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Abstract

 

The negative correlation between coronary heart disease

and plasma levels of HDL has been attributed to the ability

of HDL to take up cellular cholesterol. The HDL

 

3

 

-induced

removal of cellular cholesterol was reported to be impaired

in fibroblasts from patients with familial HDL deficiency

(Tangier disease, TD). In addition, we have recently shown

that HDL

 

3

 

 stimulates the hydrolysis of phosphatidylcholine

(PC) in cholesterol-loaded fibroblasts. To investigate whether

this cell signaling pathway is involved in cholesterol efflux

mechanisms, we compared the HDL

 

3

 

-induced PC hydroly-

sis in normal fibroblasts and in fibroblasts from a TD kin-

dred, in whom the HDL

 

3

 

- and apolipoprotein A-I (apo A-I)–

induced mobilization of cellular cholesterol was found to be

reduced by 50%. The HDL

 

3

 

-induced formation of phospha-

tidic acid (PA) via PC-specific phospholipase D (PC-PLD)

was markedly reduced by 60–80% in these cells, whereas the

formation of diacylglycerol (DG) via PC-specific phospholi-

pase C (PC-PLC) was two- to threefold enhanced. Defective

regulation of PC-PLC and PC-PLD was similarly observed

in response to apo A-I and endothelin, but not in response to

the receptor-independent stimulation of PC hydrolysis by

PMA. A Tangier-like PA and DG formation pattern could

be induced in normal cells after preincubation with pertus-

sis toxin, suggesting the involvement of a G-protein. The

impaired mobilization of radiolabeled cellular cholesterol in

TD cells could completely be overcome by increasing the PA

levels in the presence of the PA phosphohydrolase inhibitor

propranolol. Conversely, the inhibition of PA formation in

the presence of 0.3% butanol as well as the inhibition of DG

formation in the presence of the PC-PLC inhibitor D 609 re-

duced the mobilization of cellular cholesterol both in nor-

mal and in TD cells. Our data indicate that the coordinate

formation of PA and DG via PC-PLD and PC-PLC is essen-

tial for efficient cholesterol efflux. The molecular defect in

this TD kindred appears to affect an upstream effector of

protein kinase C responsible for the G-protein–dependent

regulation of PC-specific phospholipases. (

 

J. Clin Invest.
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Introduction

 

Tangier disease (TD)

 

1

 

 is a rare HDL deficiency syndrome with
autosomal codominant inheritance (1, 2). The disorder is char-
acterized by HDL hypercatabolism (3, 4), the nearly complete
absence of HDL particles in the plasma of homozygote pa-
tients, and half normal HDL cholesterol levels in heterozygote
patients. Moreover, homozygote patients have decreased LDL
levels, mild hypertriglyceridemia, and massive cholesterol es-
ter deposition in various tissues. A structural defect in apo A-I,
the major protein constituent of HDL, was excluded as the
cause of this disease (5). Several abnormalities in cellular
phospholipid-, triglyceride-, and cholesterol ester metabolism
and the appearance of unusual lysosomes as well as the hyper-
plasia of the Golgi complex observed in Tangier monocytes
and fibroblasts pointed to a defect of cellular lipid metabolism
or trafficking (6–8).

The kindred studied in this report was identified in Ger-
many by Assmann et al. (9–18). Its clinical, biochemical, and
histopathological manifestations have been described in detail
in previous reports. They include the typical quantitative and
structural abnormalities of the plasma lipoproteins (9–11), the
lipid storage in reticuloendothelial tissues and fibroblasts (10–
14), HDL hypercatabolism (15, 16), the erroneous lysosomal
degradation of HDL precursors in monocyte-derived mac-
rophages (6), the appearance of unusual lysosomes, hyperpla-
sia of the Golgi complex (8), and the lack of severe atheroscle-
rosis (17). Recently, we could demonstrate that the HDL

 

3

 

- and
the apo A-I–mediated translocation of cellular cholesterol
from intracellular pools to the plasma membrane and its efflux
into the extracellular medium is reduced by approximately
50% in cultivated fibroblasts from this TD kindred (18). Re-
duced cholesterol efflux (19, 20) as well as HDL hypercatabo-
lism (3, 4) has similarly been observed in other TD kindreds. It
has therefore been speculated that the impaired cellular trans-
location of cholesterol contributes to the irregular maturation
of HDL particles, which then results in hypercatabolism of im-
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mature HDL precursors (18–20). However, the exact cellular
defect is still unclear.

HDL

 

3

 

 mediates intracellular metabolic responses by bind-
ing to specific cell-surface receptors (21), with subsequent
breakdown of phospholipids (22). HDL

 

3

 

 activates both phos-
phoinositide- and phosphatidylcholine (PC)-hydrolysis. How-
ever, under cell culture conditions, the PC-hydrolysis only was
influenced by cholesterol loading (22). Thus, the PC break-
down may represent the mechanism promoting cholesterol
mobilization. In this paper, we investigated the possibility that
the impaired cholesterol translocation and efflux in TD cells is
related to defects in cellular PC hydrolysis induced by HDL

 

3

 

or apo A-I. PC can be hydrolyzed by PC-specific phospholi-
pase C (PC-PLC) or by PC-specific phospholipase D (PC-
PLD). The action of PC-PLC forms diacylglycerol (DG) and
phosphocholine (ChoP), PC-PLD produces phosphatidic acid
(PA) and choline (Cho). PA and DG can be interconverted to
each other by a PA-phosphohydrolase and DG-kinase (Fig. 1).
Our data indicate that the coordinate regulation of PC-PLC
and PC-PLD is impaired in TD fibroblasts and thus appears to
be necessary for regular HDL

 

3

 

-mediated cholesterol efflux.

 

Methods

 

Probands.

 

The experiments were performed with fibroblasts from
five normolipidemic healthy probands and two Tangier patients of
the JS family (patient JS: 62 y, male; patient EG: 59 y, female, sister
of JS) whose clinical, biochemical, and histopathological manifesta-
tions have been described in detail in several previous reports (6–18).

 

Materials.

 

L

 

-lyso-3-phosphatidylcholine, [1-

 

14

 

C]palmitoyl (56 mCi/
mmol), [methyl-

 

14

 

C]choline chloride (53 mCi/mmol), and [1-

 

14

 

C]arachi-
donic acid were obtained from Amersham Corp. (Braunschweig, Ger-
many). Autoradiography was performed by using Kodak X-OMAT
film (Eastman Kodak Co., Rochester, NY). Media components were
obtained from Flow Laboratories (Meckenheim, Germany). Plastic cul-
ture dishes were purchased from Falcon Labware (Oxnard, CA), scintil-
lation-counting mixture (Ultima-Gold) was obtained from Canberra-
Packard (Frankfurt, Germany). Aluminium-backed silica gel 60 TLC
plates and the solvents for TLC were purchased from Merck (Darm-
stadt, Germany). The solvents for TLC were of analytical grade. All
other reagents were obtained from Sigma Chemical Co. (Deisenhofen,
Germany) and were of the highest purity available.

 

Cell culture.

 

Human skin fibroblasts cultured from biopsies of
adult human hip skin were grown and maintained in DME containing
10% FCS, 2 mM 

 

L

 

-glutamine, and 1% antibiotic/antimycotic solution
(Sigma Chemical Co., St. Louis, MO). Once separated, the dermis
was cut into small pieces (0.5 mm on each side) and placed in a flask
in DME. When these primary cultures were confluent they were ex-
panded by passage. For experiments, cells between passage levels
three and six were seeded in 60-mm culture dishes at a density of

 

z

 

 7.5 

 

3

 

 10

 

4

 

/dish. The state of 70–80% confluence was reached after
3–4 d. At the state of 70–80% confluence, the cultures were choles-
terol-loaded to upregulate HDL

 

3

 

 binding (21). Cell layers were rinsed
twice with phosphate-buffered saline (PBS, pH 7.4) and incubated for
48 h at 37

 

8

 

C in DME supplemented with 50 

 

m

 

g/ml free cholesterol
complexed with 10% FCS. In one experiment cells were stimulated
with 100 nM PMA (stock solution: 4 mg/ml dissolved in DMSO) or
the inactive phorbol ester phorbol 12,13-dibutyrate. In another ex-
periment cells were treated with 100 ng/ml of pertussis toxin from
Bordetella pertussis (dissolved in 50% glycerol, 50 mM sodium phos-
phate, 0.5 M NaCl, pH 7.2) or control buffer (50% glycerol, 50 mM
sodium phosphate, 0.5 M NaCl, pH 7.2) for the final 12-h period of
cholesterol loading and for the subsequent 3-h incubation period
(23). To block PA phosphohydrolase, cells were treated with 100

 

m

 

mol/liter propranolol for the final 3-h incubation period (24). To in-

hibit PC-PLC, cells were treated with 30 

 

m

 

g/ml D 609 (10 mg/ml stock
solution dissolved in water) for 30 min and for the final 3-h incuba-
tion period. Under these experimental conditions, growth and cell vi-
ability (as measured by the Trypan exclusion assay) did not differ be-
tween Tangier and normal cells, either with or without addition of
inhibitors.

 

Lipoprotein isolation.

 

HDL

 

3

 

 (

 

d

 

 

 

5

 

 1.125–1.210 g/ml) was isolated
by standard differential ultracentrifugation from fresh normal human
plasma and dialyzed against 0.3 mM Tris-HCl buffer (pH 6.8) con-
taining 0.15 M NaCl (25). Modified HDL

 

3

 

 (HDL

 

3

 

-TNM) was pre-
pared as described (26).

 

Preparation of apo A-I proteoliposomes.

 

Apo A-I proteoliposomes
containing normal apo A-I and DMPC were obtained by the cholate
dialysis method according to Chen and Albers (27). Apo A-I was pre-
pared from HDL

 

3

 

 by a procedure described previously (28), ly-
ophilized, and stored as 500-

 

m

 

g aliquots at 

 

2

 

70

 

8

 

C. Contamination
with other proteins was excluded by analytical isoelectric focusing
and subsequent immunoblotting. The molar ratio of apo A-I to
DMPC was 1

 

;

 

150. Before incubation with cells, proteoliposomes
were dialyzed overnight at room temperature against DME.

 

Assay for PC-derived radiolabeled PA and DG formation.

 

Fibro-
blasts were seeded into 60-mm dishes, grown to 70–80% confluence
and cholesterol loaded. After 48 h, the medium was removed, the
cells were washed three times with PBS and incubated for 2 h in 2 ml
of DME-Hepes containing 0.05 

 

m

 

Ci/ml 

 

L

 

-lyso-3-phosphatidylcholine,
[1-

 

14

 

C]palmitoyl (56 mCi/mmol). Thereafter, cells were washed five
times in PBS, and incubated for additional 3 h in 2 ml of DME-
Hepes. At different times before stopping the 3-h incubation, cells
were stimulated with HDL

 

3

 

, apo A-I proteoliposomes, endothelin 1,
PMA, or PBS (control value). To terminate the incubation, the me-

Figure 1. Activities of PC-PLC and PC-PLD. PC-PLC hydrolyzes PC 
to yield the free polar headgroup ChoP and DG (A). PC-PLD
hydrolyzes PC to yield Cho and PA (B). In the presence of primary 
alcohols such as butanol PLD catalyzes preferentially a phosphatidyl-
transfer reaction (C), producing phosphatidylalcohols (in the
presence of butanol PBut). Because phosphatidylalcohols are not
attacked by PA-phosphohydrolase and the production of phosphati-
dylalcohol is mediated exclusively by PLD, synthesis of phosphatidyl-
alcohols is a specific and unequivocal marker for the involvement of 
this enzyme.
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dium was removed and the cell dishes were quickly placed in a liquid
nitrogen bath. The cells were scraped from the dishes with a rubber
policeman, once with 2 ml of ice-cold methanol and once with 2 ml of
ice-cold distilled water. Radioactive lipids were extracted by the
method of Folch et al. (29). For transphosphatidylation experiments
the 3-h incubation phase was performed in the presence of 0.3% bu-
tanol.

 

Separation of radiolabeled PA, DG, monoacylglycerol (MG), and

PBut by TLC.

 

In most experiments, a double one-dimensional TLC
(22) was used to separate phospholipids and neutral lipids of interest.
In this approach, a series of samples were spotted 12 cm from the bottom
of the plate. In order to resolve labeled neutral lipids (DG, MG, fatty
acids, and triglycerides) from phospholipids that remained at the ori-
gin, the plates were twice developed in toluene/ether/ethanol/triethyl-
amine (100

 

;

 

80

 

;

 

4

 

;

 

2, per vol). After the first run to 20 cm, the plates
were thoroughly dried and developed a second time with the same so-
lution to 18 cm. Plates were then cut 0.8 cm above the origin (i.e., 12.8
cm above the lower edge of the plate), rotated 180

 

8

 

, and developed to
the top with chloroform/methanol/ammonium hydroxide (65

 

;

 

35

 

;

 

5
per vol). After they were dried thoroughly, autoradiography was per-
formed by using Kodak X-OMAT film for 7–14 d. Radioactive bands
were cut from the silica plates, placed in scintillation vials containing
10 ml Ultima-Gold scintillation fluid, and quantitated by liquid scin-
tillation counting in a scintillation counter (model 1214; LKB, Brom-
ma, Sweden). The identities of labeled bands were determined based
on R

 

F

 

 values obtained for authentic neutral lipids and phospholipids
visualized by iodine staining. Phosphatidylbutanol (PBut) standard
was prepared as described in Kaszkin et al. (30).

 

Measurement of choline release.

 

Fibroblasts were labeled for 48 h
in choline-free DME containing [

 

methyl

 

-

 

14

 

C]choline (2 

 

m

 

Ci/ml), 10%
FCS, 2 mM 

 

L

 

-glutamine, and 1% antibiotic/antimycotic solution.
During the labeling interval 30–40% of the [

 

14

 

C]choline was taken up
by the cells. After 48 h the medium was removed, the cells were
washed three times with PBS and incubated for 20 min in 2 ml of
DME-Hepes containing unlabeled choline (1 mM) for 20 min. Cells
were washed in PBS, and incubated for further 20 min in fresh cho-
line-free DME-Hepes. The medium was removed, the cells washed
again twice in 1 ml of PBS, and incubated in 1 ml of choline-free
DME-Hepes for additional 3 h. At different times before stopping
the 3-h incubation, cells were stimulated with either HDL

 

3

 

 (20 

 

m

 

g/ml)
or PBS. After removing the medium, the cell dishes were rapidly im-
mersed in a liquid nitrogen bath and stored at 

 

2

 

20

 

8

 

C until further
preparation. The cells were scraped off the dishes using a rubber po-
liceman, once with 2 ml of ice-cold methanol, and once with 2 ml of
ice-cold distilled water. The aqueous and lipid phases of the cell ex-
tracts were separated as described by Folch et al. (29). The aqueous
phase of the chloroform/methanol extract was dried and resuspended
in 50% ethanol.

 

Separation of [

 

14

 

C]choline-labeled metabolites.

 

Aqueous [

 

14

 

C]cho-
line-labeled metabolites were separated and quantitated by a proce-
dure modified from that described by Yavin et al. (31). Nonradioactive
choline and phosphocholine (50 

 

m

 

g of each) were added to an aliquot
of the aqueous phase, which amounted to one-half of the total. The
samples with standards added were dried by vacuum centrifugation.
The residue was dissolved in 75 

 

m

 

l of 50% ethanol, spotted on to sil-
ica gel 60 plates, and developed to the top in a solvent composed of
0.6% NaCl/methanol/35% NH

 

3

 

 (100

 

;

 

100

 

;

 

3, per vol). The plates were
air dried for 30 min, and the standards were visualized by exposure of
the plates to iodine vapor. Spots corresponding to Cho (R

 

F

 

 0.09) and
ChoP (R

 

F

 

 0.39) were cut out, eluted for 48 h with 10 ml of Ultima-
Gold scintillation fluid, and then counted for radioactivity by liquid
scintillation in a scintillation counter (model 1214; LKB, Bromma,
Sweden).

 

Mobilization of cellular cholesterol.

 

Intracellular sterols were la-
beled by pulse incubations with [

 

14

 

C]mevalonolactone as previously
described (18). After incubation in cholesterol-containing medium,
cell layers were rinsed three times with PBS containing 1 mg/ml fatty
acid-free albumin (FAFA), and were then incubated for 4 h at 37

 

8

 

C

in bicarbonate-free DME-Hepes, 1 mg/ml FAFA, 8 

 

m

 

Ci/ml [

 

14

 

C]me-
valonolactone, 0.5 mM mevalonolactone, and 2 

 

m

 

g/ml of the ACAT
inhibitor octimibate (Rhône 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

 

8

 

C. Cell layers were rinsed once
more in PBS-FAFA and then incubated for 2 h at 37

 

8

 

C in bicarbon-
ate-free DME-Hepes, 1 mg/ml FAFA, in the presence of HDL

 

3

 

 or
PBS (basal value). After a 2-h incubation period in absence or pres-
ence of HDL

 

3

 

, the efflux media were collected, 1 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. (29). Sterol species were separated by thin-layer chroma-
tography on silica gel G plates (Merck, Darmstadt, Germany) devel-
oped in heptane/ether/methanol/acetic acid (80

 

;

 

30

 

;

 

10

 

;

 

1.2, per vol).
Lipids were identified by staining with I

 

2

 

 vapor and by comigration
with standards. Appropriate spots were taken for scintillation count-
ing. For the determination of specific activities, the cellular choles-
terol mass was determined by a fluoroenzymatic method (32).

 

General procedures.

 

Protein concentrations were measured ac-
cording to the method of Bradford et al. (33), using bovine serum al-
bumin as the standard. Unless otherwise indicated, each experiment
was performed in triplicate and repeated three to five times. Data
represent the mean

 

6

 

SD of data obtained from a representative ex-
periment. Student’s 

 

t

 

 test was used for the comparison of mean
values.

 

Results

 

HDL

 

3

 

-induced activation of PC-PLD and PC-PLC in normal

and TD fibroblasts.

 

In cholesterol-loaded human skin fibro-
blasts from normolipidemic probands, HDL

 

3

 

 activates PC-
PLD in a biphasic manner (Fig. 2 

 

A

 

). Both products of PC-
PLD, PA, and Cho, increased with two peak maxima at 30 to
60 s and 7 to 10 min. Activation of PC-PLD was confirmed by
the accumulation of phosphatidylbutanol (PBut) in the pres-
ence of butanol (Fig. 2 

 

A

 

). In the presence of primary alcohols
PC-PLD catalyzes a phosphatidyl-transfer reaction, producing
phosphatidylalcohols (in the presence of butanol PBut), which
are not attacked by PA-phosphohydrolase. Because the pro-
duction of phosphatidylalcohols is mediated exclusively by
PLD (Fig. 1), the accumulation of PBut is a specific marker for
the involvement of this enzyme (34, 35). In Tangier fibroblasts,
the HDL

 

3

 

-mediated increase of PA and Cho occurred with a
lag phase of 5–10 min, and the maximal increase was reduced
by 70–80% (Fig. 2 

 

B

 

), indicating a reduced activity of PC-PLD.
The biphasic kinetics of PA and Cho formation seen in control
cells was barely recognizable. In addition, PC-PLD-mediated
transphosphatidylation in response to HDL

 

3

 

 was reduced by
60–80%, confirming impaired activation of PC-PLD (Fig. 2 

 

B

 

).
The direct products of PC-specific PLC (PC-PLC) are DG

and ChoP (Fig. 1). In normal fibroblasts, a rapid increase of
DG and a small transient rise of ChoP was observed 2–5 min
after stimulation, followed by a slow gradual increase of DG
and ChoP for at least 2 h (Fig. 2 

 

C

 

). Because DG can also be
converted from PA by PA phosphohydrolase, we estimated
the true portion of PC-PLC–mediated DG formation, by com-
paring the increases of PC-derived DG in the absence and
presence of butanol, which traps PLD-derived PA as PBut. As
shown in Table I, the major part of DG at 2, 5, and 10 min after
stimulation was inhibited in the presence of 0.3% butanol in
normal fibroblasts, suggesting a major precursor role for PA in
HDL

 

3

 

-induced DG formation. Conversely, at longer incuba-
tion times (30 min, 60 min) the DG response was inhibited to a
lesser degree, indicating increasing influence of PC-PLC on
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DG formation. That cellular ChoP accumulates at longer incu-
bation times (Fig. 2 

 

C

 

) is consistent with an increasing activa-
tion of PC-PLC. The formation of DG was paralleled by the
formation of MG, the relative increase of which was compara-
ble to or even slightly higher than that of DG. MG was most
likely derived from DG by the action of DG lipase (36). Tri-
acylglycerol levels were not significantly influenced by HDL

 

3

 

(not shown).
Despite the reduced PLD activity, the increases in the lev-

els of PC-derived DG and MG were two- to threefold more
noticeable in Tangier cells than in controls (Fig. 2 

 

D

 

). In addi-
tion, only a minor portion of DG formation at 2, 5, and 10 min
after stimulation was inhibited by butanol (Table I). This indi-
cated that normal and Tangier cells activate different pathways
of PC breakdown. DG in Tangier cells was mainly derived di-
rectly from PC by PC-PLC, whereas in normal cells DG was
mainly produced by the consecutive action of PC-PLD and
PA-phosphohydrolase.

 

PC breakdown in response to apo A-I, endothelin and PMA

in normal and TD fibroblasts.

 

The putative HDL

 

3

 

 receptor is
a 105-kD protein, which is upregulated in cholesterol-loaded
cells (37). Apo A-I, the main protein constituent of HDL

 

3

 

, is
the likely physiological ligand for this receptor (38). We re-
cently demonstrated that only the early activation of PC-PLD
(resulting in the first PA peak in Fig. 2 

 

A

 

) can be mimicked by
apo A-I, and that only this second messenger response is in-
ducible by cholesterol loading of the cells (22). The late PC-
hydrolysis may be induced by another as yet unidentified ago-
nist on the HDL particle. The results shown in Fig. 2 appear to
indicate that enhanced activation of PC-PLC and diminished
activation of PC-PLD in TD fibroblasts includes both phases
of HDL

 

3

 

-induced PC-hydrolysis. To examine the apo A-I–
induced PC-breakdown in more detail, apo A-I proteolipo-
somes (10 

 

m

 

g/ml) were tested for their ability to induce PC hy-
drolysis in normal and Tangier fibroblasts. The kinetics and
the extent of PA and DG increases induced by apo A-I proteo-
liposomes closely resembled the first phase observed with 20

 

m

 

g/ml HDL

 

3

 

. As shown in Fig. 3, 

 

A

 

 and 

 

B

 

, the PA response in
control cells preceded the DG increase, indicating that DG
formation occurred at least partly by a coupled PLD/PA-phos-
phohydrolase pathway. This suggestion was further strength-
ened by the observation that the apo A-I–induced DG forma-
tion was decreased in the presence of 0.3% butanol (Table I).
Activation of PC-PLD was confirmed by transphosphatidyla-
tion in the presence of 0.3% butanol (Table II). In Tangier
fibroblasts, by contrast, activation of PC-PLD was markedly
reduced and delayed. Despite the inhibition of PC-PLD, the
PC-derived DG increase was not found to be decreased but
was rather slightly increased. In contrast to normal cells, the
DG formation preceded PA formation in TD fibroblasts (Fig.
3, 

 

A

 

 and 

 

B

 

), and was not influenced by butanol (Table I).
These results pointed to uncoordinated activation of PC-PLC
and PC-PLD in TD cells. In order to examine whether this is
also demonstrable with an agonist that does not bind to the
HDL receptor, we used endothelin 1 as agonist. This vasocon-
strictor binds to specific endothelin receptors on fibroblasts,
and stimulates PC hydrolysis through both PLC and PLD
pathways (39). As demonstrated by the accumulation of PBut
in the presence of 0.3% butanol (Table II), 10 nM endothelin
induced activation of PC-PLD in normal cells. The rapid con-
version of PA to DG apparently prevented the accumulation
of PA and resulted in a transient decrease of basal PA levels

Figure 2. HDL3-Induced activation of PC-PLD and PC-PLC in nor-
mal and TD fibroblasts. The products of PC-PLD (PA, PBut, and 
Cho) are presented for normal (A) and TD fibroblasts (B), and the 
products of PC-PLC (DG, ChoP) and MG are presented for normal 
(C) and TD fibroblasts (D), respectively. Cholesterol-loaded human 
skin fibroblasts were prelabeled with [14C]lyso-PC (measurement of 
PA, PBut, DG, and MG) or with [14C-methyl]choline chloride (mea-
surement of Cho and ChoP), as described in Methods. At the indi-
cated times 20 mg/ml HDL3 (closed symbols) or PBS buffer (open 

symbols) was added to control fibroblasts (A, C) or TD fibroblasts 
(B, D). The amount of [14C]radioactivity in PA, DG, PBut, and MG 
(in dpm) was normalized for total radioactivity separated on TLC, 
and was then expressed as the percentage of the mean for the basal 
value (incubation without HDL). In the presented experiment, the 
total amount of radioactivity incorporated into cellular lipids and sep-
arated on TLC was 33,47669,256 dpm in normal and 42,67365,498 
dpm in TD cells. The basal dpm values for PA, DG, PBut, and MG 
ranged between 800 and 1100, 400 and 600, 300 and 500, 100 and 250 
dpm, respectively. These were not significantly different in normal 
and TD cells. Values for Cho and ChoP were expressed as the per-
centage of the mean for the basal value (incubation without HDL). 
Mean basal values were: 10,47861,987 dpm (Cho, control), 
34,58966,786 dpm (ChoP, control), 9,67862,467 dpm (Cho, TD), and 
44,529611,983 dpm (ChoP, TD). Values are the mean6SD for three 
determinations from a typical experiment out of five. Comparable re-
sults were obtained on five controls and two homozygous Tangier pa-
tients.
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(Fig. 3 C), accompanied by DG increases up to 300–350% of
basal values, 2 min after stimulation (Fig. 3 D). In TD fibro-
blasts, PC-PLD activation in response to 10 nM endothelin
was reduced and occurred with a lag phase (Fig. 3 C; Table II).
However, the initial DG increase was higher than in control
cells, reaching statistical significance at 30 s (P , 0.001, Stu-
dent’s t test), when DG in normal cells was not significantly in-
creased (Fig. 3 D). In contrast to the controls, the stimulation
of DG formation was only slightly affected in the presence of
butanol (Table I), suggesting that endothelin-stimulated DG
accumulation in TD fibroblasts was a consequence of PC-PLC
activation.

To further examine whether the defective regulation of
PC-PLC and PC-PLD observed in TD fibroblasts is ligand-
dependent, PC hydrolysis was stimulated with PMA, an activa-
tor of protein kinase C (PKC), that activates phospholipases
directly (40). As shown in Fig. 3 E and F, the PMA-stimulated
PC-hydrolysis was not different in normal and TD cells. In
contrast to HDL3, apo A-I and endothelin, PMA activated PC-
PLD subsequent to PC-PLC, indicated by the observation that
both PA and PBut formation followed the increase of DG
(Fig. 4 E and F; Table II).

HDL3-induced PC breakdown in PT-treated normal and

TD fibroblasts. The above presented data indicated that the
regulation of PC-PLC and PC-PLD is impaired in Tangier
cells. The defect is apparently neither agonist- nor receptor-
specific. In this context, it is interesting to note that phospholi-
pases are coupled to cell surface receptors by stimulatory or
inhibitory guanine nucleotide-binding regulatory proteins
(G-proteins), which may interact with various receptors (41).
In rat fibroblasts, PC-PLD was found to be regulated by a PT-
sensitive stimulatory G-protein (42). To examine the G-pro-
tein coupled processes in response to HDL3 in more detail, we
investigated the ability of pertussis-toxin (PT), which catalyzes
ADP-ribosylation of G-proteins, to block phospholipase acti-
vation. In cells treated with 100 ng/ml PT per ml for 12 h, PT-

sensitive GTP-binding proteins are completely inhibited by
PT-catalyzed ADP-ribosylation of their a-subunits (23). As
shown in Fig. 4, PT-pretreatment of normal and TD fibroblasts
completely blocked HDL3-induced activation of PC-PLD. In-
creases of DG, by contrast, were markedly enhanced in nor-
mal, and slightly enhanced in TD cells. These data could best
be explained by an inverse coupling of PC-PLD and PC-PLC
by a G-protein dependent process. It is evident from Fig. 4 that
PT treatment of normal fibroblasts resulted in a PA and DG
formation pattern very similar to that observed in non-PT–

Table I. Influence of Butanol on the HDL3-Induced [14C]DG Formation

Radioactivity (dpm/dish)

Normal Tangier

Butanol 2 Butanol 1 Butanol 2 Butanol 1

No addition 640650 (100) 720670 (100) 730689 (100) 820662 (100)

20 mg/ml HDL3, 1 min 655623 (103) 715676 (99) 956693 (131) 1128674 (138)

20 mg/ml HDL3, 2 min 779646 (122) 749639 (104) 13506112 (185) 1314696 (160)

20 mg/ml HDL3, 5 min 930638 (145) 799666 (111)* 11906130 (163) 1188684 (145)

20 mg/ml HDL3, 10 min 1020664 (159) 857652 (119)* 12426154 (170) 1362664 (166)

20 mg/ml HDL3, 30 min 10666122 (166) 986699 (137) 1416666 (194) 1254654 (153)*

20 mg/ml HDL3, 60 min 1042624 (163) 10306114 (143) 15296108 (209) 1368695 (167)

10 mg/ml apo A-I, 1 min 966640 (151) 842655 (117)* 1132663 (155) 1190686 (145)

10 nM endothelin, 2 min 1792684 (280) 11486135 (135)‡ 1898684 (260) 1804665 (220)

Normal and Tangier fibroblasts were cholesterol-loaded and radiolabeled with [14C]lyso-PC as described for Fig. 2. The cells were then incubated for

3 h in DME-Hepes in absence or presence of 0.3% butanol. At the indicated times before terminating the incubation period, 20 mg/ml HDL3, 10 mg/

ml apo A-I proteoliposomes or 10 nM endothelin was added. Lipid extraction and determination of radioactivity in DG and PA were performed as

described in Methods. The amount of [14C] radioactivity in DG was expressed as dpm/dish. Each value is the mean6SD of triplicate incubations. Val-

ues in parentheses are stimulations expressed as a percentage of the control value (no addition). The experiment is representative for three experi-

ments from fibroblasts of two homozygous TD patients and three control subjects. *P , 0.05, ‡P , 0.01 comparing by Student’s t test the mean values

and standard deviations for [14C]DG formation in presence of butanol to the respective values in absence of butanol.

Table II. Endothelin-, Apo A-I-, and PMA-Induced [14C]PBut 
Formation

Radioactivity (dpm/dish)

Treatment Normal Tangier

No addition 121621 (100) 101621 (100)

10 mg/ml apo A-I, 2 min 211636 (174)* 124623 (123)‡

10 nM endothelin, 2 min 260643 (215)§ 142643 (142)‡

100 nM PMA, 5 min 164633 (136) 139637 (138)

100 nM PMA, 10 min 210655 (174)* 187647 (185)*

Normal and Tangier fibroblasts were cholesterol-loaded and radiola-

beled with [14C]lyso-PC as described for Fig. 2. The cells were then incu-

bated for 3 h in DME-Hepes in absence or presence of 0.3% butanol. 2,

5, or 10 min before terminating the 3 h incubation period, 10 mg/ml apo

A-I proteoliposomes, 10 nM endothelin, or 100 nM PMA was added.

Each value is the mean6SD of triplicate incubations. Values in parethe-

ses are stimulations expressed as a percentage of the basal value (no

additions). The experiment is representative of three experiments from

fibroblasts of two homozygous TD patients and three control subjects.

*P , 0.05, ‡P , 0.05 by Student’s t test for normal vs. Tangier, and §P ,

0.01 comparing by Student’s t test the mean values and standard devia-

tions for [14C]PBut formation in response to apo A-I proteoliposomes,

endothelin, and PMA to the basal [14C]PBut formation (no addition).
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treated Tangier cells. However, the HDL3-induced PA forma-
tion in TD cells was not completely inhibited, and the en-
hanced DG levels in response to HDL3 were still enhanced by
PT pretreatment in five of six independent experiments (Fig.
4). These data suggest that under physiological conditions
(without PT) PC-PLD is stimulated via a G-protein coupled
process, and that PC-PLC is simultaneously inhibited. This
mechanism is apparently distorted, but not totally defective in
cells from this TD kindred.

Influence of propranolol, butanol, D 609, and PT on the

mobilization of cellular cholesterol in normal and Tangier fi-

broblasts. The ability of HDL3 to promote efflux of cellular
free cholesterol (FC) was compared in normal and TD fibro-
blasts in the absence or presence of substances that influence
PC-PLC or PC-PLD. Cholesterol-loaded cells were treated
with 2 mg/ml of the ACAT inhibitor octimibate to prevent es-
terification of de novo synthesized cholesterol. The cells were

then pulse-labeled with [14C]mevalonolactone to enrich intra-
cellular pools with labeled sterol. After an additional 2-h incu-
bation period in the presence of 20 mg/ml HDL3 and 1 mg/ml
FAFA, the [14C]FC in the extracellular medium was quantified
as described in the Methods section. The values obtained with
FAFA but without HDL3 were set as 100% (basal value). Un-
der basal conditions, neither the total amount of radioactivity
incorporated into cellular FC (control: 62,76665,478 dpm/mg
cell protein; Tangier: 59,76564,237 dpm/mg cell protein) nor
the specific activities of cellular FC (control: 425663 dpm/mg
FC; Tangier: 495647 dpm/mg FC) were significantly different
in the two cell types.

As shown in Fig. 5, the addition of 20 mg/ml HDL3 to con-
trol cell cultures caused an increase of extracellular [14C]FC up
to 385632% of the basal value during the 2-h incubation pe-
riod. In TD fibroblasts, the addition of 20 mg/ml HDL3 to the
cell cultures caused an increase of extracellular [14C]FC up to
177619% of the basal value. Thus, the mobilization of cellular
cholesterol was markedly decreased by 54%, compared to con-
trols (P , 0.001, Student’s t test).

In the presence of propranolol (100 mM), which inhibits
PA phosphohydrolase with a resulting increase in the levels of
PA (24), the HDL3-induced efflux of cellular cholesterol was
enhanced by 19% in normal fibroblasts (458643% vs.
385632% of the basal value, P , 0.05, Student’s t test) and by
97% to almost normal basal values in Tangier fibroblasts
(349623% vs. 177619% of basal, P , 0.001, Student’s t test).
PA levels were increased in parallel by 21% in normal cells
(P , 0.01, Student’s t test, Table III) and by 27% in TD cells
(P , 0.01, Student’s t test, Table III). DG levels in the pres-
ence of propranolol were significantly decreased in normal
(P , 0.05, Student’s t test, Table III), but not in TD cells.

Figure 3. PC breakdown in response to apo A-I, endothelin, and 
PMA in normal and TD fibroblasts. The figure shows the time 
courses of [14C]PA (A, C, E) and [14C]DG (B, D, F) formation in con-
trol fibroblasts (circles) and TD fibroblasts (triangles) prelabeled with 
[14C]lyso-PC and stimulated with apo A-I proteoliposomes, endothe-
lin, or PMA. Control or TD cells were prelabeled with [14C]lyso-PC, 
as described in the Methods section. At the indicated times 10 mg/ml 
apo A-I proteoliposomes (A, B), 10 nM endothelin (C, D), or 100 nM 
PMA (E, F) was added. Values are the mean6SD for three determi-
nations from a typical experiment out of three. The amount of 
[14C]radioactivity was expressed as dpm. All values were normalized 
for total radioactivity separated on TLC, and were then expressed as 
the percentage of the mean for the basal value (incubation without 
agonist). In the presented experiment, the total amount of radioactiv-
ity incorporated into cellular lipids and separated on TLC was 
44,63963,562 dpm in normal and 52,41167,391 dpm in TD cells. The 
basal dpm values for PA and DG ranged between 900 and 1,300, and 
550 and 650 dpm, respectively. They were not significantly different 
in normal and TD cells. Each value represents the mean6SD for 
three determinations from a typical experiment out of five (with fi-
broblasts from two different TD patients and three different con-
trols).

Figure 4. HDL3-induced PC breakdown in pertussis toxin treated 
normal and TD fibroblasts. Normal (A, C) and TD (B, D) cells were 
treated and stimulated, as described in Fig. 2, but for the final 12-h 
period of cholesterol loading cells were treated with 100 ng/ml of per-
tussis toxin from Bordetella pertussis (closed symbols) or control 
buffer (open symbols). PA (A, B) and DG (C, D) was measured as 
described in Fig. 2. Each value was expressed as the percentage of the 
mean for the basal value (incubation without HDL3), and represents 
the mean for three determinations from a typical experiment out of 
five. The total amount of radioactivity incorporated into cellular lip-
ids and separated on TLC was 30,36161,492 dpm in normal and 
33,94563,875 dpm in TD cells. The basal dpm values for PA and DG 
ranged between 650 and 950 and 300 and 600 dpm, respectively.
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In the presence of 0.3% butanol, which traps PA such as
PBut, the cholesterol efflux was inhibited by 17% in normal
cells (320626% vs. 385632% of basal, P , 0.05, Student’s t test)
and by 33% in TD fibroblasts (119616% vs. 177619% of
basal, P , 0.01, Student’s t test). PA levels were concomitantly
decreased by 13% in normal fibroblasts (P , 0.05, Student’s
t test, Table III) and by 21% in TD fibroblasts (P , 0.05, Stu-
dent’s t test, Table III).

In the presence of 30 mM D 609 (a specific PC-PLC inhibi-
tor), the cholesterol efflux was inhibited by 31% in normal
cells (266647% vs. 385632% of basal, P , 0.05, Student’s t test),
and by 12% in TD cells (156624% vs. 177619% of basal, not
significant). PC-derived DG levels were decreased by 17% in
normal cells (P , 0.01, Student’s t test, Table III) and by 22%
in TD cells by this treatment (P , 0.01, Student’s t test, Table
III). PA levels were not significantly influenced by D 609.

Pretreatment of the fibroblasts with PT decreased the
HDL3-induced cholesterol efflux by 40% in control fibroblasts
(231667% vs. 385632% of basal, P , 0.01, Student’s t test)
and by 16% in TD fibroblasts (148651% vs. 177619% of
basal, not significant, Student’s t test). DG levels were en-
hanced, and PA levels were suppressed to almost basal values
in the presence of PT (Table III).

In summary, both inhibition of PC-PLC and inhibition of

PC-PLD was associated with reduced mobilization of cellular
cholesterol. In TD cells, the inhibition of PA formation re-
duced cholesterol efflux to a greater extent than in normal
cells, whereas the inhibition of DG formation reduced choles-
terol efflux to a lesser extent than in controls. Conversely, the
pharmacological increase of PA enhanced cholesterol efflux to
almost normal levels in TD cells, but only slightly increased
cholesterol efflux in control cells. PT reduced cholesterol ef-
flux in normal, but not in TD fibroblasts.

Discussion

In this investigation, we demonstrate that the PT-sensitive reg-
ulation of PC-PLD and PC-PLC is distorted in TD fibroblasts.
The opposite kinetics for the release of the lipid-soluble prod-
ucts of PC-PLC (DG) and PC-PLD (PA) in control and TD fi-
broblasts was the first indication for abnormal activation of
PC-PLC and PC-PLD. However, PA and DG can be intercon-
verted by hydrolases and kinases (Fig. 1). It was therefore nec-
essary to estimate the portion of PLC-mediated DG formation
by comparing the increases of PC-derived DG in the absence
or presence of butanol, which traps PA such as PBut. In addi-
tion, we monitored the formation of PBut as marker of PLD
activation. Moreover, the direct water-soluble products of PC-
PLC (ChoP) and PC-PLD (Cho) were measured. Using these
techniques we demonstrate that the maximum activation of
PC-PLD in response to HDL3 is reduced by 70–80% in TD fi-
broblasts, and that it is delayed by 5–10 min. Activation of PC-
PLC, by contrast, has an early onset, and is two- to threefold
enhanced.

Figure 5. Influence of propranolol, butanol, D 609, and pertussis 
toxin on the mobilization of cellular cholesterol in normal and TD fi-
broblasts. Cholesterol-loaded normal and TD fibroblasts were pulse-
labeled with [14C]mevalonolactone (8 mCi/ml, 0.5 mM). After incuba-
tion for 4 h at 378C in bicarbonate-free DME-Hepes, 1 mg/ml FAFA, 
8 mCi/ml [14C]mevalonolactone, 0.5 mM mevalonolactone, and 2 mg/
ml of the ACAT inhibitor octimibate, cell layers were rinsed three 
times with PBS-FAFA, and then incubated in the same media with-
out label for 1 h at 378C. Cell layers were rinsed once more in PBS-
FAFA and then incubated for 2 h at 378C in bicarbonate-free DME-
Hepes, 1 mg/ml FAFA, in the presence or absence of HDL3 (20 mg/
ml). [14C]FC in the efflux medium was extracted and separated as de-
scribed in Methods, and was expressed as the percentage of the mean 
for the basal value (incubation in the presence of FAFA alone). To 
block PA phosphohydrolase, cells were treated with 100 mmol/l pro-
pranolol for the 2-h incubation period. To inhibit PC-PLC, cells were 
treated with 30 mg/ml D 609 for 30 min and for the 2-h incubation pe-
riod. 0.3% butanol was added for the 2-h incubation period. 100 ng/
ml of pertussis toxin from Bordetella pertussis were added for the fi-
nal 12-h period of cholesterol loading and for the subsequent incuba-
tion period. *P , 0.05, **P , 0.01; Student’s t test comparing pre-
treatment and no pretreatment (HDL alone); (n 5 4).

Table III. Effect of Propranolol, Butanol, D 609, and Pertussis 
Toxin on the HDL3-induced [14C]DG and [14C]PA Formation

Radioactivity (% of basal)

Normal Tangier

Treatment DG PA DG PA

HDL3 13965 14363 176610 11267

HDL3 1 Propranolol 11767* 17367‡ 180614 14265‡

HDL3 1 Butanol 119612* 12569* 169612 89613*

HDL3 1 D 609 11564‡ 14764 13767‡ 10766

HDL3 1 Pertussis toxin 17268‡ 10669‡ 20168* 99611

Normal and Tangier fibroblasts were cholesterol-loaded and radiola-

beled with [14C]lyso-PC as described in Fig. 2. The cells were then incu-

bated for 3 h in DME-Hepes in absence or presence of an inhibitor. 4

min before terminating the 3-h incubation period, 20 mg/ml HDL3 was

added. Lipid extraction and determination of radioactivity in DG and

PA were performed as described in Methods. All values were normal-

ized for total radioactivity incorporated into cellular lipids (30,000–

60,000 dpm per data point), and were then expressed as the percentage

of the mean for the basal value (no addition or addition of the respec-

tive inhibitor alone). The treatment with 100 mmol/l propranolol, 0.3%

butanol, or 30 mg/ml D 609 was performed during the final 3-h incuba-

tion period. 100 ng/ml of pertussis toxin from Bordetella pertussis were

added for the final 12-h period of cholesterol loading and for the 3-h

incubation period. Each value is the mean6SD of triplicate incuba-

tions. The experiment is representative of three experiments from fibro-

blasts of two homozygous TD patients and three control subjects. *P ,

0.05; ‡P , 0.01 comparing by Student’s t test HDL3 and HDL3 1 inhibi-

tor (n 5 4).
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The abnormal activation of PC-PLD and PC-PLC was ob-
served in response to HDL3, apo A-I, and endothelin, but not
in response to PMA. The putative HDL3 receptor is a 105-kD
protein, that is upregulated in cholesterol-loaded cells (37).
Endothelin, by contrast, is a strong vasoconstrictor, that binds
to specific endothelin receptors on fibroblasts (39). Con-
versely, PMA activates protein kinase C, which in turn stimu-
lates PC-PLC and PC-PLD directly (40). These data indicate
that the impaired regulation of PC-PLC and PC-PLD in TD fi-
broblasts is not receptor or agonist specific. In addition, the ex-
periments with PMA suggest that the phospholipases them-
selves are not defective, and that the molecular defect is
located upstream of PKC. In rat fibroblasts, PC-PLD was
found to be regulated by a PT-sensitive stimulatory G-protein
(42). We therefore examined the influence of PT on HDL3-
induced PC-hydrolysis. Pretreatment of normal fibroblasts
with PT completely blocked activation of PC-PLD, and activa-
tion of PC-PLC was markedly enhanced by this treatment. These
data indicate the under normal conditions (without PT) the
G-protein-dependent activation of PC-PLD is associated with
the inhibition of PC-PLC. An inverse coupling of PC-PLC and
PC-PLD has previously been described in fibroblasts (43).
Moreover, this result is of interest insofar as a DG and PA for-
mation pattern similar to that observed in Tangier cells can be
induced in normal fibroblasts by pretreatment of the cells with
PT. However, the reduced PA formation in response to HDL3

in TD cells was further deepened, and the enhanced DG levels
in response to HDL3 were still enhanced in PT-pretreated
cells. Thus, a heterotrimeric G-protein or another factor in-
volved in the G-protein-dependent regulation of cellular phos-
pholipases appears to be distorted but not totally defective in
fibroblasts from the TD kindred described here. Alternatively,
an inadequate supply of phospholipase substrates may occur in
these cells. In this context, it is worth notice that abnormal
plasma membrane phospholipid content was noted in TD (44).
Moreover, dysregulation of phospholipid synthesis as well as
diminished phosphoinositide breakdown were found in TD fi-
broblasts (7, 45). Hence, the possibility that a protein involved
in cellular phospholipid transport and distribution is defective
in TD can also not entirely be excluded.

Recent investigations demonstrated an impaired HDL3-
and apo A-I–induced mobilization of cellular cholesterol in
TD fibroblasts (18–20). On the other hand, we have shown
that HDL3 activates both PI- and PC-turnover (22). However,
only the liberation of PC-derived PA and DG was inducible by
both HDL3 and apo A-I, and only this second messenger re-
sponse was sensitive to cholesterol loading of the cells (22). It
was therefore of interest whether there is a causal relationship
between cholesterol efflux and HDL3- and apo A-I–induced
PC breakdown. The data described here support the notion
that the PC-derived second messengers DG and PA are di-
rectly involved in the HDL3- and apo A-I–induced cholesterol
efflux. The impaired HDL3- and apo A-I–induced mobiliza-
tion of cellular cholesterol in TD fibroblasts occurred in paral-
lel with the distorted liberation of PC-derived DG and PA. In
addition, a Tangier-like PA and DG formation pattern as well
as reduced cholesterol efflux was observed in normal PT-
treated cells. Moreover, the inhibition of PC-PLC or PC-PLD
in the presence of D 609 or butanol, respectively, significantly
inhibited the mobilization of cellular cholesterol. Conversely,
the pharmacological increase of PA in the presence of pro-
pranolol, which inhibits PA phosphohydrolase, enhanced cho-

lesterol efflux to almost normal values in TD cells. Interest-
ingly, the cell type with reduced PC-PLD and enhanced PC-
PLC activity (TD) was more sensitive to pharmacological
modulation of PC-PLD and less sensitive to modulation of PC-
PLC activity. These data suggest that the coordinate formation
of PA and DG via PC-PLD and PC-PLC is required for nor-
mal cholesterol efflux.

Mendez et al. have shown that the HDL3-receptor-medi-
ated translocation of cellular cholesterol is dependent on acti-
vation of PKC (46). DG is the physiological activator of PKC.
Our data indicate that DG formation per se is not sufficient for
cholesterol efflux. Cholesterol efflux was impaired in TD fi-
broblasts despite the fact that PC-derived DG formation was
two- to threefold enhanced in response to HDL3. It has previ-
ously been suggested that PA not only functions as a precursor
of DG, but can itself also induce important second messenger
functions, e.g., in mitogenesis or secretion (47). It has been
proposed that PA can transiently alter membrane structures
by biophysical means (48). It is therefore conceivable that PA
may act as a second messenger involved in cellular cholesterol
translocation processes.

In view of the strong inverse relationship between HDL
cholesterol levels and coronary risk (49), lack of severe athero-
sclerosis in the TD kindred described here is remarkable (17).
The findings show that the nearly completely absence of HDL,
accompanied by impaired cellular cholesterol homeostasis and
foam cell formation, is not necessarily associated with the de-
velopment of atherosclerosis. Several reasons may account for
this phenomenon. The cholesterol efflux in response to HDL3

is not completely absent in the patients described here. Other
TD patients have been reported with a more severe reduction
in cholesterol efflux (19). Thus, genetic heterogeneity may ex-
ist, which may explain why patients with TD develop athero-
sclerosis (50, 51) and others do not (17). It is also possible that
neither the HDL deficiency nor the reduced cholesterol efflux,
nor the cholesterol ester deposition, are per se atherogenic,
and that additional factors are necessary for atherogenesis. In
addition, disturbances related to defective signal transduction
in TD may be antiatherogenic. For example, our results indi-
cate that the second messenger response induced by endothe-
lin, which participates in the atherogenic process (52), might
be impaired in TD cells. The markedly decreased LDL choles-
terol levels in TD may also protect against atherogenesis.

During the last years the function and regulation of G-pro-
teins and phospholipases has been intensively studied. How-
ever, little is known about the mechanisms, by which different
phospholipases are acting together. We have identified a hu-
man disease, in which the G-protein–dependent coupling of
two phospholipases is distorted. Our results should facilitate
elucidating the molecular defect in TD and the identification
of the protein(s) involved in the coupling between PC-PLC
and PC-PLD and thus will help to understand the complex in-
terplay between different phospholipases. In addition, our re-
sults demonstrate that the PC breakdown is essential for effi-
cient HDL-mediated mobilization of cellular cholesterol. The
coordinate formation of PA and DG via PC-PLD and PC-PLC
seems to be necessary for this process.
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