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Abstract Tangier disease (TD), caused by mutations in the
ATP-binding cassette 1 (ABC-1) gene, is a rare genetic disor-
der characterized by severe deficiency of high density lipo-
proteins (HDL) in the plasma, hypercatabolism of HDL,
and defective apolipoprotein (apo)-mediated cellular cho-
lesterol efflux. In the present study, we assessed plasma
lipid concentrations, HDL particle size and subspecies, and
cellular cholesterol efflux in 9 TD heterozygotes from a kin-
dred in which the proband was homozygous for an A C
missense mutation at nucleotide 5338 of the ABC-1 tran-
script. Relative to age- and gender-matched controls from
the Framingham Offspring Study (FOS), TD heterozygotes
had significant reductions (P < 0.000) in HDL-C (—54% fe-
male; —40% male) and apoA-I (—33% female; —37% male)
concentrations, as well as significantly less cholesterol
(—68% female; —58% male) distributed in the largest HDL
subclasses, H5 and H4. Consequently, HDL particle size (nm)
was significantly smaller (P < 0.000) in TD heterozygotes
(8.6 = 0.6 female; 8.7 = 0.1 male) relative to FOS controls
(9.4 £ 0.4 female; 9.0 = 0.3 male). Further studies demon-
strated that apoA-I-mediated cellular cholesterol efflux in TD
heterozygotes was essentially half that of controls (11 = 2 vs.
20 = 3% of total [*H]cholesterol, P < 0.001), with strong cor-
relations observed between cholesterol efflux and both HDL-
C level (r = 0.600) and particle size (r = 0.680).H8 In sum-
mary, our data demonstrate that apolipoprotein-mediated
cholesterol efflux is aberrant in TD heterozygotes, as it is in
homozygotes. This finding, along with the associations ob-
served between HDL-C concentration, HDL particle size,
and cholesterol efflux, supports the concept that plasma
HDL-C levels are regulated, in part, by cholesterol efflux,
which in turn influences HDL particle size and, ultimately,
HDL apoA-I catabolism.—Brousseau, M. E., G. P. Eberhart, J.
Dupuis, B. F. Asztalos, A. L. Goldkamp, E. J. Schaefer, and
M. W. Freeman. Cellular cholesterol efflux in heterozygotes
for Tangier disease is markedly reduced and correlates with
high density lipoprotein cholesterol concentration and par-
ticle size. J. Lipid Res. 2000. 41: 1125-1135.
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First described by Fredrickson and colleagues in 1961
(1), Tangier disease (TD) is a rare genetic disorder char-
acterized by severe deficiency of high density lipoproteins
(HDL) in the plasma. A hallmark of this disease is the ac-
cumulation of cholesteryl esters (CE) in various tissues of
the body, most notably in cells derived from the mononu-
clear phagocyte system, leading to hyperplastic orange
tonsils, as well as to lymphadenopathy, hepatosplenome-
galy, and peripheral neuropathy (2). TD homozygotes typ-
ically have plasma HDL cholesterol (C), apolipoprotein A-I
(apoA-I), and low density lipoprotein (LDL) cholesterol
levels that are approximately 5, 1, and 40% of normal, re-
spectively (3), whereas the HDL-C and apoA-I levels of
heterozygotes are 50% of normal (2). Although there is
an overall increased incidence of coronary heart disease
(CHD) in TD homozygotes (3), it is not as extensive as
might be predicted on the basis of the strikingly low HDL-C
concentrations. This could be due, in part, to the reduction
of LDL-C levels observed in these patients or to specific al-
terations in HDL metabolism that result from the TD gene
defect.

A number of kinetic studies utilizing radiolabeled HDL
and apoA-I have been conducted to determine the meta-
bolic basis for the hypoalphalipoproteinemia in TD (4-
6). The collective results of these studies have established
that the reduced levels of HDL-C in TD are directly attrib-
utable to the hypercatabolism of HDL constituents, rather
than to the defective biosynthesis of HDL apolipopro-

Abbreviations: ABC-1, ATP-binding cassette 1; apo, apolipoprotein;
BSA, bovine serum albumin; C, cholesterol; CE, cholesteryl ester;
CHD, coronary heart disease; DMEM, Dulbecco’s modified Eagle’s me-
dium; FCR, fractional catabolic rate; FOS, Framingham Offspring
Study; HDL, high density lipoprotein; LDL, low density lipoprotein;
MNPs, mononuclear phagocytes; NMR, nuclear magnetic resonance;
TD, Tangier disease; TG, triglyceride.
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teins. Confirmation of the absence of a biosynthetic defect
is provided by the fact that the apoA-I gene sequence is nor-
mal in TD patients (7, 8). More recent work has focused on
defining the cellular defect observed in TD patients. The
first evidence of an abnormality of cellular lipid metabo-
lism in TD was provided by experiments showing that TD
mononuclear phagocytes (MNPs) degraded internalized
HDL completely in lysosomes, rather than resecreting in-
ternalized HDL particles, as did the monocytes taken
from control subjects (9-11). In addition to this func-
tional abnormality, distinct morphological defects in the
Golgi apparatus and vesicular compartment have also
been observed in the fibroblasts and MNPs of TD homozy-
gotes (12). Several studies have further documented that
apoA-I-mediated cholesterol efflux from TD fibroblasts is
severely impaired, whereas passive desorption of choles-
terol from TD cell plasma membranes to lipoprotein ac-
ceptors is intact (13—-15). Brefeldin, an inhibitor of intra-
cellular vesicular trafficking, has been shown to block
apoA-I-mediated lipid efflux from normal fibroblasts (13,
16), without affecting the residual efflux in TD cells, sug-
gesting that the impaired efflux in TD fibroblasts is due to
a defect in a brefeldin-sensitive pathway. Moreover, the
translocation of newly synthesized cholesterol to the plasma
membrane, which is aberrant in TD cells (14, 15), is de-
pendent on protein kinase C (14, 17), implicating im-
paired signal transduction in the pathogenesis of TD. This
inability to properly translocate cellular lipids from intracel-
lular stores to the plasma membrane provides a mechanis-
tic explanation for the excess lipid deposition observed in
TD cells.

While much progress has been made in our under-
standing of the metabolic basis of TD over the years, the
molecular defect responsible for TD had remained elusive
until recently. It is now known that mutations in the gene
encoding ATP-binding cassette 1 (ABC-1) are the cause of
TD (18-20). The search for the TD gene by genetic link-
age analysis was particularly difficult because of the lack of
unique biochemical markers that unambiguously distin-
guish TD heterozygotes. Although HDL-C levels are
reduced in TD heterozygotes relative to age- and gender-
matched controls, there are several genetic and environ-
mental factors that influence HDL-C levels in the general
population (21). In view of the severe impairment of
apoA-I-mediated cellular cholesterol efflux seen in TD ho-
mozygotes, we hypothesized that fibroblasts from TD het-
erozygotes would have significantly less efflux than those
of control subjects, providing a biochemical confirmation
for the assignment of heterozygosity for TD. We further
postulated that this diminished cholesterol efflux would
result in decreased HDL particle size in heterozygous TD
subjects.

In the present study, we demonstrate that ) HDL-C levels,
HDL particle size, and a-migrating HDL subpopulations
are significantly reduced in a cohort of TD heterozygotes
relative to age- and gender-matched controls; i) apoA-I-
mediated cholesterol efflux in this cohort of TD heterozy-
gotes is 50% of that observed in control subjects; and i)
cholesterol efflux in these TD heterozygotes correlates
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with HDL-C level and HDL particle size. These data repre-
sent an unequivocal demonstration that cellular choles-
terol efflux to apoA-I is defective in TD heterozygotes, as it
is in homozygotes, suggesting that the ABC-1 transporter
is stoichiometrically coupled to the process of cellular
cholesterol efflux.

MATERIALS AND METHODS

Subjects

The proband of the kindred presented in Fig. 1, individual
420, has been described elsewhere in detail (case 52) (3).
Proband 420 developed neuropathy at age 25 years, CHD at age
46 years, and died of this disease at age 58 years. This patient was
found to be homozygous for an A[J C missense mutation at nu-
cleotide 5338 of the ABC-1 transcript, resulting in the substitu-
tion of an uncharged amino acid, asparagine, with a positively
charged one, histidine (22). This point mutation is located in a
highly conserved region of the second transmembrane domain
of the ABC-1 protein, suggesting that it has functional impor-
tance. The charge difference caused by this substitution could
induce conformational alterations, ultimately preventing the
necessary interaction between the ABC subunit and the trans-
membrane domain.

Individuals in this TD pedigree with HDL-C values below or at
the 10th percentile of those for age- and gender-matched con-
trols from the Lipid Research Clinics (23) and Framingham Off-
spring Study (FOS) (24) reference populations were designated
as presumptive TD heterozygotes. One obligate heterozygote, in-
dividual 313, and 8 presumptive TD heterozygotes from this ped-
igree were studied, including 2 of the proband’s brothers, 1
nephew, 1 paternal uncle, 3 paternal cousins (1 male, 2 female),
and 1 maternal cousin (male), as shown in Table 1. Only 2 of
these individuals, 310 and 429, the former of whom is now de-
ceased, have established CHD. The patient’s mother, individual
313, is 79 years old and does not have neuropathy or CHD.
Plasma lipid, apoA-I, and HDL size data of TD heterozygotes
were compared with those of age- and gender-matched subjects
participating in cycle 4 of FOS, whereas data derived from HDL
subpopulation analysis by two-dimensional gel lipoprotein elec-
trophoresis were compared with those of 9 age- and gender-
matched unaffected relatives from the kindred. For the plasma
lipid and apoA-I comparisons, 1,911 females and 1,820 males
from the FOS were used, whereas a random subset (113 females;
70 males) of this population was used in the HDL subclass
analysis by nuclear magnetic resonance (NMR).

Genetic linkage and haplotyping analysis

Two-point linkage analysis was performed with the MLINK
and ILINK components of the program LINKAGE (25), model-
ing low HDL-C as a codominant trait. The allele frequencies at
each marker were estimated by the USERM13 program (26). Sub-
sequently, haplotyping analysis was performed with SIMWALK2
software (27).

Plasma lipid and apoA-I determinations

Blood was collected into tubes containing 0.01% EDTA and
centrifuged at 4°C to obtain plasma. Plasma total cholesterol
(TC) and triglyceride (TG) concentrations in TD heterozygotes
and in FOS controls were determined by enzymatic assays, as
previously described (28). Plasma HDL-C concentrations were
assessed subsequent to dextran sulfate —magnesium precipita-
tion of apoB-containing lipoproteins by the method of Warnick,
Benderson, and Albers (29). Non-HDL-C was calculated as the
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TABLE 1. Plasma lipid and apoA-I concentrations in Tangier disease heterozygotes and Framingham Offspring Study controls

Concentration
ID
Subject Number Age Gender TC HDL-C Non-HDL-C TG ApoA-1
yr mg/dL

Proband 420 56 F 137 2 135 185 2
Mother 313 79 F 194 35 159 2104 140
Brother 421 55 M 203 22 181 269 84
Brother 423 47 M 212 27 185 173 76
Nephew 508 13 M 124 31 93 74 95
Paternal uncle 310 89 M 145 27 118 112 100
Paternal cousin 407 50 M 134 18 116 150 71
Paternal cousin 410 35 F 209 16 193 258 77
Maternal cousin 425 55 M 225 30 195 120 85
Paternal cousin 429 53 F 246 27 219 2234 93
TD heterozygotes

Mean *= SD (n = 3) 56 = 22 F 216 + 27 26 = 10° 190 = 30 230 + 25° 103 + 33

Mean = SD (n = 6) 52 + 24 M 174 + 44¢ 26 = b 148 + 44¢ 150 + 68 85 = 11°
FOS controls

Mean *= SD (n = 1,911) 51 = 10 F 206 = 40 56 = 15 151 *£ 43 111 £ 98 154 £ 28

Mean = SD (n = 1,820) 52 = 10 M 205 * 37 43 + 12 162 + 39 142 + 104 134 = 23

“Nonfasting triglyceride concentration.

® P < 0.000; ¢ P < 0.01, versus age- and gender-matched controls from cycle 4 of FOS.

difference between TC and HDL-C. ApoA-I concentrations in the
plasma were measured with a Spectrum CCX analyzer (Abbott Di-
agnostics, Abbott Park, IL) with an immunoturbidometric assay
using reagents and calibrators from Incstar (Stillwater, MN) (24).

HDL subclass concentrations and
particle size analysis by NMR

The distribution of HDL subclasses and HDL particle size
were determined by proton NMR spectroscopy, as previously de-
scribed (30, 31). The concentrations of 5 HDL subclasses are
provided by this methodology: H5, H4, H3, H2, and H1, listed
from largest to smallest with respect to HDL particle size. Specif-
ically, H5 and H4 are categorized as large HDL (8.8-13.0 nm),
H3 and H2 as intermediate HDL (7.8-8.8 nm), and H1 as small
HDL (7.3-7.7 nm). Concentrations of HDL subclasses are ex-
pressed in units of cholesterol (mg/dL). HDL subclass distribu-
tions determined by NMR have been shown to correlate closely
with those obtained by gradient gel electrophoresis (30).

HDL subpopulation analysis by two-dimensional
gel lipoprotein electrophoresis

The distribution of HDL subpopulations was determined by
nondenaturing two-dimensional agarose—polyacrylamide gel
electrophoresis as previously described (32, 33). Electrophoretic
transfer, fixing, blocking, and immunolocalization with antise-
rum directed against human apoA-I were also performed as de-
scribed (34), and bound radioactivity was quantified by Phos-
phorlmager analysis (Molecular Dynamics, Sunnyvale, CA).
With this system, we are able to separate and quantify the follow-
ing apoA-I-containing HDL subpopulations: pre-3, o, and pre-a.
Criteria for designation of al, a2, and a3 HDL subfractions are
based on integration of a-migrating HDL in the two-dimensional
system. Three distinct peaks are observed, providing a basis for
the designation of the subfractions (34). Concentrations of apo-
lipoproteins within the HDL subpopulations were calculated by
multiplying the percent distribution of the apoA-I-containing
HDL subpopulation with the plasma concentration of apoA-I.
125]-]abeled high molecular weight standard proteins (Pharma-
cia, Piscataway, NJ) were applied simultaneously with the plasma
samples to each 3-34% gradient polyacrylamide gel in the sec-
ond dimension to determine the size of HDL subpopulations.

1128  Journal of Lipid Research Volume 41, 2000

Lipoprotein and apolipoprotein isolation

HDL, and HDL; were prepared by sequential ultracentrifuga-
tion of normal plasma in the density intervals of 1.063 to 1.125
and 1.125 to 1.21 g/mlL, respectively, using standard methods
(35). HDL3 was passed over a heparin—agarose type 1 column
(Sigma Chemicals, St. Louis, MO) to remove apoE. ApoA-I was
isolated from delipidated HDL, as described (36). Protein was mea-
sured by the method of Lowry et al. (37).

Cell culture

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 Dulbecco’s modified Eagle’s medium
(DMEM) with 15% fetal bovine serum (FBS), penicillin (50 U/
mL), and streptomycin (50 wg/mL). Explant culture was per-
formed either in the Cytogenetics Laboratory of the Brigham and
Women’s Hospital (Boston, MA) or in the Cytogenetics Depart-
ment of the New England Medical Center (NEMC, Boston, MA).
Two control primary fibroblast cell lines from the former labora-
tory, 1 from the NEMC laboratory, and 2 from the American Type
Culture Collection (Rockville, MD) were used for the compari-
son studies. All fibroblasts were used between passage 5 and 12.

Cholesterol loading and labeling of cells

Fibroblasts were grown to 60—80% confluence in DMEM with
10% FBS and labeled by incubating in medium with 0.2-0.5 wCi
of [®H]cholesterol per mL (New England Nuclear, Boston, MA)
until confluent, approximately 72 h. Labeled cells were choles-
terol enriched by incubation in DMEM with fatty acid-free bo-
vine serum albumin (DMEM/FAF-BSA, 2 mg/mL) and nonlipo-
protein cholesterol (30 pg/mL) from an ethanol stock solution
for 24 h. Cells were incubated for 48 h in DMEM with FAF-BSA
(1 mg/mL) to allow cellular cholesterol pools to equilibrate
(38), before the initiation of the efflux measurements.

Measuring cellular cholesterol efflux

Efflux of radiolabeled cholesterol from cells was measured as
previously described (39). Briefly, cholesterol-loaded [®*H]cho-
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lesterol-labeled cells were incubated in DMEM /FAF-BSA with in-
creasing levels of apoA-I for 16 h at 37°C. After incubation with
acceptors, efflux medium was removed and centrifuged to remove
cells and debris, and an aliquot of medium was counted directly in
a scintillation counter. After washing with phosphate-buffered sa-
line (PBS), cell lipids were extracted from culture dishes with
hexane-isopropanol 3:2 (v/v), and then evaporated to dryness
under nitrogen gas, reconstituted in chloroform, and subjected
to thin-layer chromatography. Cell proteins were dissolved in 0.1
N NaOH and aliquots quantified by the method of Lowry. The
amount of cholesterol appearing in the medium was expressed
as a percentage of the sum of [3H]cholesterol found in the me-
dium and in cellular unesterified and esterified cholesterol.

Statistical analysis

The SYSTAT statistical program (SPSS 9.0 for Windows; SPSS,
Chicago, IL) was used for all analyses. Mean differences between
TD heterozygotes and control subjects were assessed for statistical
significance (P < 0.05) with unpaired t-tests. Correlation coeffi-
cients were determined by the method of Pearson.

RESULTS

Haplotyping analysis

The results of haplotyping analysis of 13 polymorphic
microsatellite markers on chromosomal band 9q31 are
presented in Fig. 1. The markers are listed in Fig. 1 with
respect to centromericl] telomeric boundaries. The pro-
band, individual 420, was homozygous for all the markers
presented in Fig. 1, with the exception of the first and last.
The proband’s mother, individual 313, was homozygous
for markers D9S53 and D9S306, as were her two brothers,
individuals 421 and 423. Individual 508, the proband’s
nephew, was heterozygous for all markers but D9S1866,
whereas the proband’s maternal cousin, subject 425, was
homozygous for the greatest number of microsatellite
markers at 4. In this pedigree, we detected a maximum
LOD score of 5.15 at a recombination fraction of 0.0 at
D9S1784, indicating that this particular marker was most
informative in this kindred. All HDL-deficient individuals
designated as presumptive heterozygotes were found to
have the same haplotype.

Plasma lipid and apoA-I concentrations

The plasma lipid and apoA-I concentrations of our TD
proband, 9 related TD heterozygotes (3 females, 6 males),
and age- and gender-matched FOS control subjects are
provided in Table 1. The proband, individual 420, had an
HDL-C of 2 mg/dL, a non-HDL-C of 135 mg/dL, and fast-
ing triglycerides of 185 mg/dL. The HDL-C level of the
obligate heterozygote, the proband’s mother, was 35 mg/
dL, with non-HDL-C and triglyceride concentrations of
159 and 210 mg/dL, respectively. The proband’s 2 brothers,
individuals 421 and 423, also had markedly reduced con-
centrations of HDL-C and apoA-I. The remaining 6 rela-
tives had HDL-C levels ranging from 16 mg/dL in a 35-
year-old female cousin to 31 mg/dL in a 13-year-old nephew.
Comparable reductions were observed in plasma apoA-I
concentrations.

As compared with age- and gender-matched controls

from the Framingham Offspring Study, the 3 female TD
heterozygotes from this pedigree had significantly re-
duced HDL-C (-54%, P < 0.000) and apoA-I (-33%, P <
0.000) concentrations, as well as a 2-fold increase in
plasma triglycerides. However, because the samples from
individuals 313 and 429 were obtained in the nonfasting
state, the latter increase must be interpreted with caution.
The 6 male TD heterozygotes also had markedly reduced
HDL-C (-40%, P < 0.000) and apoA-I (-37%, P < 0.000)
concentrations relative to age- and gender-matched FOS
controls. In addition, both total and non-HDL cholesterol
levels were significantly decreased (P < 0.01) in male TD
heterozygotes (—15 and —9%, respectively). Plasma tri-
glyceride concentrations were not different between male
TD heterozygotes and FOS controls.

HDL subclass concentrations and particle size

Table 2 shows the results of plasma HDL subclass analy-
sis, as assessed by NMR, in TD heterozygotes and FOS con-
trols. The cholesterol concentrations (mg/dL) of 5 sub-
classes of HDL are provided for affected and unaffected
individuals, with H5 having the largest particle size and
H1 the smallest. The only HDL subclass that had measur-
able cholesterol in the proband was H1, the subclass cor-
responding to the smallest HDL particles. Thus, the HDL
particle size of proband 420 was only 7.5 nm. The
proband’s mother, individual 313, had the majority (80%)
of HDL-associated cholesterol distributed in the H4 and
H3 subclasses, with a mean HDL particle size of 9.2 nm.
Relative to age- and gender-matched FOS subjects, the fe-
male TD heterozygotes from this pedigree had signifi-
cantly less cholesterol distributed in the H5 subclass (8%
TD vs. 25% FOS) but approximately 2.5-fold more choles-
terol distributed in the H3 (42% TD vs. 18% FOS) and H1
(23% TD vs. 9% FOS) subclasses, when expressed as a per-
centage of total HDL-C concentration. Overall, this re-
sulted in a mean HDL particle diameter for female TD
heterozygotes of 8.6 * 0.6 nm which was significantly
smaller than that of 9.4 = 0.4 nm for female FOS controls.
Similarly, a significant reduction in the cholesterol con-
tent of the Hb5 subclass was noted in male TD heterozy-
gotes, as compared with male FOS control subjects (8%
TD vs. 19% FOS). A 2-fold increase in the level of H1 cho-
lesterol was also observed in male TD heterozygotes rela-
tive to controls (19% TD vs. 9% FOS). The preceding dif-
ferences in HDL cholesterol subclass distribution resulted
in a mean HDL particle size for male TD heterozygotes of
8.7 £ 0.1 nm, which was significantly smaller than that
0f 9.0 = 0.3 nm for FOS males.

HDL subpopulation analysis by two-dimensional
gel lipoprotein electrophoresis

To characterize further the HDL subpopulations of
TD heterozygotes, we performed nondenaturing two-
dimensional gel electrophoresis. Data for the 9 TD het-
erozygotes, as well as 9 age- and gender-matched relatives,
are presented in Table 3. In this methodology, HDL sub-
populations are defined by size and charge, with pre-3-
migrating HDL being smaller and lipid poor relative to a-
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TABLE 2. Plasma HDL subclass concentrations and particle size in Tangier disease heterozygotes
and Framingham Offspring Study controls

Concentration
ID Number HDL-C Hb5¢ H4 H3 H2 H1 HDL Size
mg/dL nm
420 2 0 0 0 0 1 7.5
313 35 4 13 15 0 3 9.2
421 22 2 0 18 0 4 8.6
423 27 4 10 8 5 9 8.8
508 31 3 7 8 3 11 8.7
310 27 2 0 10 10 2 8.6
407 18 2 0 13 2 1 8.8
410 16 0 4 0 0 8 8.1
425 27 0 19 5 0 4 8.9
429 30 1 3 19 0 6 8.5
TD heterozygotes
Female mean = SD 26 = 10° 2+ 2 7+ 6° 11 =10 0=+0° 6=*+3 8.6 = 0.6°
(n = 3) (8%) (27%) (42%) (0%) (23%)
[—86%] [—57%] [+10%] [100%] [+20%]
Male mean = SD 26 *+ 5o 2+ 1¢ 6+ 74 10 =5 3+ 40 5=+ 4¢ 8.7+ 0.1¢
(n = 6) (8%) (23%) (39%) (12%) (19%)
[=75%] [—33%] [—17%] [=70%] [—44%]
FOS Controls
Female mean = SD 56 = 15 148 17 = 10 10 =6 116 5+ 4 94 *04
(n =113) (25%) (30%) (18%) (20%) (9%)
Male mean *= SD 43 =12 8+ 4 9+8 12*+5 107 9+5 9.0 £0.3
(n = 70) (19%) (21%) (28%) (23%) (9%)

“Hb5 has the largest particle size followed by H4 > H3 > H2 > H1. Values in parentheses represent the percent contribution of the subclass rel-
ative to the total HDL-C concentration, while values in brackets represent the percent difference from FOS controls.

¥ P < 0.000, versus age- and gender-matched controls from cycle 4 of FOS.

“P<0.001, versus age- and gender-matched controls from cycle 4 of FOS.

4 P < 0.03, versus age- and gender-matched controls from cycle 4 of FOS.

and pre-a-migrating HDL. No significant differences were
observed in the apoA-I-containing pre-B-migrating HDL
subpopulations of TD heterozygotes as compared with
age- and gender-matched relatives. The most dramatic dif-
ferences noted between the affected and unaffected fam-
ily members occurred in the a-migrating HDL subpopula-
tions. The mean concentration of the largest a-migrating
HDL subpopulation, a1, was substantially reduced (—71%)
in TD heterozygotes relative to unaffected subjects. This
was similarly the case for the a2 HDL subpopulation, the
mean level (mg/dL) of which was 34 = 10 in TD hetero-
zygotes versus 49 = 16 in unaffected relatives. Concentra-
tions of the a3 HDL subpopulation were also reduced in

TD heterozygotes, with the 23% reduction just failing to
achieve statistical significance (P = 0.06). Reductions
were also observed in the concentrations of pre-a-migrating
HDL subpopulations when the 2 groups were compared.
The mean concentration of pre-al-migrating HDL was 67%
lower in TD heterozygotes than in unaffected family mem-
bers, while those of pre-a2 and pre-a3 were each reduced by
50%. Interestingly, the percent distribution of apoA-I-
containing HDL subpopulations was not dramatically differ-
ent between affected and unaffected relatives, with the prin-
cipal exception being the greater than 50% reduction in the
contribution of the al HDL subpopulation to the total
plasma apoA-I concentration in TD heterozygotes.

TABLE 3. Plasma concentrations of apoA-I-containing HDL subpopulations in Tangier disease heterozygotes
and unaffected relatives

Concentration

Group Pre-p1 Pre-p2 al a2 V%] Pre-al Pre-a2 Pre-a3
mg/dL
TD heterozygotes 9=*38 3x2 7+ 4 34 + 10° 33+6 1+1¢ 2+ 10 1+1
n=9) (10%) (3%) (8%) (37%) (37%) (1%) (3%) 2%)
[—39%] [—25%] [=71%] [—31%] [—23%] [—67%] [—50%] [—50%]
Unaffected relatives 13+9 4=*2 24+9 49 + 16 43 + 13 3x1 4+1 2*1
n=9) (9%) (3%) (17%) (34%) (30%) 2%) (3%) (1%)

Values in parentheses represent the percent contribution of each apoA-I-containing HDL subpopulation to the total plasma apoA-I concentra-
tion, while values in brackets represent the percent difference from the mean value of unaffected relatives.

«P<0.001; ®* P< 0.005; <P < 0.01.
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Fig. 2. Cholesterol efflux from the fibroblasts of TD homozygote
420 (solid triangles), related TD heterozygotes (solid squares, n =
9), and control subjects (solid diamonds, n = 5). Subconfluent
cells were labeled with [3H]cholesterol, followed by incubation with
exogenous unlabeled cholesterol. Efflux was performed in tripli-
cate for each individual, with apoA-I concentrations in the medium
ranging from 0 to 5 wg/mL. Efflux medium was then counted, cell
lipids extracted, and extracts separated by TLC for the isolation of
esterified and unesterified cholesterol. Means = SD for each apoA-1
concentration are expressed as a percentage of total (medium
plus cell) [*H]cholesterol. * P < 0.001 versus mean value of control
subjects.

Cellular cholesterol efflux

The ability of apoA-I to promote efflux of cholesterol
from the fibroblasts of proband 420, TD heterozygotes,
and control subjects is summarized in Fig. 2. In these
studies, fibroblasts were enriched with cholesterol by incu-
bation with nonlipoprotein cholesterol, before incubation
with either albumin alone or increasing concentrations of
apoA-I. Maximal cellular cholesterol efflux from the fibro-
blasts of our proband in the presence of apoA-I was virtu-
ally identical to that seen with albumin alone, with ap-
proximately 2% of total [®H]cholesterol appearing in the
medium. Maximal cellular cholesterol efflux from the
cells of presumptive TD heterozygotes averaged 11 * 2%

120
1007

80

% Control Efflux

i T s - B A B
T A Sl A Sl

Individual

60
401
201
sl =)

of total [®*H]cholesterol. Although this was substantially
greater than that from our proband, this value was signifi-
cantly lower (P < 0.001) than that of 20 * 3 seen in con-
trol subjects.

In Fig. 3, apoA-Irmediated cholesterol efflux for each of
the 9 TD heterozygotes (1 obligate, 8 presumptive) is ex-
pressed relative to control subjects, with the latter assigned a
value of 100%. ApoA-I-mediated cholesterol efflux was cal-
culated as the maximal cholesterol efflux in the presence of
apoA-I minus the cholesterol efflux to albumin alone. The
percent of the control efflux value for the TD heterozygotes
in this pedigree ranged from a low of 38% for individual 410
to a high of 63% for individual 429. Individual 410 also had
the lowest HDL-C concentration (16 mg/dL), while individ-
ual 429 had one of the highest HDL-C levels (27 mg/dL).
The mean value of percent control efflux for all 9 TD het-
erozygotes relative to the control value was 51 = 10%, indi-
cating that apolipoprotein-mediated cellular cholesterol ef-
flux is essentially halfnormal in TD heterozygotes.

Associations between HDL-C concentration,
HDL particle size, and cholesterol efflux

As depicted in Fig. 4, correlation coefficient analysis of
data from the 9 TD heterozygotes studied demonstrated
that HDL-C concentration was highly correlated with
HDL size (r = 0.816, P < 0.01). The two HDL subclasses
having the largest particle size, H5 and H4, were also sig-
nificantly associated with HDL-C concentration (r =
0.717, P< 0.03; r = 0.768, P < 0.02, respectively). Figure 4
also shows that cellular cholesterol efflux correlated with
HDL-C level (r = 0.600, P = 0.08) and HDL particle size
(r = 0.680, P = 0.06) in these individuals; however, these
associations did not quite reach statistical significance be-
cause of the relatively small number of individuals studied.
None of the HDL subclasses was significantly correlated
with cholesterol efflux, indicating that mean HDL particle
size was a better correlate of efflux than was any specific
HDL subclass. This finding was likely due to the fact that
the distribution of cholesterol among the HDL subclasses
was similar in these individuals.

Fig. 3. ApoA-I-mediated cellular cholesterol efflux
for each of the TD heterozygotes (n = 9) expressed as
a percentage of the value for control subjects (n = 5),
with the latter assigned a value of 100%. ApoA-I-medi-
ated cholesterol efflux was calculated as the difference
between maximal cellular cholesterol efflux in the
presence of apoA-I and cholesterol efflux in the pres-
ence of albumin alone. The percentage of control ef-
flux for the TD heterozygotes in this pedigree ranged
from a low of 38% for individual 410 to a high of 63%
for individual 429. The mean value for the 9 TD het-
erozygotes was 51 = 10% of that for the control sub-
jects, indicating that apoA-I-mediated cholesterol ef-
flux is half-normal in this cohort of TD heterozygotes.
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Fig. 4. Correlations between HDL-C concentration, HDL particle
size, and apolipoprotein-mediated cellular cholesterol efflux in TD
heterozygotes (n = 9). As shown in the upper panel, HDL-C was
highly correlated with HDL particle size (r = 0.816, P < 0.01), as
well as with cellular cholesterol efflux in the presence of apoA-I at
2.5 pg/mL (r = 0.600, P = 0.08; lower panel). In the lower panel, 2
subjects having overlapping values are depicted with an asterisk (*).
The association between HDL particle size and cellular cholesterol
efflux is displayed in the middle panel (r = 0.680, P = 0.06). These
data suggest that cholesterol efflux to apoA-I influences HDL parti-
cle size, which, in turn, mediates HDL-C concentrations.

DISCUSSION

The data presented here represent an unequivocal
demonstration of impaired apoA-I-mediated cellular cho-
lesterol efflux in a cohort of TD heterozygotes. Within this
group, apoA-I-mediated cellular cholesterol efflux ranged

1132 Journal of Lipid Research Volume 41, 2000

from 38 to 62% of that seen in control subjects and was,
on average, half-normal. This report joins a growing body
of evidence establishing that defective apolipoprotein-
mediated cholesterol efflux is a hallmark of Tangier dis-
ease (13-15, 40). The apparent universality of abnormal
cholesterol efflux seen in the TD homozygotes and het-
erozygotes studied to date strongly suggests that the activ-
ity of the TD gene product, ABC-1, tightly controls cellular
cholesterol efflux to apoA-I.

In the present study, we observed that plasma HDL-C and
apoA-I levels were appreciably lower in TD heterozygotes
relative to age- and gender-matched control subjects, con-
firming the previous report of Assmann et al. (41). The
mean HDL-C concentration for female TD heterozygotes
was comparatively more diminished relative to the control
group than was the reduction noted in male TD heterozy-
gotes, —b4 versus —40%, respectively, with the reduction ob-
served in apoA-I concentrations in affected males (—37%)
being slightly greater than that of affected females (—33%).
In addition, only male TD heterozygotes exhibited de-
creases in total and nonHDL cholesterol levels as com-
pared with FOS control subjects, suggesting that an inter-
action may exist between gender and ABC-1 status.

Given the diminished apoA-I-mediated cellular choles-
terol efflux noted in TD heterozygotes, it might be hy-
pothesized that these subjects would, consequently, have
smaller HDL particles relative to control subjects. Data
from NMR analysis presented here confirmed this hypoth-
esis. The decrease observed in TD heterozygotes was less
severe than that observed in the homozygous proband,
suggesting a dose—response effect of ABC-1 and, ulti-
mately, cholesterol efflux on HDL particle size. Further
characterization of HDL subfractions by nondenaturing
two-dimensional gel lipoprotein electrophoresis revealed
that the greatest difference observed between affected
and unaffected relatives from this kindred occurred in the
a-migrating HDL subclass having the largest size, the al
subfraction, with a 71% reduction in the former group.
This finding is consistent with our HDL subclass data, deter-
mined by NMR, which similarly demonstrated that the great-
est differences between TD heterozygotes and unaffected
relatives of both genders were observed in the concentra-
tions of HDL subclasses having the largest particle sizes,
Hb5 and H4. A selective reduction in the al subpopulation
was also the most significant difference reported in a
group of men with HDL deficiency (<35 mg/dL), as com-
pared with those having normal HDL-C levels (42). The
al subfraction consists solely of LpA-I particles (42), de-
creased levels of which have been purported to increase
CHD risk (43). Thus, a reduced concentration of al-
migrating apoA-I particles may contribute to the increased
risk for premature CHD associated with TD (3).

The precise mechanisms underlying the reduction in
plasma HDL-C concentrations observed in TD are not
fully understood. It has been postulated that reduced cel-
lular cholesterol efflux in TD leads to smaller HDL parti-
cles that, in turn, are more rapidly cleared from the
plasma compartment (40, 44). Hypercatabolism of HDL
apoA-l is precisely the metabolic defect that has been re-

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

ported in TD homozygotes (4). This phenomenon has
also been observed in TD heterozygotes, with a 2-fold
increase noted in HDL apoA-I fractional catabolic rate
(FCR), accounting for a 50% reduction in pool size (4).
Additional support for this hypothesis includes the clear
inverse relationship that exists between HDL particle size
and FCR (45-49), with variations in HDL FCR shown to
be a prime determinant of plasma HDL-C concentrations
(46, 47, 50). Hence, our data are consistent with the con-
cept that the impairment of apoA-I-mediated cellular cho-
lesterol efflux seen in TD heterozygotes contributes, in
part, to the reductions in HDL-C concentrations by de-
creasing HDL cholesterol content and, thus, HDL particle
size, ultimately leading to enhanced catabolism of HDL
apoA-L.

The role that ABC-1 plays in facilitating apoA-I-mediated
cellular lipid efflux is unknown. Possible roles for ABC-1
include a direct interaction with apoA-I at the plasma
membrane, participation in a signal transduction pathway
downstream from apoA-I binding, or interactions with lipids
or lipid carriers involved in the transport of cholesterol
and phospholipid from intracellular stores to the plasma
membrane. The latter function is suggested by the recent
finding that the highly homologous transporter, Rim,
appears to function as a lipid “flippase,” translocating
N-retinylidene phosphatidylethanolamine in photorecep-
tor rod outer segment disks to the outer leaflet of the
plasma membrane (51). Moreover, phospholipid efflux
has clearly been shown to be defective in TD homozygotes
(13, 52, 53), further implicating ABC-1 not only in cellular
cholesterol metabolism but in phospholipid metabolism
as well. If the lipid transport process involving ABC-1 re-
quires a stoichiometric coupling of the transporter to the
transported lipid, it could account for the half-normal cho-
lesterol efflux seen in the TD heterozygotes we studied.

The results of correlation coefficient analysis in our
study confirmed a strong association between HDL-C con-
centration and HDL particle size amongst this group of
TD heterozygotes, with an r value of 0.816. This indicates
that HDL particle size was an important determinant of
HDL-C concentration in this group. TD heterozygotes
with the highest HDL-C levels tended to be those with the
greatest cellular cholesterol efflux values. In addition, cel-
lular cholesterol efflux in TD heterozygotes positively cor-
related with both HDL-C concentration and HDL particle
size, providing further evidence that cellular cholesterol
efflux mediates HDL particle size, and, in turn, plasma
HDL-C concentration. It is clear from these data that
ABC-1 status has a significant impact on both cholesterol
efflux and HDL-C concentration in this population.
Whether variations in ABC-1 expression or activity could
underlie some of the population variability in HDL-C levels
is an intriguing question. One study has reported that two
loci, one on chromosome 8 and the other on chromo-
some 15, affect HDL-C levels in large, randomly assigned
pedigrees (54). Neither of these loci is affiliated with any
presently established determinants of HDL-C concentra-
tions, such as lipid enzymes or receptors. Thus, defining
the influence of polymorphisms in the ABC-1 gene on

HDL-C concentrations in the general population, as well
as in those with common HDL deficiencies, could contrib-
ute substantially to our knowledge of sources for variation
in HDL-C concentrations.

In summary, our data demonstrate that apolipoprotein-
mediated cellular cholesterol efflux is defective in a cohort
of TD heterozygotes, as it is in homozygotes. Moreover,
HDL-C concentration, HDL particle size, and a-migrating
HDL subspecies were significantly reduced in TD het-
erozygotes relative to age- and gender-matched control
subjects, with the former two variables correlating with the
degree of cholesterol efflux. These defects were less severe
than those observed in the homozygous TD proband, sug-
gesting a dosage effect of the TD gene product, ABC-1, on
these parameters. The preceding findings, along with the
associations observed between cellular cholesterol efflux,
HDL particle size, and HDL-C concentration, support the
concept that plasma HDL-C levels are regulated, in part,
by cellular cholesterol efflux that, in turn, influences HDL
particle size and, ultimately, HDL apoA-I catabolism.
Larger population studies will be required to ascertain the
relevance of the relationships between ABC-1 genotype,
HDL particle size, and variations in plasma HDL-C con-
centrations in the general population. i
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