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Tangier disease (TD) is an inherited disorder of lipid
metabolism characterized by very low high density
lipoprotein (HDL) plasma levels, cellular cholesteryl
ester accumulation and reduced cholesterol excretion
in response to HDL apolipoproteins. Molecular defects
in the ATP binding cassette transporter 1 (ABCA1l)
have recently been identified as the cause of TD.
ABCAL1 plays a key role in the translocation of choles-
terol across the plasma membrane, and defective
ABCAL causes cholesterol storage in TD cells. How-
ever, the exact relationship of many of the biochemical
and morphological abnormalities in TD to ABCAL1 is
unknown. Since small GTP-binding proteins are im-
portant regulators of many cellular functions, we
characterized these proteins in normal and TD fibro-
blasts using the [a-¥*P]GTP overlay technique and
Western blotting of SDS and isoelectric focusing gels.
Our results indicate that GTP-binding proteins of the
Rho family (RhoA, RhoB, RhoG, Rac-1) are enriched in
fibroblasts from TD patients. The accumulation of
small G proteins may have potential implications for
the TD phenotype and the regulation of cholesterol
excretion in TD cells. © 2001 Academic Press
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High-density-lipoprotein (HDL) is thought to play an
important role in so-called reverse cholesterol trans-
port, the process by which the cholesterol is trans-
ported from peripheral cells to the liver, where it may
be excreted in the form of bile salts. This process is
thought to protect against the development of athero-
sclerosis. The cholesterol efflux process involves spe-
cific and unspecific mechanisms (1, 2). Specific choles-
terol efflux from cells is mediated by HDL
apolipoproteins; it involves the activation of cellular
phospholipases and kinases and an active brefeldin-
sensitive transport pathway (3-6). The specific
apolipoprotein-dependent cholesterol efflux is severely
impaired in subjects with homozygous Tangier disease
(TD) (7-10), resulting in almost complete absence of
circulating HDL, massive accumulation of cholesteryl
esters in many tissues and an overall 4- to 6-fold in-
creased cardiovascular risk (11-13).

By genetic mapping (14) and subsequent sequencing
of candidate genes on DNA from Tangier patients, the
ABCAZ1 transporter has recently been identified as the
molecular defect in TD (15-18). The ATP binding cas-
sette (ABCA) superfamily is comprised of a large group
of evolutionarily conserved proteins present in pro-
karyotes and eukaryotes (19). These proteins function
by coupling the hydrolysis of ATP to the transmem-
brane flux of a wide variety of substrates across or-
ganellar and plasma membranes. ABCA1 seems to be
an essential cofactor for the translocation of cholesterol
across the plasma membrane (20), and defective
ABCA1 in TD causes impaired cholesterol efflux in
response to apolipoproteins. However, the mechanism
of ABCAl-dependent cholesterol excretion is not en-
tirely clear (21, 22). Moreover, ABCA1l may play a
regulatory role in other cellular processes such as
phagocytosis and apoptosis (23), embryogenesis (23),
anion flux (24) and interleukin secretion (25). On the
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other hand, a diverse variety of as yet unexplained
cellular abnormalities have been described in TD cells
such as reduced PLD activity (4), enhanced phospho-
lipid turnover (26), lipid accumulation along the cy-
toskeleton (27), golgi hyperplasia (27) and growth re-
tardation (28). The possible relationship between these
abnormalities and deficiency of normal ABCAL is not
understood, but may involve small GTP-binding pro-
teins, which regulate a diverse spectrum of intracellu-
lar processes (29). In this study, we characterized the
presence of such proteins in fibroblasts of patients
with TD.

EXPERIMENTAL DETAILS

Probands. The experiments were performed with fibroblasts
from four normolipidemic healthy probands and two homozygous
Tangier patients of the JS family (patient JS: 66 y, male; patient
EG:63 y, female, sister of JS) whose clinical and biochemical mani-
festations including HDL deficiency, splenomegaly and lipid storage
in various reticulo-endothelial tissues have been described in detail
in previous reports (4, 7, 11, 12, 26-28, 30). This family was the first
TD family identified in Germany in 1977 (11) and was the first TD
kindred in whom impaired apolipoprotein-dependent cholesterol ex-
cretion was demonstrated (7).

Cell culture. Human skin fibroblasts cultured from biopsies of
adult human hip skin were grown and maintained in DMEM con-
taining 10% FCS, 2 mM L-glutamine, and 1% antibiotic/antimycotic
solution (Sigma, St. Louis, MO). Once separated, the dermis was cut
into small pieces (0.5 mm on each side) and placed in a flask in
DMEM. When these primary cultures were confluent they were
expanded by passage. For experiments, cells between passage levels
three and six were seeded in 35-mm culture dishes. At the state of
near-confluency (after 6 to 10 days), the cell extracts were prepared
(freshly for each experiment).

Sample preparation. All sample preparation procedures were
carried out at 4°C, and all tubes and rubber policemen were pre-
cooled. The cells were chilled on ice for 1 h, rinsed three times with
ice-cold phosphate-buffered saline (PBS, pH 7.4) and drained well.
The cells were scraped with a soft rubber policeman, transferred to
tubes in 5 ml PBS and centrifuged at 1200 rpm for 10 min. For
one-dimensional isoelectric focusing (IEF) and two-dimensional gel
electrophoresis the pellet was resuspended in IEF sample buffer (10
mM Tris (ultra pure), 1% sodium decylsulfate (Kodak, Stuttgart,
Germany), pH-adjusted to pH 8.2 with concentrated HCI, 2% am-
pholytes, pH ranges 3-10 from Serva and 3-10.5 from Pharmacia,
blended in a ratio of 1:1). For SDS electrophoresis, the pellet was
dissolved in SDS sample buffer (62.5 mM Tris—HCI, pH 6.8, 10%
glycerine, 10% B-mercaptoethanol and 2.3% SDS). The samples were
transferred to Eppendorf tubes and broken by three cycles of rapid
freezing and thawing in liquid nitrogen. 0.5% RNAse and 1% DNAse
(from Sigma) were immediately added and mixed. The solution was
incubated for 15 min at room temperature. Protein concentrations
were measured according to the method of Lowry (31), using bovine
serum albumin as the standard. For this purpose, samples of fibro-
blast extracts were precipitated with 10% trichloroacetic acid, resid-
ual acid was neutralized and the proteins were completely dissolved
in an ultrasound bath (5 min, 4°C), followed by the Lowry procedure.
Following protein determination, 5 ul B-mercaptoethanol plus 10 ul
80% succrose was added to each sample, the sample volume was
filled up with the respective sample buffer to a total volume of 100 pul,
and incubated for 1 h at room temperature, directly followed by
electrophoresis.
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Two-dimensional gel electrophoresis. Two-dimensional electro-
phoresis was carried out by the method of O'Farrell (32). The first
dimension isoelectric focusing gel was composed of 9.5 M urea,
2% Nonidet P-40, 3.8% acrylamide, 0.2% N,N’-methylene-
bisacrylamide, and 2% ampholytes (pH range 3.5-10). Samples were
focused for 5000 Vh followed by 800 V for 1 h. The gels were then
extruded and incubated for 10 min in reducing sample buffer (0.05 M
Tris—HCI, pH 6.8, 6 M urea, 30% glycine, 1% SDS, 0.25% dithiothre-
itol) and for additional 10 min in the same solution with 4.5%
iodoacetamide instead of dithiothreitol The second dimension SDS
gel electrophoresis was performed according to Laemmli (33) using a
13% acrylamide separation gel and a 3% acrylamide stocking gel.
Molecular weight standards were run in a well that was fashioned in
one side of the second dimension gel.

One-dimensional isoelectric focusing. In the experiments shown
in Fig. 3, the fibroblast proteins were separated in 7.5% polyacryl-
amide gels containing 2% ampholytes, pH 3.5-10, and 8 M urea in a
Bio-Rad Mini-Protean Il electrophoresis unit. Unless otherwise in-
dicated, 100 ug protein were loaded on each lane. Isoelectric focusing
was performed at 200 V for 12 h at 4°C with 0.01 M H;PO, as the
anode solution and 0.02 M NaOH as the cathode solution, followed by
a final focusing at 600 V for 3 h.

One-dimensional SDS gel electrophoresis. For SDS gel electro-
phoresis the samples (100 ng) were diluted with SDS sample buffer,
5 wl B-mercaptoethanol and 10 ul 80% succrose were added, the
samples were heated at 95°C for 3 min and analysed by SDS slab-gel
electrophoresis at 4°C and 100 V, with 15% acrylamide in the sepa-
ration gel. The running buffer contains 25 mM Tris—HCI, pH 8.6,
0.2 M glycerine and 0.1% SDS.

Western blot analysis. For immunoblotting, separated proteins
were transferred to a 0.45 um pore-size nitrocellulose membrane
(Optitran BA-85 S., Schleicher & Schuell, Dassel, Germany) in 20
mM Tris—HCI, pH 9.0, 150 mM glycine and 20% methanol at 0.5 mA
for 70 min, using a Bio Rad electrophoresis cell. After transfer, the
filter was then blocked with 5% (w/v) nonfat dried milk powder
(blocking solution from Amersham) at 4°C overnight. The filter was
subsequently washed three times in PBS (10 min per wash), followed
by a 60 min incubation at room temperature with the primary
antibody at the appropriate dilution (2 X 10° in most experiments):
polyclonal anti-(rabbit 1gG) Rac-1, anti-(rabbit 1gG) RhoA, anti-
(rabbit 1gG) RhoB, anti-(rabbit 1gG) RhoG, anti-(rabbit 1gG) Rho-7,
anti-(rabbit 1gG) Rho-8, anti-(rabbit 1gG) a-PAK or a monoclonal
anti-(mouse 1gG1) Pan-Arf antibody. All antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA) except anti Pan-
Arf, which was obtained from Alexis Corporation (San Diego, CA).
The bands were visualized using the enhanced chemiluminescence
system (ECL, Amersham). Quantification was performed with a
phosphoimager (BAS 1500, Raytest, Straubenhardt, Germany).

For IEF immunoblotting, the IEF gel was allowed to equilibrate
for 30 min in a solution, which was prepared as follows: 4 ml of a
0.04 M morpholine/2% SDS solution (20 wl morpholine from ICN
Biomedicals, Eschwege, Germany, 5.75 ml distilled water, 0.11 g
SDS, pH-adjusted to pH 9.4 with concentrated HCI), plus 400 ul
B-mercaptoethanol, plus 3 ml 80% succrose were filled up to 40 ml
with distilled water. This solution (pH ~7.8) must be prepared
freshly. Subsequent blotting was performed as described above.

GTP[a-*P] and GTP [y-*S] overlay. For GTP[a-*P] and
GTP[y-*S] overlay we have modified a protocol based on the method
of Lapetina and Reep (34). After the protein transfer nitrocellulose
blots were incubated for 1 h at 20°C in a buffer containing 0.05%
Tween 20, 10 mM Tris—HCI, pH 7.4, 0.15 M NacCl, and 5% bovine
serum albumin (BSA). Then the nitrocellulose was incubated for 45
min at room temperature in a plastic foil in 20 ml binding-buffer
composed of 20 mM Tris—HCI, pH 8.0, 0.15 M MgCl,, 0.3% BSA, 2
mM dithiothreitol, 0.1% Nonidet P-40, 60ug/ml t-RNA (E. coli), 60
wCi GTP[a-*P] or 100 uCi GTP[y-*S] (Amersham Pharmacia Bio-
tech, Freiburg, Germany). After thorough bathing five times in 250
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[a-**P]GTP overlay of small GTP-binding proteins of human skin fibroblasts from two homozygote Tangier patients (TD1, TD2)

FIG. 1.

Rho Rab8 Rab2

and one representative control (CON). The cellular extracts (100 ng) were separated by high-resolution two-dimensional gel electrophoresis
as described under Experimental Details. The area of the blot shown here represents the 21- to 25-kDa range after SDS/15% gel
electrophoresis. The directions of IEF and SDS electrophoresis are indicated. The pl range is shown at the top. The lower schematic image
represents two groups of GTP-binding proteins, which have been found at identical electrophoretic positions in all cell types in a previous
study (35) and served as internal positional markers. The proposed mapping according to Ref. 35 is shown; * represents putative GTP-binding
proteins of the Rho family, which were mapped by anti-Rho antibodies exclusively.

ml washing solution (2% SDS, 0.5% Triton X-100, 0.5% BSA, 0.15 M
NacCl; each washing step: 15 min at room temperature on a shaker),
blots were air-dried and bound [**P]/[**S] radioactivity was visualized
by autoradiography.

Sequencing of patient DNA. DNA of Tangier patients and con-
trols was prepared and sequenced as described (14, 15). We selected
primer sequences for amplification of the exons with inclusion of the
intron/exon boundaries from intron sequences after establishing the
boundaries by comparison of our genomic sequence with human
ABCA1 mRNA. Genomic DNA from patients was amplified by PCR,
and the products purified by PCR purification columns (Qiagen).
Sequencing was done with the same primers as used in the PCR in
conjunction with BigDye Terminator technology.

RESULTS

Cell extracts from control and TD cells were sub-
jected to high-resolution two dimensional polyacryl-
amide gel electrophoresis followed by [a-*P]GTP
ligand binding. After renaturing transfer to nitrocellu-
lose, the blots were overlaid with [a-*’P]GTP and the
GTP-binding profiles were visualized by autoradiogra-
phy. This method of GTP overlay after renaturing
transfer is specific for small GTP-binding proteins,
since the a-subunits of heterotrimeric G proteins are
not visualized by this method (34). Using equal
amounts of cell extracts, a group of closely adjacent
GTP-binding proteins on the 2-D gel (in the pl range
5-7) was found to be markedly enriched in fibroblasts
from the TD patients. The most striking difference was
observed at the pl range 5-5.5, where we observed a

dumbbell-shaped spot, which was almost in-visible in
the controls (Fig. 1). By a combined strategy of overex-
pression and immunoblotting, Huber and coworkers
mapped GTP-binding proteins of the Rho family at this
electrophoretic position in Madin—-Darby canine kidney
cells (35). These proteins are barely detectable in nor-
mal human fibroblasts, probably because their concen-
tration is below the lower detection limit of the GTP
overlay technique. We therefore examined GTP-
binding proteins of the Rho family in more detail using
Western blot analysis with commercially available an-
tibodies against small G proteins of the Rho/Rac fam-
ily. Additionally, we performed Western blots with an-
tibodies directed against Arf (another less closely
related small GTPase) as control.

Since the area of interest was restricted to a relative
narrow pH range, we compared the GTP-binding pro-
teins using one-dimensional gels, which allow a direct
comparison of control and TD cells on a single nitrocel-
lulose sheet. Using SDS gel electrophoresis as separa-
tion method, all antibodies as well as the GTP overlay
technique produced a single band on the SDS gels (Fig.
2), indicating that the vast majority of small G proteins
in human fibroblasts have a similar molecular weight
of approximately 21-25 kDa. Visualization of all small
G proteins on SDS gels with the GTP overlay technique
did not reveal a visible difference between control and
TD cells (Fig. 2, top). Western blot analysis, by con-
trast, revealed a much higher signal in both TD cell

231



Vol. 280, No. 1, 2001

TD1

GTP [y-*s] £

CON

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

TD1

~23kD
RhoA ~25kD
RhoB ~25kD
RhoG ~23kD
Rac-1 ~24kD
Pan-Arf ~21kD
o-Pak ~68 kD
Rho-7 ~23kD
Gis o ~25kD

FIG. 2. Separation of cellular extracts by one-dimensional SDS gel electrophoresis. Cell extracts (100 ng) of human skin fibroblasts from
two homozygote Tangier patients (TD1, TD2) and one representative control (CON) were separated by one-two-dimensional SDS/15% gel
electrophoresis, followed by [y-*S]GTP overlay or by immunoblotting with antibodies against RhoA, RhoB, RhoG, Rac-1, Pan-Arf, a-Pak,

Rho-7, or Rho-8.

lines when cell extracts were probed with antibodies
directed against human RhoB, RhoG, or Rac-1. Ex-
tracts probed with antibodies against Arf, Rho-7,
Rho-8, or against a-Pak, a downstream effector of
Rac-1, did not differ between TD and control cells (Fig.
2). Extracts probed with anti RhoA gave a slightly
enhanced signal in TD cells in some experiments.
Next, we separated the GTP-binding proteins by
their charge and performed Western blot experiments
following isoelectric focusing. For that purpose, we
used an equilibration procedure that is advantageous
to probe any proteins which are separable by charge
rather than molecular weight. Protein variants pro-
duced by point mutations or posttranslational modifi-
cations can theoretically be recognized with this
method, and the simultaneous separation of different
cell extracts on the same gel allows a direct compari-
son, independent from gel to gel variations. As shown
in Fig. 3, Western blotting of IEF gels revealed a high
cross-reactivity of all commercially available antibod-
ies used in this study. In accordance with the described

results on SDS gels RhoB, RhoG, Rac-1, all immuno-
logically related proteins and (to a lesser extent) RhoA
were found to be at least twofold enriched in TD cells.
The most striking difference was observed when the
cell extracts were probed with anti-RhoG. When cell
extracts were probed with this antibody, we found a
protein with an apparent isoelectric point of ~5.7 that
was almost not detectable in control cells under stan-
dard conditions (Fig. 3, third column).

This protein became visible in controls only at a
10-fold increased protein concentration (Fig. 3, fourth
column). With anti-Arf, anti-a-Pak, or antibodies of
other Rho family members the isoelectric focusing pat-
tern was not significantly different between control
and TD cells.

The described data suggested that the relative con-
tent of G proteins is different in control and TD cells,
respectively. However, we found no indication for a
structural defect of a G protein. The molecular defect in
some other TD families was ascribed to ABCAL1 (15—
18). Sequencing ABCA1 from DNA of patient TD1 was
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FIG. 3. Separation of cellular extracts by one-dimensional isoelectric focusing. Cell extracts (100 wg) of human skin fibroblasts from two
homozygote Tangier patients (T1, T2) and one representative control (C) were separated by one-two-dimensional IEF, followed by immu-
noblotting with antibodies against RhoA, RhoB, RhoG, Rac-1, or Pan-Arf. In one experiment (column 4), separated extracts from two control
cell lines (C1 and C2) were 10-fold enriched, relative to the cell extract from patient TD1 (C1 and C2, 200 ng; T1, 20 ng). The GTP-binding
protein indexed by an arrow was markedly enriched in TD fibroblasts.

performed as previously described (15). We discovered
two variants affecting the amino acid sequence and
some silent variants. The relevant mutation was an
asparagine to serine amino acid substitution in exon 19
of both homozygous individuals (AAT-AGT; amino
acid position 935 of the primary translation product).
This mutation was also discovered in an unrelated
Spanish Tangier homozygote, but not in any normal
individual (Rust et al., unpublished results). A second
amino acid substitution was found in exon 18 of both
patients (ATA-ATG, 1883 M of the primary translation
product) (Fig. 4). This mutation has previously been
suggested to be causative for TD in another kindred
(TD4 in (17)) because it is localized in a putative
ABCA1 phosphorylation site. However, this variant
turned out to be a common polymorphism and was not
related to reduced HDL cholesterol levels in the gen-
eral population. In addition some silent DNA variants
were found, and at two common polymorphic sites
(arginine/lysine) in exons 7 and 35 with no significant
influence on HDL-cholesterol, the patient was homozy-
gous for lysine in exon 7 and arginine in exon 35,
respectively.

DISCUSSION

In this study, we demonstrated the accumulation of
GTP-binding proteins of the Rho family in fibroblasts
from homozygous TD patients. This finding was veri-
fied by three different methods: the [*?P]GTP overlay
technique using 2D polyacrylamide gels, Western blot-
ting using one-dimensional SDS electrophoresis and
Western blotting using one-dimensional IEF. Both

RhoB, RhoG, Rac-1, and (to a lesser extent) RhoA were
found to be enriched in TD cells. The most striking
difference was observed on an as yet unidentified 23
kD G protein that was immunologically closely related
to RhoG and was several-fold enriched in TD fibro-
blasts. Future work must show whether this protein is
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FIG. 4. Homozygous point mutation AAT-AGT (asparagine—
serine, N935S). (a) Sequence of normal control, (b) sequence of the
Tangier patient TD1. From ABI-377 sequencing files raw data were
extracted using Chromas 1.45 software and these data were finally
transferred to Micrographics Designer 7.1. To emphasize the variant
base position (arrow in a) the area under the curve was filled.
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FIG. 5. Photomicrographs of control and Tangier cells. Control fibroblasts (a) are spindle-shaped and show an uniform, parallel
alignment with minimal overlapping of cells. Fibroblasts from the homozygous TD patient TD1 (b) are characterized by a more asynchronous
cell growth, compared to the age-matched control under identical culture conditions. Monocyte-derived macrophages from the TD1-patient
(c, d, <10-day-old cultures; e, f, >10-day-old cultures) show an enhanced formation of membrane protrusions, especially in higher stages of
maturation, leading to enhanced self-phagocytosis and giant cell formation (f). a, b, f X 150; c, d, e X 300.

one of the other 14 as yet known Rho family proteins or
a totally new G protein. The relative cellular amount of
other proteins of the Rho family (Rho-7, Rho-8) and of
G proteins of other families such as Arf was not signif-
icantly different in TD and control cells. Also a-Pak, a
downstream effector of Racl that controls mitogenic
signals via a MAP kinase dependent pathway (36), was
normal in TD cells.

The molecular defect of the here described TD kin-
dred was localized to ABCAL, excluding the possibility
that the TD phenotype in this kindred was caused by a
different gene. Moreover, we found no indication for a
structural defect of a small G protein. Two possibilities

may account for the cellular accumulation of G pro-
teins in TD cells. First, lipid accumulation in TD cells
is associated with accumulation of small G proteins
that are intimately involved in intracellular lipid
transport. Deficient translocation of a small G protein
from intracellular sites to the plasma membrane could
then contribute to other characteristics of these cells
such as receptor-associated abnormalities in cell sig-
nalling. Second, enhanced expression of small G pro-
teins may have occurred secondarily, possibly as the
result of an adaptative mechanism.

The Ras-related small GTP-binding proteins are mo-
lecular switches that are involved in diverse cellular
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events, including cell signalling, proliferation, cy-
toskeletal organization, and secretion. Small GTP-
binding proteins of the Rho family play an important
role in transducing signals linking plasma membrane
receptors to the organization of the cytoskeleton (37).
They affect cell morphology by controlling the forma-
tion of actin-dependent structures and also participate
in many aspects of the signaling of cell growth and
differentiation. A diverse variety of abnormalities have
been found in TD cells that may be related to the here
described accumulation of Rho proteins. For example,
we have shown in an earlier study that the receptor-
dependent activation of PLD is impaired and delayed
in TD fibroblasts, whereas the enzyme itself is not
defective (4). Rho small GTPases are important cofac-
tors for the activation of phospholipase D (38), and
defective cellular location or defective coupling of a Rho
protein with a plasma membrane receptor could cause
defective PLD activation subsequent to agonist bind-
ing. Moreover, the Rho GTPases play an important role
in transducing signals linking plasma membrane re-
ceptors to the organization of the cytoskeleton. Of rel-
evance in this context may be the fact that Tangier
fibroblasts accumulate lipids along the cytoskeleton,
associated with Golgi hyperplasia (27), suggesting the
possible involvement of the cytoskeleton and Rho
GTPases in lipid excretion.

It is possible that enhanced synthesis of Rho family
proteins partly compensates for ABCA1 deficiency in
TD. For example, experiments with the inhibitor
brefeldin suggest that vesicular trafficking is involved
in cholesterol excretion (6). Moreover, recent findings
suggest that more than one specific cholesterol excre-
tion pathways may exist (39, 40). Upregulation of such
an alternative cholesterol excretion pathway could ex-
plain why TD cells have a resting cholesterol efflux
capacity (7) and why not all TD patients develop pre-
mature atherosclerosis (30). Moreover, ABCA trans-
porters as well as Rho proteins are required for normal
cell growth and development (37, 41). HDL-inducible
cell signalling involved in mitogenesis is normal in TD
fibroblasts (42). However, TD fibroblasts are character-
ized by a reduced growth rate (28), and the in vitro cell
growth appears more irregular and asynchronous in
cultivated TD fibroblasts (Fig. 5b). This is of interest
insofar as Rac-1 and RhoG modulate the saturation
density to which the cells grow (41). In addition, pro-
teins of the Rho/Rac family are regulators of oxidative
processes (43). Enhanced rather than decreased levels
of oxidation products were observed in TD plasma (44).
It is therefore of interest that oxidative cholesterol
modification seems to be a key step in alternative cho-
lesterol excretion pathways (40). Finally, both ABCA1l
and Rho proteins are intimately involved in regulation
of engulfment, which is the phagocytic clearance of cell
corpses generated by apoptosis (23, 45). Despite a func-
tional ABCAL1 defect also this process appears to be
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rather enhanced than suppressed in cells from the TD
kindred described here (Fig. 5). In conclusion, the fur-
ther characterization of G proteins in TD may improve
our understanding of the TD phenotype and of the
cellular function of ABCAL1 and its interaction with
other cell proteins.

ACKNOWLEDGMENTS

We thank Dr. Paul Cullen for critical reading of the manuscript.
The financial support to M.W. from the IMF (interdisziplinare
Medizinische Forschung) Foundation, to G.A. and S.R. from the
IZKF (interdisziplindres Zentrum fur Klinische Forschung), and to
S.R. and G.A. from the Fritz Thyssen Foundation is gratefully ac-
knowledged.

REFERENCES

1. Oram, J. F., and Yokoyama, S. (1996) Apolipoprotein-mediated
removal of cellular cholesterol and phospholipids. J. Lipid Res.
37, 2473-2491.

2. Rothblat, G. H., de la Llera Moya, M., Atger, V., Kellner-Weibel,
G., Williams, D. L., and Phillips, M. C. (1999) Cell cholesterol
efflux: Integration of old and new observations provides new
insights. J. Lipid. Res. 40, 781-796.

3. Walter, M., Reinecke, H., Nofer, J.-R, Seedorf, U., and Assmann,
G. (1995) HDL; stimulates multiple signaling pathways in hu-
man skin fibroblasts. Arterioscler. Thromb. Vasc. Biol. 15, 1975-
1986.

4. Walter, M., Reinecke, H., Gerdes, U., Nofer, J.-R., Hébbel, G.,
Seedorf, U., and Assmann, G. (1996) Defective regulation of
phosphatidylcholine-specific phospholipases C and D in a kin-
dred with Tangier disease. Evidence for the involvement of phos-
phatidylcholine breakdown in HDL-mediated cholesterol efflux
mechanisms. J. Clin. Invest. 98, 2315-2323.

5. Mendez, A. J., Oram, J. F., and Bierman, E. L. (1991) Protein
kinase C as a mediator of high density lipoprotein receptor-
dependent efflux of intracellular cholesterol. J. Biol. Chem. 266,
10104-10111.

6. Mendez, A. J. (1995) Monensin and brefeldin A inhibit high
density lipoprotein-mediated cholesterol efflux from cholesterol-
enriched cells. Implications for intracellular cholesterol trans-
port. J. Biol. Chem. 270, 5891-5900.

7. Walter, M., Gerdes, U., Seedorf, U., and Assmann, G. (1994) The
high density lipoprotein- and apolipoprotein A-l-induced mobili-
zation of cellular cholesterol is impaired in fibroblasts from
Tangier disease subjects. Biochem. Biophys. Res. Commun. 205,
850-856.

8. Francis, G. A., Knopp, R. H., and Oram, J. F. (1995) Defective
removal of cellular cholesterol and phospholipids by apolipopro-
tein A-1 in Tangier Disease. J. Clin. Invest. 96, 78—87.

9. Rogler, G., Trimbach, B., Klima, B., Lackner K. J., and Schmitz,
G. (1995) HDL-mediated efflux of intracellular cholesterol is
impaired in fibroblasts from Tangier disease patients. Arterio-
scler. Thromb. Vasc. Biol. 15, 683-690.

10. Marcil, M., Yu, L., Krimbou, L., Boucher, B., Oram, J. F., Cohn,
J. S., and Genest, J., Jr. (1999) Cellular cholesterol transport
and efflux in fibroblasts are abnormal in subjects with familial
HDL deficiency. Arterioscler. Thromb. Vasc. Biol. 19, 159-169.

11. Assmann, G., Simantke, O., Schaefer, H. E., and Smootz, E.
(1977) Characterization of high density lipoproteins in patients
heterozygous for Tangier disease. J. Clin. Invest. 60, 1025-1035.

12. Assmann, G., von Eckardstein, A., and Brewer, H. B., Jr. (1995)
Familial HDL deficiency: Tangier disease. In The Metabolic Ba-

235



Vol. 280, No. 1, 2001

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

sis of Inherited Disease,. 7th ed. (Scriver, C. R., Beaudet, A. L.,
Sly, W. S., and Valle, D. Eds.) pp. 2053-2072, McGraw-Hill Book
Co., New York.

Serfaty-Lacrosniere, C., Civeira, F., Lanzberg, A., Isaia, P., Berg,
J., Janus, E. D., Smith, M. P., Jr., Pritchard, P. H., Frohlich, J.,
Lees, R. S., et al. (1994) Homozygous Tangier disease and car-
diovascular disease. Atherosclerosis 107, 85-98.

Rust, S., Walter, M., Funke, H., von Eckardstein, A., Cullen, P.,
Kroes, H. Y., Hordijk, R., Geisel, J., Kastelein, J., Molhuizen,
H. O., Schreiner, M., Mischke, A., Hahmann, H. W., and Ass-
mann, G. (1998) Assignment of Tangier disease to chromosome
9931 by a graphical linkage exclusion strategy Nat. Genet. 20,
96-98.

Rust, S., Rosier, M., Funke, H., Real, J., Amoura, Z., Piette, J. C.,
Deleuze, J. F., Brewer. H. B., Duverger, N., Denefle, P., and
Assmann, G. (1999) Tangier disease is caused by mutations in
the gene encoding ATP-binding cassette transporter 1. Nat.
Genet. 22, 352-355.

Brooks-Wilson, A., Marcil, M., Clee, S. M., Zhang, L. H., Roomp,
K., van Dam, M., Yu, L., Brewer, C., Collins, J. A., Molhuizen,
H. O., Loubser, O., Ouelette, B. F., Fichter, K., Ashbourne-
Excoffon, K. J., Sensen, C. W., Scherer, S., Mott, S., Denis, M.,
Martindale, D., Frohlich, J., Morgan, K., Koop, B., Pimstone, S.,
Kastelein, J. J., Hayden, M. R., et al. (1999) Mutations in ABC1
in Tangier disease and familial high-density lipoprotein defi-
ciency. Nat. Genet. 22, 336-345.

Bodzioch, M., Orso, E., Klucken, J., Langmann, T., Bottcher, A.,
Diederich, W., Drobnik, W., Barlage, S., Buchler, C., Porsch-
Ozcurumez, M., Kaminski, W. E., Hahmann, H. W., Oette, K.,
Rothe, G., Aslanidis, C., Lackner, K. J., and Schmitz, G. (1999)
The gene encoding ATP-binding cassette transporter 1 is mu-
tated in Tangier disease. Nat. Genet. 22, 347-351.

Marcil, M., Brooks-Wilson, A., Clee, S. M., Roomp, K., Zhang,
L. H., Yu, L., Collins, J. A., van Dam, M., Molhuizen, H. O.,
Loubster, O., Ouellette, B. F., Sensen, C. W., Fichter, K., Mott,
S., Denis, M., Boucher, B., Pimstone, S., Genest, J., Jr., Kaste-
lein, J. J., and Hayden, M. R. (1999) Mutations in the ABC1 gene
in familial HDL deficiency with defective cholesterol efflux. Lan-
cet 354, 1341-1346.

Dean, M., and Allikmets, R. (1995) Evolution of ATP-binding
cassette transporter genes. Curr. Opin. Genet. Dev. 5, 779-785.

Lawn, R. M., Wade, D. P., Garvin, M. R., Wang, X., Schwartz, K.,
Porter, J. G., Seilhamer, J. J., Vaughan, A. M., and Oram, J. F.
(1999) The Tangier disease gene product ABC1 controls the
cellular apolipoprotein-mediated lipid removal pathway. J. Clin.
Invest. 104, R25-31.

Scott, J. (1999) Heart disease. Good cholesterol news. Nature
400, 816-817.

Freeman, M. W. (1999) Effluxed lipids: Tangier Island’s latest
export. Proc. Natl. Acad. Sci. 96, 10950—-10952.

Luciani, M. F., and Chimini, G. (1996) The ATP binding cassette
transporter ABC1, is required for the engulfment of corpses
generated by apoptotic cell death. EMBO J. 15, 226-235.

Becq, F., Hamon, Y., Bajetto, A., Gola, M., Verrier, B., and
Chimini, G. (1997) ABC1, an ATP binding cassette transporter
required for phagocytosis of apoptotic cells, generates a regu-
lated anion flux after expression in Xenopus laevis oocytes.
J. Biol. Chem. 272, 2695-2699.

Hamon, Y., Luciani, M. F., Becq, F., Verrier, B., Rubartelli, A.,
and Chimini, G. (1997) Interleukin-1beta secretion is impaired
by inhibitors of the Atp binding cassette transporter, ABC1.
Blood 90, 2911-2915.

Schmitz, G., Fischer, H., Beuck, M., Hoecker, K. P., and Ro-
benek, H. (1990) Dysregulation of lipid metabolism in Tangier
monocyte-derived macrophages. Arteriosclerosis 10, 1010-1019.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

236

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Robenek, H., and Schmitz, G. (1991) Abnormal processing of
Golgi elements and lysosomes in Tangier disease. Arterioscler.
Thromb. 11, 1007-1020.

Drobnik, W., Liebisch, G., Biederer, C., Triumbach, B., Rogler, G.,
Muller, P., and Schmitz, G. (1999) Growth and cell cycle abnor-
malities of fibroblasts from Tangier disease patients. Arterio-
scler. Thromb. Vasc. Biol. 19, 28-38.

Bokoch, G. M., and Der, C. J. (1993) Emerging concepts in the
Ras superfamily of GTP-binding proteins. FASEB J. 7, 750-759.
Walter, M., Kerber, S., Fechtrup, C., Seedorf, U., Breithardt, G.,
and Assmann, G. (1994) Characterization of atherosclerosis in a
patient with familial high-density lipoprotein deficiency. Athero-
sclerosis 110, 203-208.

Lowry, O. H., Rosebrough, N. J., Farr, A. L., and Randall R. J.
(1951) Protein determination with the folin phenol reagent.
J. Biol. Chem. 193, 265-275.

O'Farrell, P. H. (1975) High resolution two-dimensional electro-
phoresis of proteins. J. Biol. Chem. 250, 4007-4021.

Laemmli, U. K. (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227, 680—-685.
Lapetina, E. G., and Reep, B. R. (1987) Specific binding of [alpha-
#P]GTP to cytosolic and membrane-bound proteins of human
platelets correlates with the activation of phospholipase C. Proc.
Natl. Acad. Sci USA 84, 2261-2265.

Huber, L. A., Ullrich, O., Takai, Y., Lucke, A., Dupree, P.,
Olkkonen, V., Virta, H., de Hoop, M. J., Alexandrov, K., Peter,
M., Zerial, M., and Simons, K. (1994) Mapping of Ras-related
GTP-binding proteins by GTP overlay following two-dimensional
gel electrophoresis. Proc. Natl. Acad. Sci. USA 91, 7874-7878.
Tang, Y., Yu, J., and Field, J. (1999) Signals from the Ras, Rac,
and Rho GTPases converge on the Pak protein kinase in Rat-1
fibroblasts. Mol. Cell. Biol. 19, 1881-1891.

Bishop, A. L., and Hall, A. (2000) Rho GTPases and their effector
proteins. Biochem. J. 348, 241-255.

Singer, W. D., Brown, H. A., and Sternweis P. C. (1997) Regu-
lation of eukaryotic phosphatidylinositol-specific phospholipase
C and phospholipase D. Annu. Rev. Biochem. 66, 475-509.
Remaley, A. T., Schumacher, U. K., Stonik, J. A, Farsi, B. D.,
Nazih, H., and Brewer, H. B., Jr. (1997) Decreased reverse
cholesterol transport from Tangier disease fibroblasts. Acceptor
specificity and effect of brefeldin on lipid efflux. Arterioscler.
Thromb. Vasc. Biol. 17, 1813-1821.

Bjorkhem, I., Diczfalusy, U., and Lutjohann, D. (1999) Removal
of cholesterol from extrahepatic sources by oxidative mecha-
nisms. Curr. Opin. Lipidol. 10, 161-165.

Roux, P., Gauthier-Rouviere, C., Doucet-Brutin, S., and Fort, P.
(1997) The small GTPases Cdc42Hs, Racl and RhoG delineate
Raf-independent pathways that cooperate to transform NIH3T3
cells. Curr. Biol. 7, 629-637.

Nofer, J.-R., Fobker, M., Hobbel, G., Voss, R., Wolinska, 1., Tepel,
M., Zidek, W., Junker, R., Seedorf, U., von Eckardstein, A.,
Assmann, G., and Walter, M. (2000) Activation of phos-
phatidylinositol-specific phospholipase C by HDL-associated ly-
sosphingolipid: Involvement in mitogenesis but not in choles-
terol efflux. Biochemistry 39, 15199-15207.

Kwong, C. H., Malech, H. L., Rotrosen, D., and Leto, T. L. (1993)
Regulation of the human neutrophil NADPH oxidase by rho-
related G-proteins. Biochemistry 32, 5711-5717.

Kuklinski, B., Zimmermann, R., Ruhlmann, C., Nagel, R., and
Tessmann, D. (1991) Tangier disease-a “free radical™-associated
disease. Results of HDL and anti-oxidant therapy with selenium
and D-alpha tocopherol. Z. Gesamte Inn. Med. 46, 505-511.
Chimini, G., and Chavrier, P. (2000) Function of Rho family
proteins in actin dynamics during phagocytosis and engulfment.
Nat. Cell Biol. 2, E191-E196.



	EXPERIMENTAL DETAILS
	FIG. 1

	RESULTS
	FIG. 2
	FIG. 3

	DISCUSSION
	FIG. 4
	FIG. 5

	ACKNOWLEDGMENTS
	REFERENCES

