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Abstract Tangier disease (TD) is an autosomal co-dominant
disorder in which homozygotes have a marked deficiency of
high density lipoprotein (HDL) cholesterol and, in some
cases, peripheral neuropathy and premature coronary heart
disease (CHD). Homozygotes are further characterized by
cholesteryl ester deposition in various tissues throughout
the body, most notably in those of the reticuloendothelial
system. Several studies have demonstrated that the excess
lipid deposition in TD is due to defective apolipoprotein-
mediated efflux of cellular cholesterol and phospholipids.
Although much progress has been made in our understand-
ing of the metabolic basis of TD, the precise molecular de-
fect had remained elusive until very recently. By positional
cloning methods, we: I) confirm the assignment of TD to
chromosome 9931, 2) provide evidence that human ATP-
binding cassette-1 (hABC-1) maps to a 250 kb region on
9931, and 3) describe novel deletion, insertion, and mis-
sense mutations in the gene encoding hABC-1 in four unre-
lated TD kindreds.Bll These results establish a causal role
for mutations in hABC-1 in TD and indicate that this trans-
porter has a critical function in the regulation of intracellu-
lar lipid trafficking that dramatically affects plasma HDL
cholesterol levels.—Brousseau, M. E., E. J. Schaefer, J. Du-
puis, B. Eustace, P. Van Eerdewegh, A. L. Goldkamp, L. M.
Thurston, M. G. FitzGerald, D. Yasek-McKenna, G. O’Neill,
G. P. Eberhart, B. Weiffenbach, J. M. Ordovas, M. W. Free-
man, R. H. Brown, Jr., and J. Z. Gu. Novel mutations in the
gene encoding ATP-binding cassette 1 in four Tangier dis-
ease kindreds. J. Lipid Res. 2000. 41: 433-441.

Supplementary key words ATP-binding cassette - apolipoprotein -
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First described by Fredrickson and colleagues in 1961,
Tangier disease (TD) is a rare genetic disorder character-
ized by severe deficiency of high density lipoproteins
(HDL) in the plasma (1). A hallmark of this disease is the
accumulation of cholesteryl esters (CE) in various tissues

of the body, most notably in those of the reticuloendothe-
lial system (RES), leading to hyperplastic orange tonsils,
as well as to lymphadenopathy, hepatosplenomegaly, and
peripheral neuropathy (2). TD homozygotes typically
have plasma HDL cholesterol (HDL-C), apolipoprotein
(apo) A-l, and low density lipoprotein cholesterol (LDL-C)
levels which are approximately 5%, 1%, and 40% of normal,
respectively (3), whereas the HDL-C and apoA-I levels of
heterozygotes are 50% of normal (2). Although there is
an overall increased incidence of cardiovascular disease in
TD homozygotes, it is not as extensive as one might pre-
dict based on the strikingly low HDL-C levels (3). This is
perhaps due, in part, to the reduction of LDL-C levels ob-
served in these patients.

A number of kinetic studies utilizing radiolabeled HDL
and apoA-l have been conducted to determine the meta-
bolic basis for the hypoalphalipoproteinemia in TD (4-
6). The collective results of these studies have clearly
established that the reduced levels of HDL-C in TD are di-
rectly attributable to the hypercatabolism of HDL constit-
uents, rather than to the defective biosynthesis of HDL
apolipoproteins. Confirmation of the absence of a biosyn-
thetic defect was provided by the fact that the apoA-1 gene
sequence is normal in TD patients (7, 8). More recent
work has focused on the cellular defect observed in TD
patients, namely the inability to translocate intracellular
cholesterol to the plasma membrane (9-14). This translo-
cation is stimulated by the binding of HDL and apoA-l to
cells (15) and is dependent on protein kinase C (9, 16),
implicating impaired signal transduction in the pathogen-

Abbreviations: hABC-1, human ATP-binding cassette 1; apo, apoli-
poprotein; BAC, bacteria artificial chromosome; C, cholesterol; HDL,
high density lipoprotein; RCT, reverse cholesterol transport; TD, Tan-
gier disease.
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esis of TD. In this regard, Walter et al. (17) have further

reported abnormalities in the coordinate activation of
phospholipases C and D. It is important to note that the

defect in apolipoprotein-mediated cholesterol efflux is

not specific to apoA-l binding, as other apolipoproteins

containing amphipathic helices such as apoA-ll, apoA-1V, 3
apoC-I, apoC-Il, and apoC-11l show decreased lipid efflux
from TD cells as well (18, 19).

While much progress has been made in our under-
standing of the metabolic basis of TD, the precise molecu-
lar defect responsible for TD has remained elusive for a
number of years and has been the primary research focus
of laboratories throughout the world. Recently, three lab-
oratories reported that mutations in the gene encoding
human ATP-binding cassette 1 (hABC-1) are responsible
for TD (20-22). This has subsequently been confirmed in
two additional reports (23, 24). The search for the TD
gene by genetic linkage analysis was complicated by the
lack of unique biochemical markers that unambiguously
distinguish TD heterozygotes. Although HDL-C levels may
be reduced in TD heterozygotes relative to age- and gender-
matched controls, there are several different genetic and
environmental factors that influence HDL-C levels in the
general population (25). In 1982, Suarez, Schonfeld, and
Sparkes (26) reported their unsuccessful attempt to link
the TD locus to a polymorphic marker that could be used
in the diagnosis of heterozygosity. However, using a graphic
linkage exclusion method, Rust and colleagues (27) as-
signed the gene defect underlying TD to an 8 cM region
of chromosome 9q31. In this report, we: 1) confirm the
assignment of TD to chromosome 9q31, 2) provide evi-
dence that hABC-1 maps to a 250 kb region on 9931, and
3) report novel deletion, insertion, and missense muta-
tions in the gene encoding hABC-1 in four unrelated
TD kindreds.
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Family studies and lipid analyses

The proband of the large kindred (TD16) presented in Fig. 1,
individual 420, has been described elsewhere in detail (case 52),
along with the two siblings of Japanese origin (cases 36 and 37)
(3). In this manuscript, these two siblings are identified as TD18-
1 and TD18-2. Proband 420 developed neuropathy at age 25,
CHD at age 46, and died of this disease at age 58. TD18-1 and
TD18-2 do not, as yet, have evidence of neuropathy or CHD. The
other two probands are new cases. One patient (TD17) is a 51-
year-old male having total cholesterol, HDL-C, and triglyceride
levels of 36, 1, and 333 mg/dl, respectively, as well as established
CHD requiring bypass at age 46. He has no evidence of neuropa-
thy. The other patient (TD19), a 52-year-old male, presented to
the MGH Lipid Clinic in 1996 with mild splenomegaly, a total
cholesterol of 72 mg/dl, an HDL-C of 3 mg/dl, and triglycerides
of 307 mg/dl, without any symptoms of neuropathy or prema-
ture CHD. As shown in Fig. 2, TD16, TD17, TD18-1, and TD18-2
were found to have a significant defect in apoA-I-mediated cho-
lesterol efflux from fibroblasts relative to control subjects. A skin
biopsy was not available from TD19; however, this individual has
a classic TD phenotype. Thirty cc of blood was collected from
each of these probands into tubes containing 0.1% EDTA, as well
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Pedigree of a large kindred with Tangier disease. Only those who consented to participation in our study are presented in this diagram. The homozygous proband, individual 420,

developed neuropathy at age 25, CHD at age 46, and died at age 58. The designation of heterozygosity in this figure was based on haplotyping data. HDL-C (mg/dl) and age (years) are pro-

vided for each individual. Individuals 312 and 313, the parents of the proband 420, are obligate heterozygotes.

Fig. 1.
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Fig. 2. ApoA-I-mediated cellular cholesterol efflux from the fi-
broblasts of TD homozygotes (TD16, TD17, TD18-1, TD18-2) and
control subjects (n = 5). Subconfluent cells were labeled with
[BH]cholesterol, followed by incubation with exogenous unlabeled
cholesterol. Efflux was performed in triplicate for each individual
using an apoA-l concentration of 5 wg/mL in the medium. Efflux
medium was counted, cell lipids were extracted, and extracts were
separated by TLC for the isolation of esterified and unesterified
cholesterol. Data for all subjects are shown as mean *= SD of me-
dium [3H]cholesterol expressed as a percentage of total (medium
plus cell) [*H]cholesterol. The SD values for TD16 and TD17 were
less than 0.10%. ApoA-I-mediated cellular cholesterol efflux from
the fibroblasts of each TD homozygote was significantly less (P <
0.001) than the mean value of control subjects.

as from the extended family members of proband TD16. Plasma
HDL-C levels were determined as previously described (28).

Our experimental protocol was approved by the Human In-
vestigation Review Committee of Tufts University and New En-
gland Medical Center, and informed consent was obtained from
all subjects.

Cellular cholesterol efflux assay

Fibroblast lines were initiated by explant culture from a 3-mm
punch biopsy at a 1-mm skin thickness obtained under sterile
conditions from the medial aspect of the inner arm and placed
in HEPES-buffered saline, pH 7.4. The tissue was transferred to a
100-mm sterile plastic petri dish and diced. Explants were trans-
ferred to 25-cm? flasks in DMEM media with 15% FBS, penicillin
50 u/ml, and streptomycin 50 ug/ml. Explant culture was per
formed either in the Cytogenetics Laboratory of the Brigham
and Women’s Hospital, Boston, MA or in the Cytogenetics De-
partment of the New England Medical Center (NEMC), Boston,
MA. Two control primary fibroblast cell lines from the former
laboratory, one from the NEMC laboratory, and two from the
American Type Culture Collection (Rockville, MD) were used for
the comparison studies. All fibroblasts were used between the 5th
and 12th passage.

Fibroblasts were grown to 60-80% confluence in DMEM with
10% FBS and labeled by incubating in media with 0.2-0.5 p.Ci
[3H]cholesterol/ml (New England Nuclear, Boston, MA) until
confluent, approximately 72 h. Labeled cells were cholesterol en-
riched by incubation in DMEM with 2 mg/ml of fatty acid-free
bovine serum albumin (DMEM/FA-BSA) and 30 ng/ml of non-
lipoprotein cholesterol from an ethanol stock solution for 24 h.
Cells were incubated for 48 h in DMEM with 1 mg/ml FA-BSA to
allow cellular cholesterol pools to equilibrate (29), prior to the
initiation of the efflux measurements. Efflux of radiolabeled cho-
lesterol from cells was measured as previously described (30).

Briefly, cholesterol-loaded [3H]cholesterol-labeled cells were in-
cubated in DMEM/FA-BSA with the indicated concentration of
apoA-l for 16 h at 37°C. After incubation with acceptor, efflux
media was removed, centrifuged to remove cells and debris, and
an aliquot of media was counted directly in a scintillation
counter. Cell lipids were extracted from PBS-washed culture
dishes with hexane—isopropanol 3:2(v:v), then evaporated to dry-
ness under nitrogen gas, reconstituted in chloroform, and sub-
jected to thin-layer chromatography (TLC). Cell proteins were
dissolved in 0.1 N NaOH and aliquots were quantified by the
method of Lowry et al. (31). The amount of cholesterol appear-
ing in the media was expressed as a percentage of the sum of
[¥H]cholesterol found in the media and in cellular unesterified
and esterified cholesterol.

DNA isolation and genome scan

Genomic DNA was isolated by standard methods from whole
blood samples using Qiagen columns. Primer pairs for PCR anal-
ysis of polymorphisms at approximately 400 loci were used in the
genome wide scan. Genotypes were determined using an ABI
Prism 377 (Applied Biosystems), and data were analyzed using
GeneScan and Genotyper 2.0 software (Perkin EImer).

Genetic linkage analysis

The pedigree used in the genetic linkage studies is shown in
Fig. 1. As a unique biochemical marker for the unambiguous as-
signment of heterozygosity was not available, low HDL-C was the
phenotype used in the linkage analysis. Individuals with HDL-C
values below or at the 10th percentile of those for age- and gender
matched controls from the Lipid Research Clinics (32) and
Framingham Offspring (33) reference populations were desig-
nated affected. Individuals at or below the 10th percentile of only
one of the reference populations were classified as phenotype
unknown, while all other subjects were assumed to be unaffected.
Two-point linkage analysis was performed with the MLINK and
ILINK components of the program LINKAGE (34), modeling
low HDL-C as a co-dominant trait, with carriers having an 80%
chance of being affected. The phenocopy rate was set at 9%, and
the proband was assumed to be homozygous at the disease locus.
The allele frequencies at each marker were estimated by the
USERM13 program (35), and the frequency of the disease allele
was assumed to be 0.007. Subsequently, haplotyping analysis was
performed using SIMWALK?2 software (36).

Southern blotting of BAC filters

The RPCI-11 human male bacteria artificial chromosome
(BAC) library from the laboratory of Pieter deJong at the Roswell
Park Cancer Institute was used for physical mapping, as well as
for preparation of BAC filters (Fig. 3). The BACs used ranged
from 150 to 250 kb. Glycerol stocks, containing 200 pl LB/12.5
rg/ml chloramphenicol, of confirmed clones were arrayed in a
96-well format, and clones were manually stamped, in duplicate,
onto Hybond nylon filters (Amersham, UK) using a 96 pin repli-
cator for a total of 152 BACs per filter. Filters were next placed on
LB/chloramphenicol plates and grown overnight at 37°C to en-
large the colonies. Filters were denatured, neutralized, and UV
crosslinked, as described in Sambrook, Fritsch, and Maniatis
(37), prior to prehybridization with 5 ml of ExpressHyb solution
(Clontech) at 68°C for 2 h. Two probes were generated using
hABC-1 primer pairs 1 (F, 5'-CCT CAG CAT CTT GTC CAC AG-3;
R, 5-TGG TGG ACA ATG AAA CCT TC-3') and 19 (F, 5'-CCA
CAT CAACTT CTG GCT CT-3"; R, 5’-TGG CCT GGC CTC TAT
TTA TC-3') for PCR amplification of normal fibroblast cDNA.
Fifty ng of each gel-purified probe was labeled with 50 p.Ci of
a32P-dCTP, using the Prime-It RmT labeling kit (Stratagene), and
unincorporated nucleotides were removed with G-50 microspin
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Fig. 3. Hybridization of BAC filters with the 5’-most (panel A) and 3’-most (panel B) sequences of hABC-1 cDNA. As described in Meth-
ods, filters containing 152 BAC colonies were hybridized with probes representing either the 5’-most or the 3'-most sequence of the hABC-1
transcript. BACs 1, 2, and 5 contained both the 5’ and 3’ ends of the hABC-1 transcript, suggesting the presence of a full-length genomic
clone and localizing hABC-1 to a 250 kb region of 9q31. Each BAC was also positive for D9S53, providing further evidence for the localiza-

tion of hABC-1 to 9g31.

columns (Amersham Pharmacia Biotech). Filters were hybrid-
ized for 2 h at 68°C and were subsequently washed prior to auto-
radiography at —70°C overnight.

Mutation detection and sequence analysis

A summary of the strategy used for mutation detection is illus-
trated in Fig. 4. Briefly, oligo dT-primed cDNA was generated
from total fibroblast RNA using the Superscript One-Step RT-
PCR system (Life Technologies). Primary PCR was performed
using the Expand PCR Kit (Boehringer Mannheim), resulting in
5" and 3’ products of 3.7 and 3.3 kb in size, respectively. Next, 19
primer sets were designed for use in secondary PCR, with primer
sets 1-10 using the 5-primary PCR product as template and
primer sets 11-19 using the 3’-primary product. PCR products
were gel-purified with 96-well plates (VWR Scientific) and were
then directly sequenced with Energy Transfer primers (Amer-
sham). The reactions were run on ABI Prism DNA Sequencers
(Applied Biosystems), and sequencing data were analyzed with
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the Sequencher 3.1 (Gene Codes Corporation) and Polyphred
(University of Washington) programs.

RESULTS

To identify the genetic locus of TD, two-point linkage
analysis was performed using PCR-based polymorphic
markers. A region of linkage was observed with microsatel-
lite markers on chromosomal band 9931, consistent with
previous reports (20-22, 27). Also consistent with the re-
port of Rust et al. (27) was the location of the maximum
LOD score (5.15) in our study at marker D9S1784, as
shown in Table 1. Haplotyping analysis in our large TD
pedigree narrowed the genetic interval to the region be-
tween markers D9S277 and D9S1832, based on two critical
crossovers in individuals 316 and 421 (Figure 1). The hap-
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Fig. 4. Summary of the strategy used for mutation detection. Pri-
mary PCR amplification was performed on fibroblast-derived cDNA
from each patient for the generation of 3.7 kb and 3.3 kb fragments
containing the 5'- and 3’-halves of the hABC-1 transcript, respec-
tively, using the following primer pairs: 5’-F(5’-GTC AGC TGT TAC
TGG AAG TGG CCT G-3'), 5-R(5’-CTG TTT CGT CTT GCT GGC
AAG GTA C-3"); 3'-F(5’-CCT ATG TGC TGC CAT ATG AAG CTG
C-3"),3"-R(5’- ACT TCT TCC CAC ATC AACTTC TGG C-3). The
two primary PCR products were used as templates for secondary
PCR, resulting in 19 overlapping fragments of about 400 bp in size.
The PCR products were purified, sequenced, and aligned to the
wild-type hABC-1 sequence for mutation detection.

lotype tracked almost perfectly in this pedigree, with all
HDL-deficient individuals having the haplotype. The one
exception to this occurred in individual 405, whose HDL-
C level was 43 mg/dl, despite having the haplotype. How-
ever, this individual’s two brothers (404, 406) had very
high HDL-C levels relative to those of age-matched
males, suggesting that other factors may have influenced

HDL-C levels in this nuclear family as well. Homozygosity
mapping in additional TD probands further narrowed our
centromeric and telomeric boundaries to markers D9S277
and D9S53, respectively, approximately a 1 cM region. The
fact that our maximum LOD score occurred at D9S1784 is
not inconsistent with our boundaries; rather, it indicates
that this marker was most informative in the pedigree pre-
sented in Fig. 1.

In order to define this genetic interval, a minimal set of
overlapping yeast artificial chromosomes (YACs) and
BACs was assembled. Three YACs and 8 BACs indepen-
dently comprised the physical map for this region (data
not shown). Subsequent to physical mapping, we initiated
a search for both known and novel candidate genes in this
region. One of the candidate genes in the interval defined
by Rust et al. (27) was hABC-1, which had previously been
mapped to 9922-q31 (38). Our refined locus, however,
placed this gene almost 2 cM outside of the genetic inter-
val of interest, so it was initially not investigated. With the
publication by Langmann and colleagues (39) demon-
strating that hABC-1 is a sterol responsive gene highly ex-
pressed in macrophages, we elected to use its sequence as
a probe of our BAC clones. This would allow us to deter-
mine whether the locus assignment of hABC-1 was incor-
rect, or whether a related family member resided within
the interval defined by our large pedigree. The results of
our work are summarized in Fig. 3. Gel-purified PCR
products of primers 1 and 19, which represent the 5’- and
3’-most sequences of hABC-1 cDNA, respectively, were
used to screen genomic BACs from the BAC contig map,
allowing for the detection, if present, of a full-length ge-
nomic clone. As shown in panels A and B, 9 of the 152
BACs screened hybridized to the probe representing the
5'-most sequence of the hABC-1 transcript, whereas 7
BACs hybridized with the probe consisting of the 3'-most
sequence of the hABC-1 transcript. Three BACs, desig-
nated 1, 2, and 5, contained both the 5" and 3’ ends of the
hABC-1 transcript, suggesting the presence of the full-
length genomic clone and localizing hABC-1 to a 250 kb
region of 9q31. Moreover, these BACs contained the
D9S53 microsatellite marker, confirming the placement
of hABC-1 to our defined genetic interval, as well as in
that reported by Rust et al. (27).

Sequence analysis of fibroblast cDNA documented the
presence of mutations in hABC-1 in four unrelated TD
kindreds, as shown in Table 2. Proband 420 of kindred
TD16 was found to be homozygous for an A0 C missense
mutation at nucleotide 5338 of the hABC-1 transcript, re-
sulting in the substitution of an uncharged amino acid, as-
paragine, with a positively charged one, histidine, in the
second transmembrane domain. This mutation was also
detected in heterozygotes from this pedigree but was not
observed in our control population. The Japanese sib-
lings, TD18-1 and TD18-2, were found to be homozygous
for a GO A missense mutation at nucleotide position 3805.
This mutation causes a change of amino acid from aspar-
tate to leucine at codon 1229, resulting in the substitution
of a negatively charged amino acid residue with a nonpo-
lar residue. The most dramatic mutation identified was
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TABLE 1. Two-point linkage analysis

Recombination Fractions (6)

Locus? 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
D9S173 1.52 1.29 1.08 0.89 0.72 0.56 0.40 0.26 0.13
D9S176 1.99 1.76 151 1.25 0.99 0.71 0.46 0.25 0.10
D9S1690 3.23 2.88 251 2.13 1.73 1.32 0.93 0.56 0.26
D9S271 3.19 3.05 2.75 2.37 1.95 151 1.07 0.68 0.35
D9s277 2.42 2.10 1.72 1.33 0.93 0.54 0.19 —0.04 -0.13
D9S938 3.94 3.64 3.24 2.80 2.32 1.82 131 0.82 0.40
D9S53 1.37 1.30 1.19 1.06 0.91 0.74 0.56 0.38 0.22
D9S306 1.22 1.19 111 1.00 0.86 0.70 0.52 0.35 0.20
D9S1784 5.15 4.59 4.01 341 2.80 2.18 157 0.99 0.49
D9S1866 161 1.50 1.34 1.14 0.92 0.69 0.48 0.29 0.15
D9S172 1.68 1.63 1.50 1.32 111 0.88 0.65 0.44 0.26
D9S1832 0.23 2.01 2.08 1.94 1.68 1.37 1.02 0.66 0.34
D9S2026 —1.62 -0.77 —0.41 —0.19 —0.06 0.00 0.03 0.03 0.02

a Markers are listed with respect to centromericll telomeric boundaries.

observed in proband TD17. This individual was discov-
ered to have an 8 bp deletion on one allele of the hABC-1
transcript beginning at nucleotide 755 (TGTTCAGC),
causing a premature termination at codon 217 of hABC-1.
A premature termination near the C-terminus of the
hABC-1transcript was identified on one allele in proband
TD19. This was due to a 4 bp insertion (CATT) at nucle-
otide 6513 in hABC-1, rather than to a deletion. The mu-
tations identified in probands TD17 and TD19 were only
confirmed on one allele. As TD17 and TD19 are not from
established consanguinous pedigrees, it is likely that they
are both compound heterozygotes for TD.

Three independent reports establishing that mutations
in the hABC-1 gene cause TD were recently published
(20-22), followed by two confirmatory reports (23, 24).
The mutations described in these reports are summarized
in Table 3. Three TD probands were described in more
than one report (TD1 = TD8; TD10 = TD15; TD12 =
TD7), including the index case of TD from Tangier Island
(22, 24). The mutation described in TD1/TD8 causes a
frameshift, creating a premature translation stop and, ulti-
mately, a translation product lacking 75% of the amino

TABLE 2. Mutations in the hABC-1 transcript
identified in four unrelated TD kindreds

Predicted Protein Protein Domain(s)

Kindred Nucleotide Change Alteration Affected
4202 nt 5338(AOC) aa 1740 (AsnP His) 2nd
(TD16) transmembrane
TD172  nt 755-762/8 bp del frameshift all
(TGTTCAGC) aa 2170 sstop
TD18-1 nt3805(GOA) aa 1229(Asp® Leu) linker
TD18-2 nt3805(GOA) aa 1229(Asp®O Leu) linker
TD19 nt 6513/4 bp ins frameshift PDZ-binding
(CATT) aa 215501 stop (SYV)

TD16, TD18-1, and TD18-2 were homozygous for the reported
point mutations, whereas the mutations identified in TD17 and TD19
were only confirmed on one allele. As TD17 and TD19 are not from es-
tablished consanguinous pedigrees, it is likely that they are both com-
pound heterozygotes for TD; aa, amino acid; del, deletion; ins, inser-
tion; nt, nucleotide.

a Premature CHD.

b Conserved in human and mouse.
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acid sequence of hABC-1. The proband of our large kin-
dred TD16, individual 420, also had significant premature
CHD, despite having only a missense mutation at nt 5338
of the hABC-1 transcript. Two compound heterozygotes
with premature CHD have additonally been reported
(TD5, TD6): one having a missense mutation at nt 4369
and a GoC mutation in the splice donor site of exon 24 of
the hABC-1 transcript (21) and the other two missense
mutations (20), influencing the N-terminal NBF and the
first intracellular domains of the hABC-1 protein. Proband
TD17 in our report, who is very likely a compound het-
erozygote for TD, has a severe truncation, rather than a
point mutation, in the hABC-1 transcript and has exten-
sive premature CHD. Thus, the overall data indicates that
a variety of hABC-1 mutations are associated with prema-
ture CHD in TD.

DISCUSSION

Members of the superfamily of ATP-binding cassette
transporters couple the hydrolysis of ATP to translocation
of solutes, including amino acids, ions, peptides, steroid
hormones, and vitamins, across a biological membrane
(40, 41). A functional ABC transporter requires the sym-
metrical association of four protein domains: two nucle-
otide binding folds (NBFs) with conserved Walker A and
B motifs and two highly hydrophobic transmembrane do-
mains, each consisting of six membrane-spanning helices
(40, 42, 43). Their activity as transporters is dependent on
their interaction with ATP at the NBF (44-46) with fur-
ther regulation via phosphorylation of serine/threonine
residues in the region linking the two symmetric halves in
some cases as well (47, 48). ABC transporters are involved
in diverse processes, such as signal transduction, protein
secretion, and drug and antibiotic resistance. Moreover,
most of the mammalian ABC transporters identified thus
far are clinically relevant (49). Cystic fibrosis is caused by mu-
tations in the gene encoding the cystic fibrosis transmem-
brane conductance regulator (CFTR), a cAMP-dependent
chloride channel (50, 51); mutations in the sulfonylurea
receptor (SUR) are associated with hypoglycemia in in-
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TABLE 3. Summary of reported mutations in the hABC-1 transcript in Tangier disease kindreds

Predicted Protein

Kindred Genotype Nucleotide Change Alteration Protein Domain(s) Affected
TD120 homozygote nt 1764 del (G) frameshift (aa 5750 stop) all
TD2 homozygote 3’-genomic del (—1500 nt) Truncation (—427 aa) 2nd transmembrane; C-terminal NBF
TD3 homozygote nt 2744 (A0 G) aa 875 (Asn2a[] Ser) Walker A motif of N-terminal NBF
TD4 compound heterozygote a.nt2750 (COT) aa 877 (AlaOd val);
b.nt 1136 (TO C) aa 339 (Vall Ala)
TD5 compound heterozygote a.nt2750 (CO T); aa 877 (Alad Val); Walker A motif of N-terminal NBF;
b.nt 1709 (GO C) aa 530 (TrpO Ser) 1st intracellular
TD62! compound heterozygote a.nt 4369 (TOC) aa 1417 (CyseO Arg) 2nd transmembrane; C-terminal NBF
b. exon 24 (GO C)
TD7 homozygote nt 1730 (A G) aa 537 (GIn2dJ Arg) 1st transmembrane
TD822 homozygote nt 1764 del (G) frameshift (aa 5750 stop) all
TD9 homozygote nt 1524-37 ins/del aa 468 (38 aa ins/6 aa del) N-terminal transmembrane
(110 bp Alu-sq)
TD10 homozygote nt 3105 del (2 bp) frameshift (aa 10840 stop) N-terminal NBF
TD11 compound heterozygote a.nt1701 (CO G); stop codon 1st transmembrane; N-terminal NBF
b. nt 3105 ins frameshift (aa 10850 stop)
TD122 homozygote nt 1730 (AO G) aa 537 (GIn30 Arg) 1st transmembrane
TD13 compound heterozygote a.nt1700 (COT) aa 527 (Arg0 Trp) 1st transmembrane
b. not reported
TD14 compound heterozygote a. nt 5062 ins (138 bp) frameshift N-terminal NBF
b. nt 5697 ins (14 bp) stop codon
TD15% homozygote nt 3283 del (2 bp) frameshift (aa 10840 stop) N-terminal NBF

Boldface, CHD.
a Conserved amino acid.

fancy (52); and the human P-glycoprotein confers resis-
tance to chemotherapeutic drugs on tumor cells (53). In
this report, we confirm the involvement of the ABC family
member hABC-1 in the pathogenesis of TD.

We have identified four novel mutations in hABC-1 in
four unrelated TD kindreds. Each of these mutations
would be predicted to disrupt hABC-1 function in a differ-
ent manner based on their locations. The point mutation
identified in proband 420 is found in a highly conserved
region of the second transmembrane domain of hABC-1
(41), suggesting that it may have functional importance.
The charge difference caused by this substitution, un-
charged to positive, could induce conformational alter-
ations, ultimately preventing the necessary interaction
between the ABC subunit and the transmembrane do-
main. The missense mutation observed in the Japanese
probands (TD18) occurs in a long, charged linker region
which is rich in potential phosphorylation sites (38). This
region is very similar to that of the regulatory domain of
CFTR, where mutations responsible for cystic fibrosis have
been localized (54). Frameshift mutations, one due to an
8 bp deletion and the other to a 4 bp insertion, were
found to cause premature terminations in hABC-1 in two
of our four probands. The deletion results in a severely
truncated protein, such that only 217 of the 2201 amino
acids of hABC-1 are encoded. Thus, the hABC-1 protein
of TD17 consists solely of the first intracellular domain
and is devoid of both ATP-binding cassettes. It is interest-
ing to note that this proband has significant atheroscle-
rotic disease, requiring bypass surgery at age 46. Con-
versely, proband TD19, who has a premature stop codon
in the C-terminus of hABC-1, does not have CHD and is
the same age as proband TD17. The mutation in TD19 re-

sults in the truncation of the final 46 amino acids of
hABC-1. This mutation causes a frameshift in the C-terminus
of hABC-1, eliminating a sequence (serine-tyrosine-valine
or SYV) to which PDZ domain-containing proteins are
known to bind. As PDZ domains are thought to play an
important role in mediating protein—protein interactions
between membrane-associated proteins, this mutation
suggests that the hABC-1 transporter requires such a pro-
tein interaction to function properly.

Now that the molecular defect in TD has been identi-
fied, the next critical step will involve defining those muta-
tions that affect the functionality of hABC-1 to a greater
extent than others, improving our understanding of the
mechanisms responsible for premature CHD. In this re-
gard, it is clear that the TD probands with CHD described
thus far have a variety of mutations in the hABC-1 tran-
script, ranging from point mutations to severe truncations
(20-23). Both of the TD probands with CHD described in
the present study had a similar degree of impairment
in apoA-lI-mediated cholesterol efflux, despite having dra-
matically different mutations. The proband of TD17 had a
severe truncation of the hABC-1 protein, lacking all but
the first 217 amino acids of hABC-1, whereas the proband
of TD16 had a missense mutation affecting the second
transmembrane domain of hABC-1. This suggests that the
second transmembrane domain of hABC-1 may be critical
to reverse cholesterol transport (RCT) and the progres-
sion of atherosclerosis. The compound heterozygote de-
scribed by Brooks-Wilson and colleagues (21) also had a
missense mutation in the C-terminal transmembrane
domain of hABC-1. Although the development of prema-
ture atherosclerosis in TD patients may be mediated, in
part, by the nature of the mutation(s) in hABC-1, the
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prevalence of CHD in TD homozygotes is approximately
6-fold higher than normal between the ages of 35 and 65
years (3). This, taken together with the evidence that TD
heterozygotes are also at increased risk for premature
CHD (55), emphasizes the overall importance of RCT in
the process of atherogenesis.

The precise mechanism by which hABC-1 regulates
HDL metabolism remains to be elucidated; however, it has
been demonstrated that hABC-1 is a sterol-sensitive gene
that is inversely regulated by cholesterol import and ex-
port (39). As two other ABC family members, multidrug
resistant (MDR)-1 and MDR-3 P-glycoproteins, have been
shown to translocate lipids across the plasma membrane
with broad and limited specificity (56), respectively, it is
not unreasonable to propose that hABC-1 may similarly be
involved in the transport of cholesterol and/or phospho-
lipids. In support of this hypothesis, it has been shown
that cholesterol efflux to HDL is influenced by the choles-
terol and sphingolipid content of cell membrane micro-
domains (39, 57, 58). Thus, a mutant hABC-1 protein
would be expected to cause the intracellular accumulation
of lipids, precisely what is observed in the macrophages of
TD patients in whom cholesterol efflux is clearly defec-
tive. The inability of TD homozygotes to efflux cellular
cholesterol leads to lipid-poor HDL particles which are
rapidly catabolized (4-6), resulting in dramatic reduc-
tions of plasma HDL-C levels. Further evidence for the role
of hABC-1 in signal transduction and, ultimately, cholesterol
efflux comes from the fact that it is up-regulated by cAMP-
dependent protein kinases via phosphorylation (59).

In summary, we have localized hABC-1 to a 250 kb re-
gion of 9931, and reported four novel mutations in hABC-
1 that are associated with TD in four unrelated kindreds.
Although a rare genetic disorder, identification of the pre-
cise molecular defect responsible for TD will undoubtedly
contribute to our comprehension of HDL metabolism
and provide new insight into the role of lipid dysfunction
in the genesis of the axonal peripheral neuropathy that
often accompanies TD. In the long term, these investiga-
tions should lead to the formulation of novel therapies for
the treatment of common HDL deficiency states. il
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In the article “Novel mutations in the gene encoding ATP-binding cassette 1 in four Tangier disease kin-
dreds” by Margaret E. Brousseau et al. published in the March 2000 issue of the Journal of Lipid Research (Vol-
ume 41, pages 433-441), the authors incorrectly reported the amino acid substitution in the TD18 kindred.
The corrections shown below appear in boldface.

The GO A substitution, as shown in Table 2 on page 438, results in the replacement of an aspartic acid (Asp)
residue with asparagine (Asn), not leucine (Leu). Therefore (AspUAsn) should appear instead of
(Asp0 Leu). Additionally, in the Results section on page 437, four lines from the bottom in the right column,
the sentence should read “This mutation causes a change of amino acid from aspartate to asparagine at
codon 1229, resulting in the substitution of a negatively charged amino acid residue with an uncharged
residue."

In a letter to the Editor, the authors state “Because this mutation involves a conserved amino acid (Asp) and
results in the replacement of a negatively charged amino acid with an uncharged residue in the highly
charged linker region, an important regulatory domain of ABCAI, this error does not change our conclu-
sions about this mutation in any way. Moreover, we clearly identified this mutation on both alleles in each TD-
18 subject, indicating homozygosity for this missense mutation.”

The jJournal of Lipid Research and the authors apologize for this error.
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