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SUMMARY: Tangier disease (also known as familial HDL-deficiency) is characterized by very
low high density lipoprotein (HDL) plasma levels, splenomegaly, and massive cholesteryl ester
accumulation in the cytoplasm of various cell types. Since this phenotype may in part be caused
by a defect in the pathway mediating cholesterol efflux from peripheral cells, we investigated the
HDL;-mediated mobilization of cholesterol synthesized de novo from ['*C]-mevalonolactone in
cultivated fibroblasts from two patients with Tangier disease. Our results indicate that the HDL;-
induced translocation of ['*C]-cholesterol from intracellular pools to the plasma membrane and
its subsequent secretion into the extracellular medium was approximately 50 % less in the cells
from the patients than in controls. The same result was also obtained with artificial
apolipoprotein A-I-containing phospholipid vesicles. By contrast, no significant difference in
HDLs-induced cholesterol efflux was observed when plasma membrane was labeled with exoge-
nous ["“C]-cholesterol. We conclude that inefficient cholesterol efflux in Tangier disease is pri-
marily caused by impaired HDL;-induced activation of cholesterol translocation from intracel-
tular pools to the plasma membrane. o 1994 academic press, inc.

Tangier disease is a rare HDL deficiency syndrome with autosomal codominant inheritance. It is
characterized by cholesteryl ester deposition in various tissues and markedly reduced HDL cho-
lesterol in the plasma (1). Heterozygotes show half-normal levels of structurally abnormal alpha-
lipoproteins in the serum (2). The disorder was first described among inhabitants of Tangier
Island in the Chesapeake Bay, most of whom are descendants of the original settlers of 1686 (1).
Since then, more than 30 other families have been discovered. The kindred studied in this report

was identified in Germany by Assmann et al. in 1977 (3).

Abbreviations; HDL, high density lipoprotein; LDL, low density lipoprotein, FC, free
(unesterified) cholesterol; apo A-I, apolipoprotein A-I; FAFA, fatty acid-free albumin, DMEM,
Dulbecco's modified Eagle's medium; PBS, phosphate-buffered saline; DPPC, dipalmitoylphos-
phatidylcholine; Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; ACAT, acyl-
CoA:cholesterol acyltransferase.
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HDL-particles are hypercatabolized in homo- and heterozygous Tangier patients. However, a
structural defect in the apolipoprotein A-1, the major protein constituent of HDL, was excluded
as the cause of this hypercatabolism (1). Although the molecular defect is unknown, several
abnormalities in cellular phospholipid, triglyceride, and cholesteryl ester metabolism point to a
defect of cellular lipid metabolism or trafficking (4). Since the early steps in the maturation of
HDL particles are dependent on specific interactions between HDL precursors and cells (3), we

hypothesized that the HDL-induced cholesterol efflux might be distorted in Tangier disease.

MATERIALS AND METHODS

Cell culture: Human skin fibroblasts cultured from biopsies of adult human hip skin were
grown and maintained in Dulbecco’s modified Eagle's medium (DMEM) containing 10% fetal
calf serum, 2 mM L-glutamine, and 1% antibiotic/antimycotic solution (Sigma). For experiments,
cells between passage levels 3 and 6 were seeded in 60-mm culture dishes at a density of ap-
proximately 220,000 cells/dish. At the state of 70-80% confluence, the cultures were loaded
with free cholesterol (FC). Cell layers were rinsed twice with phosphate-buffered saline (PBS,
pH 7.4) and incubated for 48 h at 37°C in DMEM supplemented with FC (50 pg/ml), 2 mg/ml
fatty acid-free albumin (FAFA) and 1% antibiotic/antimycotic solution.

Probands: The experiments were performed with fibroblasts from five normolipidemic healthy
probands and two Tangier patients of the J.S. family (patient J.S.: 60 y, male; patient EG.: 57 y,
female, sister of J.S.) whose clinical, biochemical and histopathological manifestations including
severe HDL deficiency, mild hypertriglyceridemia, hypocholesterolemia, splenomegaly and lipid
storage in reticulo-endothelial tissues have been described in detail in previous reports (2-4,6,7).

Preparation of lipoproteins and proteoliposomes: HDL; (d=1.125-1.210 g/mlL) was isolated
by standard differential ultracentrifugal flotation from fresh normal human plasma and dialyzed
against 0.3 mM Tris-HCI buffer (pH 6.8) containing 0.15 M NaCl (8). Apo A-I proteoliposomes
containing normal apo A-I and dipalmitoyl-phosphatidylcholine (DPPC) were obtained by the
cholate dialysis method according to Chen and Albers (9). Apo A-I was prepared from HDL; by
a procedure described previously (10), lyophilized, and stored as 500-ug aliquots at -70°C. The
molar ratio of apo A-I to DPPC was 0.8:250.

Selective labeling of sterol pools: Intracellular sterols were labeled by pulse incubations with
[“*CJmevalonolactone (from Du Pont-New England Nuclear) as described (11). After choles-
terol-loading, cell layers were rinsed three times with PBS-FAFA 1 mg/ml and incubated for 3 h
at 37°C in bicarbonate-free DMEM-Hepes, 1 mg/ml FAFA, 8 uCi/ml [**C]mevalonolactone, 0.5
mM mevalonolactone, and 2ug/ml of the ACAT inhibitor octimibate (from Rhéne-Poulenc).
After incubation, cell layers were rinsed three times with PBS-FAFA and then incubated in the
same media without label for 1 h at 37°C. To enrich the plasma membrane cholesterol pool with
['*C]FC from an exogenous source, cholesterol-loaded cells were chilied on ice, washed five
times with ice-cold PBS, and incubated for 3 h at 15°C in DMEM containing 20 mM Hepes, |
mg/ml FAFA, 0.4 mM mevalonolactone, and 0.3 pCi/ml [“C]JFC (50-60 mCi/mmol, Du Pont-
New England Nuclear). Labeled cells were rinsed three times with PBS-FAFA and then incu-
bated for 4 h at 37°C in bicarbonate-free DMEM-Hepes, 1 mg/ml FAFA in the presence or ab-
sence of HDL; or apo A-I/DPPC-complexes.

Cholesterol efflux and translocation: After the 4 h incubation period, the efflux media were

collected, one ml of PBS-FAFA was used to rinse the cell layers and the wash was added to the
efflux media. Efflux media were extracted three times by the method of Folch et al. (12). Mem-

851



Vol. 205, No. 1, 1994 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

brane cholesterol was determined by the cholesterol oxidase method described by Lange and
Ramos (13). Conversion of [*C]sterols to ["*C]cholestenone represented the plasma membrane
associated sterol pool. Cell layers were extracted in hexane:isopropanol (3:2, v/v) as described
by Hara and Radin (14). Sterol species were separated by thin layer chromatography on silica gel
G plates (from Merck) developed in heptane:ether.methanof:acetic acid (80:30:10:1.2, v/v/v/v).
Lipids were identified by staining with I vapor and by comigration with standards. Appropriate
spots were taken for scintillation counting. The cellular protein content was determined by the
method of Bradford (15), the FC mass was determined by a fluoroenzymatic method (16).

RESULTS

The HDL;- and apo A-I/DPPC-complex-mediated mobilization of de novo synthesized free
cholesterol (FC) was determined in fibroblasts from normolipidemic control persons and from
Tangier patients as described by Oram et al. (11). Cholesterol-loaded cells were treated with 2
pg/ml ACAT inhibitor (octimibate) to prevent esterification of de novo synthesized cholesterol.
The cells were then pulse-labeled with ['*C]mevalonolactone to enrich intracellular pools with
labeled sterol. With this treatment less than 2% of the total ['*C}-labeled sterol was found in the
ester pool. In order to discriminate between HDL;-specific and non-specific cholesterol mobili-
zation we designed an experimental protocol in which all cells underwent an identical 4 h ex-
perimental incubation period in the presence of | mg/ml FAFA. At different times before stop-
ping the 4 h incubation period, 20 pug/ml HDL; was added and the ["*C]EC in the extracellular
medium and plasma membrane was quantified as described in the Methods section. The values
obtained with FAFA but without HDL; were set as 100% (basal value). Under basal conditions
neither the total amount of radioactivity incorporated into cellular FC (control: 51,524 + 6,210
d.p.m./mg cell protein; Tangier: 50,721 + 4,747 d.p.m./mg cell protein) nor the specific activities
of cellular FC {control: 386 £ 52 d.p.m./ug FC; Tangier: 436 £ 38 d.p.m./ug FC) were signifi-
cantly different in the two cell types.

In control fibroblasts, the addition of 20 pg/ml HDL; to the cell cultures caused a time-depend-
ent biphasic increase in both extracellular [**C]FC and membrane ["*CJFC (Figs. 1a,b). The first
phase was associated with an increase of plasma membrane ["*C]FC up to 125% of the basal
value (Fig. 1b) and with an increase of extracellular ["**C]JFC up to 230% of the basal value (Fig.
la), reaching a maximum after 25-30 min. The second phase resulted in an increase of plasma
membrane ["“C]FC up to 150% of basal levels and of extracellular ["“C]FC up to 410-460% of
the basal value after approximately 120 min. The accumuiation of ["*CJFC in the plasma mem-
brane and in the medium occurred without a lag-phase.

The two efflux phases observed with control cells were also detectable in Tangier fibroblasts.
However, the increase of plasma membrane and extracellular ['*CJFC occurred with a lag phase

of approximately 10 min and the maxima were markedly reduced. The maximal increase of the
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Figure 1. HDL ;- and apo A-I/'DPPC-complex-induced mobilization of de novo synthesized
cholesterol. Cholesterol-loaded normal (e) and Tangier fibroblasts (O) were pulse-labeled with
[(“*Clmevalonolactone (8 uCi/ml, 0.5 mM) as described in Material and Methods. [**CJFC in the
plasma membrane (b,d) and efflux medium (a,c) was measured after a 4 h incubation in the pres-
ence of 1 mg/ml FAFA and 50 pg/ml HDL; (a,b) or 10 ug/ml apo A-I/DPPC (¢,d). The HDL; or
apo A-I/DPPC was added at the indicated times before stopping the 4 h incubation. The basal
levels for [**C]FC in the plasma membrane (in the presence of FAFA alone) were 3,310 + 868
d.p.m./mg cell protein (control cells) and 4,210 + 613 d.p.m./mg cell protein (Tangier cells). The
basal levels for [*C)FC in the extracellular medium (in the presence of FAFA alone) were 2,480
+ 130 d.p.m./mg cell protein (control cells) and 2,710 + 667 d.p.m./mg cell protein (Tangier
cells). The basal levels were defined as 100%. Values are mean = S D. from five incubations on
one control proband and one Tangier proband (J.S.). Comparable results were obtained on four
other controls and one other Tangier patient (E.G.).

first efflux phase was reduced by 25-55%, the maximal increase of the second phase was re-
duced by 20-70% (Figs. 1a,b).

To test whether one of the two cholesterol efflux phases is induced by the main protein con-
stituent of HDLs;, apolipoprotein A-1, apo A-I/DPPC-complexes were tested for their ability to
enhance the ["“C]JFC translocation in pulse-labeled fibroblasts. As shown in Figs. lc and 1d, 10
ug/ml apo A-I/DPPC-complexes enhanced the basal [""C]JFC efflux approximately 4-fold and
slightly enhanced the amount of ['*CJFC in the plasma membrane up to 130% of the basal value.
In contrast to HDL,, the time kinetics of the apo A-I/DPPC-complex-inducible FC efflux was
monophasic. In Tangier fibroblasts, the relative increase of plasma membrane and extracellular
['*C]FC was delayed and reduced by 40-60% (240 min) in a similar manner to that observed
with HDL;. These data suggest that the molecular defect in Tangier disease is associated with a

defect in HDL;- and apo A-I-mediated cholesterol mobilization.
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Figure 2. Concentration dependence of the HDL; and apo A-UDPPC-complex-induced
mobilization of de novo synthesized cholesterol. Cholesterol-loaded normal and Tangier fibro-
blasts were treated as described in Fig. 1, except that increasing concentrations of HDL; (a,b) or
apo A-I/DPPC-complexes (c,d) were added for the 4 h incubation period. Values are mean +
S.D. from five incubations on one control proband and two Tangier patients.

To further test this hypothesis, the concentration dependence of the HDL;- and apo A-I/DPPC-
complex-inducible FC mobilization was determined in Tangier fibroblasts and compared with
control cells. As shown in Fig. 2, incubation of the cells with HDL; or apo A-I/DPPC-complexes
resulted in a concentration-dependent increase in the level of ['*CJFC in the plasma membrane
and extracellular medium. The maximal increase in the level of ['*C]EC in the plasma membrane
was observed at 10-20 pg/ml HDL; or apo A-I/DPPC-complexes. The maximal increase in the
level of [*“CJFC in the extracellular medium was observed at approximately 75 pg/ml HDL; or
apo A-I/DPPC-complexes. In cells from the Tangier patients, cholesterol translocation and efflux
were significantly reduced over a wide concentration range, as indicated in Fig. 2. Moreover, the
concentration maxima were shifted slightly to the right. These data demonstrate that the
translocation of de novo synthesized FC to the cell membrane and extracellular medium is
impaired, but not totally absent in Tangier fibroblasts.

Labeling the plasma membrane with ["*C]JFC we examined whether the nonspecific efflux of
plasma membrane FC to the extracellular medium is impaired in Tangier fibroblasts. As shown in
Fig. 3, the ['*C]FC efflux from the plasma membrane to HDL; was not significantly different in

normal and Tangier cells.
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Figure 3. Concentration dependence of the HDLrinduced efflux of plasma membrane
cholesterol. Cholestercl-loaded normal (e) and Tangier fibroblasts (Q) were pulse-labeled with
0.3 pCi/ml ["*CJFC for 2 h at 15°C. Efflux of [*C]FC was measured at 37°C in the presence of
I mg/ml FAFA and the indicated protein concentrations of HDL, during a 4 h incubation, as
described in Material and Methods. Results represent the mean = S.D. of values for medium
[*C]FC from three or four incubations, expressed as percentage of the total cellular [*C]FC.

DISCUSSION

We demonstrate here that the efflux of [“C]FC synthesized from ['‘C)-mevalonolactone in
response to exogenously added HDL: or apolipoprotein Al proteoliposomes is markedly lower
in fibroblasts from two patients with Tangier disease than in controls. A possible explanation for
this result is that the metabolic incorporation of ["*C]-mevalonolactone was lower in the cells
from the patient than in the normal cells. However, since neither the total amount of radioactivity
incorporated into FC nor the specific activities measured in the cells and in the extracellular
medium were significantly different in the two types of cells, this explanation can be excluded.
Another possible explanation is that the desorption of FC from the plasma membrane and its
subsequent transfer to extracellular lipid acceptors is disturbed. This explanation is also unlikely
because no significant difference of HDL;-induced FC efflux was observed when the plasma
membrane was labeled with exogenously added ["“*CJFC. In addition, we did not observe an
accumulation of radiolabeled FC in the plasma membrane of the Tangier fibroblasts when [**C]-
mevalonolactone was used as the radiolabeled cholesterol precursor. Thus, the most likely ex-
planation for our results is that the increased flux of de novo synthesized FC from intracellular
pools to the plasma membrane observed in normal cells in response to HDL; or apolipoprotein
Al proteoliposomes is disturbed in Tangier disease.

The abnormal structure and the hypercatabolism of HDL particles observed in Tangier patients
may be secondary to the impaired HDL;-mediated mobilization of intracellular cholesterol. Since
normal HDL particles are virtually absent in the Tangier patients described here (3,6), our
findings suggest that the specific HDL-mediated mobilization of intracellular FC may be an
important step in the maturation of HDL particles. This hypothesis is further supported by other
reports which indicate that early steps in the maturation of HDL particles are dependent upon

specific interactions between HDL precursors and competent peripheral cells (5,17). The exact
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cellular defect in Tangier disease, however, remains unclear. A disturbance at the level of the
plasma membrane, a defect in the cellular signal transduction pathway or in the intracellular
cholesterol transport machinery itself are possible causes of this disorder.

We performed our experiments in the presence of an ACAT-inhibitor to ensure sufficient incor-
poration of radiolabel into the FC available for transfer to the plasma membrane and HDL;-in-
duced efflux. Therefore, we cannot determine if the reduced HDL;-induced flux of de novo syn-
thesized FC to the plasma membrane might explain the increased rate of cholesterol esterification
observed in cells from patients with Tangier disease (4).

In normal and in Tangier cells, the HDLs-induced mobilization of cellular FC was biphasic,
whereas the apo A-I/DPPC-complex-induced FC efflux was monophasic. This indicates that the
specific HDL;-mediated cholesterol efflux is a complex phenomenon. The existence of different
HDL receptors, as suggested by Morrison et al. (18), the involvement of different agonists inter-
acting with the same receptor, as suggested by Barkia et al. (19), or the contribution of different

intracellular cholesterol pools, as suggested by Rothblat (20) could explain the observed kinetics.
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