (2.22 ± 0.13 mmol/l), 
and triglycerides 126 ± 8.7 mg/dl (1.42 ± 0.10 mmol/l). 
The lipid profi les were grouped by gender and age  � 14 
or >14 to determine whether there were gender or age-
specifi c differences among these patients (  Fig.1  ).  No sig-
nifi cant differences were found among any of the lipid 
parameters when comparing male or female NPC1 patients 
based on age <14 or >14. However, several signifi cant dif-
ferences were found when comparing the NPC1 patient 
lipid levels with a control population represented by 
normal males and females 5–9 and 25–29 years of age as 
reported in the Lipid Research Clinics Population Studies 
Data Book ( 39 ) (  Table 1  ).  Total cholesterol levels were 
found to be signifi cantly lower in female children and 
adult men with NPC1 disease but not in male children or 
adult females. LDL-C was signifi cantly lower than controls 
in female children and adult males and females with NPC1 
disease but not male children. Triglycerides were found to 
be signifi cantly higher in male and female children and 
adult women with NPC1 disease but not adult males. HDL-C 
was found to be signifi cantly lower in all male and fe-
male NPC1 patient groups when compared with controls, 
regardless of age, with HDL-C ranging from 56% to 78% 
lower than controls across the groups. In comparison with 
the lipid levels reported in our initial study in 2003 ( 36 ), 
where 17 of 21 patients (81%) had an HDL-C level below 
40 mg/dl or 1.03 mmol/l (all of whom are included in the 
current analysis), the present study group contained 28 of 
34 subjects (82%) with HDL-C levels below this cutoff. Us-
ing currently accepted lower limits of HDL-C for adults 
based on the National Cholesterol Education Program 
ATP III guidelines defi nition of the metabolic syndrome 
(<40 mg/dl or 1.0 mmol/l for men and <50 mg/dl or 1.29 
mmol/l for women) ( 42 ), 14 of 18 or 78% of NPC1 male 
patients and 15 of 16 or 94% of female NPC1 patients had 
HDL-C levels below these norms. 

 Association among components of the lipid profi le, age, 
and average ability score of NPC1 patients 

 We next analyzed associations among individual compo-
nents of the lipid profi les with each other, age, and aver-
age ability score using the 34 lipid profi les available in the 
database. Signifi cant associations were found between to-
tal cholesterol and LDL-C ( P  < 0.0005), between total cho-
lesterol and triglycerides ( P  = 0.001), and between LDL-C 
and triglycerides ( P  = 0.037) (  Table 2  ).  In contrast, we did 
not fi nd a signifi cant correlation between plasma HDL-C 
and triglycerides in these NPC1 patients ( P  = 0.059), sug-
gesting the low HDL-C in NPC1 disease is a consequence 
of factors other than triglyceride replacement of choles-
terol on HDL particles. When components of the lipid 
profi le, age, and average ability scores were analyzed for 
possible associations, the results indicated that the con-
centration of LDL-C was directly and signifi cantly associ-
ated with the age of patients but inversely related to the 
average ability score (  Table 3  ).  HDL-C level was not found 

normal ranges for children between 5 and 9 years of age and 
adults between 25 and 29 years of age of both genders, represent-
ing the average range of ages for children and adults in the NPC1 
Disease Database, using The Lipid Research Clinics Population 
Studies Data Book published by the National Institutes of Health 
( 39 ).  NPC1  gene mutations were determined at the Mayo Clinic 
(Rochester, MN) and provided to the APMRF. Through written 
parental or patient consent, these mutations were then made 
available for the National NPC1 Disease Database. In some cases, 
amino acid but not nucleotide changes were provided. 

 Analysis of  NPC1  mutations, biochemical phenotype, and 
lipid profi les 

 The majority of known  NPC1  mutations have been associated 
with specifi c biochemical phenotypes as defi ned by measuring 
the esterifi cation of LDL-derived cholesterol in skin fi broblasts 
obtained from NPC1 patients ( 28, 31, 34, 40, 41 ). To further ana-
lyze  NPC1  mutations and biochemical phenotypes in relation to 
different components of the lipid profi le, the biochemical phe-
notypes were assigned a severity score based on the reduction in 
cholesterol esterifi cation by ACAT as previously described ( 31 ). 
For example, a variant biochemical phenotype, represented by a 
mild mutation with a near normal biochemical phenotype, was 
given a score of one. A moderate biochemical phenotype, repre-
sented by an intermediate mutation and biochemical phenotype, 
was given a score of two. A classical biochemical phenotype, rep-
resented by a classical mutation that was more severe than the 
moderate mutation but less severe than a severe mutation, was 
given a score of three. A severe biochemical phenotype, repre-
sented by a severe mutation and biochemical phenotype, was 
given a score of four. In cases where the biochemical phenotype 
was unknown, no score was assigned (unknown = U). In order to 
assign a biochemical phenotype score for the combination of two 
different  NPC1  mutations, the following rules were applied:  1 ) 
One moderate mutation always conferred a moderate biochemi-
cal phenotype,  2 ) classical mutations known to be variable always 
depended upon the other mutation, and  3 ) one severe mutation 
always conferred a severe biochemical phenotype. 

 Statistical analysis 
 The clinical information, lipid profi les, and gene mutations 

were entered into a Microsoft ACCESS database and analyzed by 
the Data Analysis Unit, University of Arizona Program Site of the 
Arizona University Center on Disabilities. Pearson correlation co-
effi cients were computed to evaluate relationships among most 
of the variables in this report. However, Spearman’s rank correla-
tion coeffi cient was substituted whenever the biochemical phe-
notype score, which represents an ordinal scale variable, was used 
in an analysis. Signifi cance was determined by  P -values < 0.05. All 
statistics and signifi cance tests were computed using SPSS version 
14.0. 

 RESULTS 

 Lipid profi les of NPC1 patients 
 For the present study, a total of 136 questionnaires were 

mailed to NPC1 families living in the United States with 88 
of these questionnaires (65%) being returned. For the 88 
questionnaires returned, the lipid profi les from 34 pa-
tients (39%) were made available. The patients in this 
sample were represented by an approximately equal num-
ber of males (N = 18) and females (N = 16), ranging in age 
between 1.5 and 45 years and at different stages and sever-
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two mutations. Together, there were 52 total different mu-
tations. Five of these have not previously been reported 
(Y628C, P887L, I923V, A1151T, and 3741_3744delACTC), 
and are therefore believed to represent novel mutations. 
The remaining 49 were present in more than one patient. 
Consistent with previous studies describing the I1061T 
mutation as a frequent mutant allele common among 
NPC1 patients of Western European descent ( 34 ), I1061T 
was present in 20% of the patients in this survey. 

 Gene mutations, biochemical phenotype, and 
lipid profi le 

 Of the 88 questionnaires received, both  NPC1  mutation 
and lipid profi le information were provided for 19 patients 
(22%), which were then used for independent analysis 
(  Table 5  ).  This sample consisted of 13 males and six fe-
males, ranging in age between 1.5 and 45 years and at 
different stages and severity of disease. The mean con-
centrations ± SE of total cholesterol (141 ± 6.32 mg/dl, 
3.65 ± 0.2 mmol/l), HDL-C (34 ± 3.2 mg/dl, 0.88 ± 0/1 
mmol/l), LDL-C (83 ± 6.1 mg/dl, 2.15 ± 0.2 mmol/l), and 

to correlate with average ability score. Although informa-
tion was made available from only fi ve patients, the results 
indicated that the concentration of HDL-C was directly 
and signifi cantly associated with the age at death. 

 Molecular and biochemical characterization of the  NPC1  
gene mutations 

 Of the 88 questionnaires returned, the specifi c  NPC1  
gene mutations from 52 patients (59%) were made avail-
able (  Table 4  ).  Thirty-one of the patients were male (60%) 
and 21 were female (40%). The patients ranged in age 
from 1.5 to 48.5 years and were at different stages and se-
verity of disease. The mutations were arranged according 
to exon or intron beginning near the 5 ′ -portion of the 
 NPC1  gene. Additional information for each mutation was 
included that corresponded to the  i ) nucleotide change, 
 ii ) mutation type,  iii ) amino acid change,  iv ) protein do-
main,  v ) biochemical phenotype, and  vi ) number of muta-
tions in the sample. Of the 52 patients that sent this 
information, a total of 101 mutations from a possible 104 
were provided, as three patients knew only one of their 

  Fig.   1.  Lipid profi les of NPC1 patients. The lipid profi les of 34 NPC1 patients were obtained from 18 males 
and 16 females, ranging in age between 1.5 and 45 years and at different stages and severity of disease. The 
concentrations of total cholesterol, HDL cholesterol, LDL cholesterol, and triglycerides are grouped accord-
ing to gender and age  � 14 and >14. The mean values ± SE for males and females in each age group are in-
dicated to the right of the data points.   
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correlation coeffi cient analysis, the results indicated 
no signifi cant correlation between the biochemical phe-
notype score and the concentration of plasma total cho-
lesterol, LDL-C, or triglycerides. However, the results 
indicated a signifi cant inverse association ( � 0.66,  P  = 
0.005) between the biochemical phenotype score and con-
centration of HDL-C (  Fig. 2  ),  indicating that a more se-
vere biochemical phenotype results in a lower level of 
plasma HDL cholesterol. 

 DISCUSSION 

 The National Niemann-Pick type C1 Disease Database 
was established to investigate the clinical phenotype of this 
disease in relation to known and novel mutations of the 
 NPC1  gene, the biochemical phenotype of cultured fi bro-
blasts determined by measuring ACAT-mediated esterifi -
cation of LDL-derived cholesterol, and the plasma lipid 
profi le obtained from NPC1 patients. For the 88 patients 
who participated in this study, the current results indicate 
 i ) a signifi cantly decreased concentration of LDL-C for the 
majority of patient groups,  ii ) a signifi cantly increased 
concentration of triglycerides for the majority of patient 
groups,  iii ) a signifi cantly decreased concentration of 
HDL-C for all patient groups that was independent of 
changes in plasma triglyceride levels,  iv ) a signifi cant in-
verse correlation between the concentration of plasma 
HDL-C and severity of the biochemical phenotype, and be-
tween HDL-C and age of death among patients, and  v ) fi ve 
previously unreported disease-causing  NPC1  mutations. 
These fi ndings indicate previously unrecognized and wide-
spread changes in the lipid profi le components in NPC1 
patients compared with normal controls, and provide 
novel evidence that plasma HDL-C levels represent a po-
tential biomarker of the biochemical severity of NPC1 
disease. 

 Although the lipoprotein profi les of NPC disease pa-
tients have previously been reported to be normal ( 1 ), one 
study did report a reduction in plasma total cholesterol in 
a small group of male NPC subjects but did not report the 
distribution of cholesterol among lipoprotein fractions 

triglycerides (127 ± 12.5 mg/dl, 1.43 ± 0.1 mmol/l) in this 
smaller sample of 19 patients were not signifi cantly differ-
ent from the larger sample of 34 NPC1 patients. For these 
19 patients, a biochemical phenotype score was assigned 
based on the gene mutations and the previously deter-
mined biochemical phenotype associated with those 
mutations. Because the biochemical phenotype scores 
represented ordinal scale variables, nonparametric corre-
lations were used to determine the existence of associa-
tions between the biochemical phenotype and lipid 
profi les in this sample of patients. Using Spearman’s rank 

 TABLE 1. Average concentration of total cholesterol, HDL 
cholesterol, LDL cholesterol, and triglycerides for normal 

individuals and NPC1 patients based on both gender and age 

Total 
Cholesterol

HDL 
Cholesterol

LDL 
Cholesterol Triglycerides

Normal Males
Age 5–9 Years

159.9 ± 0.7
 4.13 ± 0.0 
N = 1253

55.8 ± 1.0
 1.44 ± 0.0 
N = 145

92.5 ± 1.8
 2.39 ± 0.0 
N = 132

55.7 ± 0.6
 0.63 ± 0.0 
N = 1253

NPC1 Males
Age 7.9 ± 1.4 

Years

149.3 ± 15.0
 3.86 ± 0.4 

N = 7

34.4 ± 7.1
 0.89 ± 0.8 

N = 7

86.9 ± 15.0
 2.25 ± 0.4 

N = 7

136.3 ± 21.6
 1.54 ± 0.2 

N = 7
Signifi cance  NS   P  = 0.02  NS   P  = 0.01 
Normal Females
Age 5–9 Years

163.7 ± 0.7
 4.23 ± 0.0 
N = 1118

53.2 ± 1.0
 1.38 ± 0.0 
N = 127

100.4 ± 2.1
 2.60 ± 0.07 
N = 114

60.3 ± 0.8
 0.68 ± 0.0 
N = 1118

NPC1 Females
Age 9.9 ± 0.9 

Years

124.6 ± 7.0
 3.22 ± 0.3 

N = 6

30.3 ± 3.0
 0.78 ± 0.1 

N = 6

75.0 ± 6.7
 1.94 ± 0.2 

N = 6

99.3 ± 9.5
 1.12 ± 0.1 

N = 6
Signifi cance   P  = 0.003   P  = 0.001   P  = 0.01   P  = 0.01 
Normal Males
Age 25–29 Years

182.2 ± 0.8
 4.71 ± 0.0 
N = 2042

44.7 ± 0.7
 1.16 ± 0.0 
N = 253

116.7 ± 1.9
 3.02 ± 0.0 
N = 253

115.8 ± 2.3
 1.31 ± 0.0 
N = 2042

NPC1 Males
Age 28.9 ± 3.0 

Years

148.0 ± 10.0
 3.83 ± 0.3 
N = 11

34.9 ± 3.1
 0.90 ± 0.1 

N = 11

90.2 ± 7.3
 2.33 ± 0.2 

N = 11

120.5 ± 15.7
 1.36 ± 0.2 

N = 11
Signifi cance   P  = 0.01   P  = 0.01   P  = 0.005  NS 
Normal Females
Age 25–29 Years

175.8 ± 0.6
 4.55 ± 0.0 
N = 2189

56.0 ± 0.8
 1.45 ± 0.0 
N = 314

110.2 ± 1.6
 2.85 ± 0.0 
N = 314

88.7 ± 1.0
 1.0 ± 0.0 

N = 2189
NPC1 Females
Age 26.4 ± 2.6 

Years

153.0 ± 10.4
 3.96 ± 0.3 

N = 10

37.0 ± 2.9
 0.96 ± 0.1 

N = 10

87.9 ± 2.6
 2.27 ± 0.1 

N = 10

139.7 ± 17.6
 1.58 ± 0.2 

N = 10
Signifi cance  NS   P  = 0.0001   P  = 0.0001   P  = 0.02 

The average lipid levels (mean ± S.E.) for normal individuals were 
obtained from a control population of males and females between the 
ages of 5–9 and 25–29 years as published in the Lipid Research Clinics 
Population Studies Data Book by the National Institutes of Health (38). 
Values in bold are in mg/dl; equivalent values in mmol/l are shown in 
italics. One-sample  t -tests were performed using the mean values for 
both the gender and age of normal individuals and NPC1 patients to 
determine signifi cant differences.

 TABLE 2. Pearson correlation coeffi cients of the lipid profi le 
components for NPC1 patients  a   

Total 
Cholesterol Triglycerides

LDL 
Cholesterol

HDL 
Cholesterol

Total Cholesterol 0.53  b  0.92  c  0.07
Triglycerides 0.36  d   � 0.33
LDL Cholesterol  � 0.20
HDL Cholesterol

  a   N = 34.
  b    P  = 0.001.
  c    P  < 0.0005.
  d    P  = 0.037.

 TABLE 3. Pearson correlation coeffi cients of the lipid profi le 
components with age, age at diagnosis, age at death, and 

average ability score for NPC1 patients 

Total 
Cholesterol

HDL 
Cholesterol

LDL 
Cholesterol Triglycerides

Age (years) NS NS 0.41  b  (N = 28) NS
Age at diagnosis NS NS NS NS
Age at death NS 0.96  c  (N = 5) NS NS
Average ability 

score  a  
NS NS  � 0.35  d  (N = 34) NS

  a   The average ability score was computed by taking the mean of the 
four individual abilities as assessed on the questionnaire. These abilities 
included walking, movement, language, and swallowing. Each of the 
individual abilities were ranked from 1 to 4, or 1 to 5, with a score of “1” 
being normal and scores of “4” or “5” being the most severe level of 
disability. NS = Not signifi cant.

  b  P  = 0.032.
  c  P  = 0.011.
  d  P  = 0.045.
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als did not correlate signifi cantly with plasma triglycerides, 
suggesting the reduction in HDL-C is not on the basis of 
replacement of cholesterol by triglyceride on HDL parti-
cles, or more rapid clearance of HDL particles from plasma 
as is reported to occur with triglyceride-enriched HDL 
( 44 ). Consistent with this conclusion, Shamburek et al. 

( 43 ). Our previous study found a preponderance of low 
HDL-C in 81% of a group of 21 male and female NPC1 
disease patients of ages ranging from 3 to 42 ( 36 ). In the 
current study, the most consistent lipoprotein abnormality 
in male and female NPC1 patients of varying ages was 
again low plasma HDL-C. Plasma HDL-C in these individu-

 TABLE 4. Molecular and biochemical characterization of the NPC1 genetic mutations 

Exon or 
Intron Nucleotide Change Mutation Type

Amino Acid 
Change

Protein 
Domain  a   ,    b  

Biochemical 
Phenotype  c  

Sample 
Number  d  

2 72delC Frameshift 1
3 221G>A Missense C74Y LM A Severe 2
3 275A>G Missense Q92R LM A Severe 1
4 410C>T Missense T137M LM A Variable 3
4 395delC Frameshift 1
4 451_452delAG Frameshift 2
5 496C>T Missense P166S LM A 1
6 688_693del6bp Deletion/Insertion S230_V231del LM A Classical 3
6 740G>A Missense C247Y LM A Severe 1
8 1201C>A Missense P401T LM C 1
8 974_975insGA Frameshift 1
8 1211G>A Missense/Splicing R404Q LM C Severe 3
8 1261C>T Nonsense Q421X 1
8 1298C>T Missense P433L LM C 1
9 1421C>T Missense P474L LM C Classical/Variant 1
9 1526A>C Missense Y509S LM C 1
10 1628C>T Missense P543L LM C 2
12 1836A>C Missense E612D LM C Severe 1
 12  Missense  Y628C  TM III, SSD  1 (N) 
13 1955C>G Missense S652W CP D, SSD Severe 3
13 1978G>A Missense G660S TM IV, SSD Moderate 1
13 Missense G673V TM IV, SSD 1
13 2098G>A Missense D700N TM V, SSD Severe 2
15 2336_2337insT Frameshift 2
15 2365C>T Missense R789G CP H, SSD Severe 1
16 2474A>G Missense Y825C CP H Severe 2
18 2621A>T Missense D874V LM I Classical/Severe 2
 18  Missense  P887L  LM I  1 (N) 
18 2669G>A Missense Y890C LM I Classical 2
 19  Missense  I923V  LM I  1 (N) 
19 2819C>T Missense S940L LM I Variable 3
19 2833G>A Missense D945N LM I Severe 2
19 2848G>A Missense V950M LM I Variant 2
20 2926T>C Splicing C976R 2
IVS20 IVS20(-2)insG Splicing 1
20 3019C>G Missense P1007A LM I Moderate/Variant 3
IVS21 IVS21(-10)delTCC Splicing 1
21 3107C>T Missense T1036M LM I Severe 4
21 3182T>C Missense I1061T LM I Classical/Variable 21
22 3259T>C Missense F1087L LM I 1
22 3265G>A Missense E1089K LM I 2
 22  Missense  A1151T  TM XI  1 (N) 
22 3467A>G Missense N1156S TM XI Moderate 2
23 3493G>A Missense V1165M CP L 1
23 3566A>G Missense E1189G CP L Severe 1
23 3573_3574insACTT Frameshift 1
24 3612_3613insGdelTA Frameshift 1
24 3662delT Frameshift 2
 24  3741_3744delACTC  Frameshift  1 (N) 
24 3742_3745delCTCA Frameshift 1
24 3745A>G Missense S1249G TM XIII Severe 1
25 3797G>A Missense R1266Q CP N 1 (P)

Novel mutations are indicated in bold-face type.
  a   Protein domains are provided for missense and deletion/insertion amino acid changes where known, as 

previously indicated (30).
  b   The lumen (LM), transmembrane (TM), cytoplasmic (CP), and sterol sensing (SSD) protein domains are 

provided as previously indicated (30, 53).
  c   The biochemical phenotypes of respective nucleotide and/or amino acid changes are based upon the degree 

of cholesterol esterifi cation catalyzed by acyl-CoA:cholesterol acyltransferase (ACAT), and were provided for known 
nucleotide and/or amino acid changes as previously indicated (30).

  d   Number of respective variations within the sample of NPC1 patients are provided, whereby polymorphisms 
(P) and novel (N) mutations are indicated.
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lipid profi les for the database. The cause of reduced LDL 
(and total) cholesterol is presently unknown but could be 
explained by increased LDL receptor expression ( 48, 49 ) 
and increased clearance of plasma LDL particles. In-
creased expression of SREBP-1 ( 50, 51 ) and SREBP-1-
dependent upregulation of fatty acid synthase in the liver 
might in part explain the increased plasma triglycerides 
seen in the majority of NPC1 disease patients in this study. 
Further studies are required to resolve these questions. 
The possibility that illness alone is responsible for the lipo-

( 43 ) also reported no increased rate of appearance of 
HDL-derived cholesterol in bile in NPC disease subjects. 
We previously found impaired upregulation of ABCA1, 
the rate-limiting step in new HDL particle formation, in 
response to loading of human NPC1 disease fi broblasts 
with either LDL or nonlipoprotein cholesterol ( 36 ), and 
that HDL formation by NPC1 disease cells could be cor-
rected by the addition of exogenous agonists of liver X 
receptor to increase ABCA1 expression ( 45 ). These fi nd-
ings, plus the demonstrated close relationship between 
cellular ABCA1 activity and plasma HDL-C ( 46 ), strongly 
suggest that the reduced HDL-C in NPC1 patients is a con-
sequence of impaired ABCA1 upregulation in response to 
lipoprotein cholesterol uptake by cells with impaired 
NPC1 activity. Patients with another lysosomal cholesterol 
storage disorder, cholesteryl ester storage disease, caused 
by mutations in lysosomal acid lipase, have also been 
shown to exhibit low plasma HDL-C ( 46 ). Consistent with 
impaired ABCA1 activation as a cause of low HDL-C in 
NPC1 disease, we have also found impaired upregulation 
of ABCA1 in response to LDL loading of human choles-
teryl ester storage disease fi broblasts (G. Francis, unpub-
lished observations). The direct inverse correlation found 
between plasma HDL-C and severity of the NPC1 mutation 
and biochemical phenotype in 19 patients in this study for 
which mutation, biochemical phenotype, and lipid pro-
fi les were all available ( Table 5  and  Fig. 2 ), and between 
HDL-C and age at death in a small subset of patients, fur-
ther supports the conclusion that plasma HDL-C is a re-
fl ection of the degree of biochemical defect in NPC1 
disease and may be useful as a biomarker of the disease as 
well as response to potential treatments. 

 Other lipoprotein abnormalities including reduced 
plasma LDL-C and increased triglycerides were seen in the 
majority but not all NPC1 disease patients who provided 

 TABLE 5. Genetic mutations, biochemical phenotype, biochemical phenotype score, and lipid 
profi le for patients with NPC1 disease 

Patient
Nucleotide/

Amino Acid Change
Biochemical 
Phenotype  a  

Biochemical 
Phenotype 

Score

Cholesterol (mg/dl)
Triglycerides 

(mg/dl)Total HDL LDL

1 G660S, 3573_3574insACTT M, U 2 163 36 96 154
2 I1061T, V1165M C/VB, U 3 122 32 69 105
3 R789G, I1061T S, C/VB 4 204 31 154 98
4 C247Y, P401T S, U 4 131 32 82 83
5 G673V, I1061T U, C/VB 3 119 27 68 121
6 P887L, 3741_3744delACTC U, U U 165 69 76 99
7 I923V, A1151T VB, U U 111 39 61 61
8 P543L, E612D U, S 4 137 27 69 210
9 V950M, N1156S VT, M 2 133 32 91 87

10 V950M, N1156S VT, M 2 118 30 77 63
11 S1249G, 3742_3745delCTCA, S, U 4 112 21 67 121
12 S940L, I1061T VB, C/VB 3 227 11 172 222
13 T1036M, I1061T S, C/VB 4 141 21 95 127
14 T1036M, I1061T S, C/VB 4 139 23 83 166
15 T1036M, I1061T S, C/VB 4 158 26 92 202
16 P1007A, IVS21(-10)delTCC M/VT, U 2 143 57 75 56
17 S230_V231del, 974_975insGA C, U 3 146 34 90 112
18 I1061T, I1061T C/VB, C/VB 3 131 46 46 196
19 P166S, P474L U, C/VT 3 134 38 76 99

  a   Abbreviations for the biochemical phenotype are defi ned as follows: U = unknown, M = moderate, VB = 
variable, VT = variant, C = classical, S = severe as previously described (30). The biochemical phenotype score was 
calculated as described in the Methods, and defi ned as: U = unknown, 2 = moderate, 3 = classical, 4 = severe.

  Fig.   2.  Association between the concentration of HDL choles-
terol and severity of the NPC1 biochemical phenotype. The con-
centration of HDL cholesterol and biochemical phenotype score 
from 19 NPC1 patients, as presented in  Table 5 , was analyzed using 
Spearman’s rank correlation coeffi cient analysis. The biochemical 
phenotype score was calculated as described in the Methods and 
defi ned as: 2 = moderate, 3 = classical, 4 = severe. The results indi-
cated a signifi cant inverse correlation ( � 0.66,  P  = 0.005) between 
the concentration of HDL cholesterol and biochemical phenotype 
score.   
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and HDL cholesterol and age of death for NPC1 patients, 
and  iv ) fi ve previously unreported disease-causing muta-
tions in  NPC1 . These results indicate the presence of a 
unique NPC1-related dyslipidemia, characterized particu-
larly by hypoalphalipoproteinemia, that may serve as a 
valuable and convenient biomarker of the biochemical se-
verity of the disease, in addition to monitoring the poten-
tial benefi t of therapies used for the eventual treatment of 
NPC disease.  
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