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Abstract Differential regulation has been suggested for
cellular cholesterol and phospholipid release mediated by
apolipoprotein A1 (apoA-I)/ABCA1. We investigated vari-
ous factors involved in cholesterol mobilization related to
this pathway. ApoA-I induced a rapid decrease of the cellu-
lar cholesterol compartment that is in equilibrium with the
ACAT-accessible pool in cells that generate cholesterol-rich
HDL. Pharmacological and genetic inactivation of ACAT
enhanced the apoA-I'mediated cholesterol release through
upregulation of ABCA1 and through cholesterol enrich-
ment in the HDL generated. Pharmacological activation of
protein kinase G (PKC) also decreased the ACAT-accessible
cholesterol pool, not only in the cells that produce choles-
terolrich HDL by apoA-l (i.e., human fibroblast WI-38 cells)
but also in the cells that generate cholesterol-poor HDL
{(mouse fibroblast 1929 cells), In 1929 cells, the PKC activa-
tion caused an increase in apoA-I-mediated cholesterol re-
lease without detectable change in phospholipid release
and in ABCAIl expression.lf These results indicate that
apoA-] mobilizes intracellular cholesterol for the ABCAl-
" mediated release from the compartment that is under the
control of ACAT, The cholesterol mobilization process is
presumably related te PRC activation by apoA-I.—Yama-
ucht, ¥, C. C. Y. Chang, M. Hayashi, S. Abe-Dohmae, P. C.
Reid, TY. Chang, and S. Yokoyama. Intracellular cholesterol
mobilization involved in the ABCA1/apolipoprotein-medi-
ated assembly of high density lipoprotein in fibroblasts, J.
Lipid Res. 2004. 45: 1943-1951.
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Cholesterol has various important biological functions,
such as regulation of the structure and function of cellu-
lar membranes, covalent modification of protein, and bio-
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synthesis of steroid hormones and bile acids as their pre-
cursors, Cellular cholesterol content and its distribution
are therefore tightly regulated by various factors, and in-
tracellular cholesterol trafficking is closely related to its
cellular homeostasis. One of the sensing sites of cellular
cholesterol level is the endoplasmic reticulum, where vari-
ous important molecules for cholesterol homeostasis are

located. Sterol regulatory element binding proteins (SREBPs)

and their related elements are identified as a system to
regulate various genes for cholesterol biosynthesis and its
uptake. ACAT is also in the endoplasmic reticulum and
functions to reduce excess free cholesterol by its esterifica-
tion. On the other hand, cellular chelestercl is released to
the extraceliular environment primarily for its catabolism,
because cholesterol is hardly metabolized in most somatic
cells (1). This is also recognized as one of the crucial fac-
tors in cholesterol homeostasis in peripheral cells, ACAT
reaction and cholesterol release are both active systems to
protect cells from the membrane-toxic excess accumula-
tion of free cholesterol.

Cellular cholesterol is removed in two distinct pathways
by HDL to be transported to the liver for degradation to
bile acids. Cellular cholesterol is actively released by lipid-
free apolipoproteins that dissociate from HDL (2) to form
new HDL particles with cellular phospholipid, whereas
cholesterol molecules leave the cell surface to HDL by
passive diffusion, which is enhanced by extracellular cho-
lesterol esterification in HDL (1). It has been demon-
strated that cells from patients with Tangier disease, a fa-
milial HDL deficiency, lack apolipoprotein-mediated lipid
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release (3), and mutations have been identified in the
gene abal of these patients (4-6). Numerous studies were
carried out to characterize this gene and its product, ABCAL,
including its overexpression by cDNA transfection (7, 8),
cyclic AMP analog treatment (9, 10), and stimulation by
fiver X receptor and/or retincid X receptor ligands {11,
12}, and demonstrated that ABCA] mediates the HDL as-
sembly by apolipoprotein with cellular lipids, In addition,
findings with knockout mice (13, 14) and transgenic mice
(15} of abeal confirmed an essential role of this molecule
in the generation of plasma HDL. It has thus been estab-
lished that ABCAL is a rate-limiting factor of apolipopro-
tein-mediated lipid release and subsequent HDL assem-
bly. However, it remains to be addressed how this protein
mediates the reaction.

We recently reported that apolipoprotein-mediated re- .

leases of cholesterol and phospholipid are differentially
regulated. Fibroblast cell lines can apparently be catego-
rized into three groups: cells that generate I) cholesterol-
rich HDL, 2} cholesterol-popr HDL, and 3) no HDL, after
apolipoprotein Al (apoA-) exposure (16). This report
demonstrated that ABCA1 expression is required for
apoA-lmediated phospholipid release and for the subse-
quent generation of HDL particles, rather than a direct
requirement for. cholesterol release and increase of cho-
lesterol content in the HDL. Caveolin-1 was previously
shown to be involved in the enrichment of cholesterol in
the HDL generated by the apolipoprotein-mediated reac-
tion in certain types of cells (17-19). However, L9829 cells,
for example, abundantly express both ABCAI and caveo-
lin-1 and yet generate only cholesterol-poor HDL ({16).
Thus, regulation of cholesterol enrichment of the HDL
generated by an ABCAl/apolipoprotein system seemns
multifactorial. An additional factor({s} may be required to
induce cellular cholesterol release for the apolipopro-
tein/ABCA1 pathway. In this article, mobilization of intra-
cellular cholesterol for its release by this pathway was in-
vestigated. We show that protein kinase C (PKC) and
ACAT-1 activities are involved in regulating the rate of in-
tracellular cholesterol mobilization for ABCAl-mediated
cholesterol release by apoA-L

MATERIALS AND METHODS

Materials

ApoA-l was prepared from fresh human plasma HDL as de-
scribed (20). Phorbol 12-myristate-13-acetate (PMA) and 40-PMA
were purchased from Wako (Osaka, Japan), and s»-1,2-diocta-
noylglycerol {DOG) was from Seikagaku Corporation (Tokyo,
Japan}. An ACAT inhibitor, F12511 (21), was a gift of Pierre
Fabre Research {Castres Cedex, France) to TY.C.

Cell lines and cell culture

The fibroblast cell lines WI-38 (2 human fibroblast cell line),
1929 (a mouse fibroblast cell ling), and COS-7 (a monkey fibro-
blast celt line) were incubated as described (16). Human embry-
onic kidney-derived cell line HEK293 and a clone of its stable hu-
man ABCAl-green fluorescent protein transfectant (293/2c)
were maintained in DMEM with 10% FBS as reported (22, 23), and
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this clone has been extensively studied (22-24). ACAT-1-deficient
CHO cells, AC29 (25), its parental 25RA cells (26), and AC29
stably expressing human AGAT-I (AC29/hACATI} were grown
in a I:1 mixture of DMEM and Ham's F12 supplemented with
10% FBS plus 10 pg/ml gentamycin. 25RA cells have a gain-of-
function mutation in SREBP cleavage-activating protein, result-
ing in constitutive activation of the proteolytic cleavage of SREBPs
(27). The AC29/hACATI cell line was generated by transfection
of pcDNA3 (Invitrogen) harboring human ACAT-1 ¢cDNA. (1597-
4011 bp region, including the fulklength open reading frame)
(28). The pCMV4 plasmid containing human ACAT ¢DNA K1
(28) was digested by Sull and Smal. The resulting human ACAT-1
cDNA fragment was subcloned into EcoRV sites of pcDNA3S, and
AC29 cells were transfected with the plasmid by using Lipo-
fectamine reagent {Invitrogen). A stable clone was isolated by
the selection of G-418 resistance and further verified by the pres-
ence of cytoplasmic cholesteryl ester lipid droplets as visnalized
with a phase-contrast microscope. The clone was designated
AC29/hACATI, and it showed expression of the 50 kDa human
ACAT- as confirmed by Western blotting (data not shown). Its
enzyme activity is described in Table 1.

Cellular fipid release

Cells grown at a confluent stage in six-well trays were incu-
bated with or without apoA-I for the indicated periods of time in
the presence of 0.1% fatty acid-free BSA, except that 0.02% BSA
was used for HEK293 cells. After the incubation, lipid in medium
and cells was extracted, and free cholesterol, total cholesterol,
and choline-containing phospholipid were then determined en-

-zymatically by the inethod described (10, 16). Alternatively, cellu-

lar liptds were radiolabeled with [3H]cholesterol (NEN Life Sci-
ence Products, Inc., Boston, MA) or with [*H]choline chloride
(NEN Life Science Products, Inc.) for 20-24 h, and the cells
were incubated under the indicated conditions after washing
with PBS. Gellular and medium lipids extracted were separated
by TLG, and radioactivity of the desired lipid was determined by
scintillation counting,

Measurement of the free cholesterol pool available
for ACAT

The ACAT-accessible cholesterol pool in the cells was esti-
mated by measuring the incorporation of [#Cloleic acid into

TABLE 1. Cellular cholesterol and ACAT activity in CHO
mutants examined

Variable 26RA AC2% AC29/hACATI
Lipid droplets + - +
Total cholesterol 68.8 + 2.9 359 + 1.7 87.7+ 43
Free cholesterol 438 +28 33.7x12 62.7 + 5.4
Cholesteryl ester 260%19 22x05 250*14
Phospholipid 100.7 £ 5.7 1162 £ 4.4 129.1 > 6.2
Intact cell assay 10,388 & 49 78+ 4 11,488 * 899
In vitro assay 40x5 0x0 895

25RA, AC29, and AC29/hACATI cells were grown in medium
containing 10% FBS. Cellular lipid contents were measured by enzy-
matic colorimetric assays as described in Materials and Methods after
incubation of cells in medium with (.1% BSA for 24 h, Chelesteryl es-
ter was calculated by subtracting free cholesterol from total choles-
terol. The data represent means * SD of iriplicate assays and are ex-
pressed as micrograms of lipid per milligram of cell protein. ACAT
activity in these cells was determined by the intact cell ACAT assay and
by the in viro ACAT assay as described in Materials and Methods.
These data represent the average * variation beiween duplicate assays
expressed as disintegyations per minute per milligram of cell protein
for the intact cell assay or as picomoles per minute per milligram of
cell protein for the in vitro assay.



cholesteryl ester in I h. After incubation of the cells in six-well
trays at 37°C with or without stimulants (apoA-, PMA, or DOG)
for various periods of time in 0.1% or 0.02% (only for HEK293
cellsy BSA-containing medium, the cells were further incubated
in the presence of 1.5 or 1.0 nCi/ml [1-1*C]oleic acid (NEN Life
Science Products, Inc.} for 1 h at 37°C in the same condition, Af-
ter the cells were washed three times with ice-cold PBS, cellular
lipids were extracted and separated by TLG to measure radioac-
tivity in cholesteryl ester.

ACAT assays

ACAT activity was determined by two different methods: intact
cell ACAT assay and in vitro ACAT assay. In the intact cell assay,
cells grown in medium containing 10% FBS were incubated with
[*H]oleate in BSA for 20 min and the incorporation of [*H]ole-
ate into cholesteryl ester was measured as described (29). The in
vitro ACAT assay was performed as described previously (30).
Briefly, whole cell extract prepared by hypotonic shock was solu-
bilized, and ACAT was then placed in mixed micelles. ACAT ac-
tivity was probed by measuring the incorporation of [*H]oleoyt-
CoA into cholesteryl ester.

PKC assay

PKC activation was measured as described (24). Briefly, cells
in a confluent stage in 100 mm dishes were incubated in the me-
dium with 0.1% BSA for 20-24 h before stimulation by apoA-l
(10 pg/ml) for various periods of time or with 160 nM PMA for
20 min as a positive control. The membrane fraction was pre-
pared, and PKC activity in the membrane fraction (5 pg of pro-
tein} was determined by using a MESACUP Protein Kinase Assay
Kit (Medical and Biclogical Laboratories) according to the man-
ufacturer’s instruction.

Immunoblotting of ABCALl

Total membrane fraction or total cell lysate was prepared, and
ABCALI was analyzed by immunoblotting with the rabbit anti-
serum against the Cterminal peptide of human ABCAI as de-
scribed (16, 31, 32), Consistency of protein loading was con-
firmed by Coomassie Brilliant Blue staining of the elecirophoretic
gels or by immunoblotting of B-actin using anti-B-actin monoeclo-
nal antibody (clone AC-74 from Sigma). The signal intensity of

ABCAI was measured with NIH Image 1.61 software, and fold
change in ABCALI level was analyzed.

RESULTS

Change of the cellular cholesterol pool available to ACAT
as induced by apoA-l

To elucidate the mechanisms for the cholesterol enrich-
ment of HDL generated by the apoA-1/ABCAl pathway,
we used WI-38 human fibroblasts, 1.929 mouse fibroblasts,
and COS-7 monkey fibroblasts to represent the cells that
generate cholesterolrich HDL, cholesterol-poor HDL, and
no HDL by apoA-l treatment, respectively. As we reported
previously {16}, WI-38 cells released both cholesterol and
phospholipid, L.929 cells predominantly released phos-
pholipid, and COS-7 cells released neither cholesterol nor
phospholipid upon incubation with apoA-I (Fig. 1A, B).
The ratio of cholesterol to phospholipid in the condi-
tioned medium was therefore higher in WI-38 cells than
1929 cells (Table 2), reflecting the lipid profiles of the
HDL fraction generated by these cells (16). The release of
cholesterol and phospholipid by apoA-l from WI-38 was
linear up to 24 h (Fig, 1C},

Change in the cellular ACAT-accessible cholesterol pool
by apoA-I was estimated in these three fibroblast cell lines.
The ACAT-accessible cholesterol pool was probed by mea-
suring the incorporation of ['C]oleic acid into choles-
teryl ester: In contrast to the linear time course of apoA-l-
mediated cholesterol release (Fig, 1C), the cholesterol
pool rapidly decreased within the initial few hours after
exposing the cells to apoA- in WI-38 (Fig. 2), consistent
with our previous reports (33, 34). Decrease of the ACAT-
accessible cholesterol pool by apoA-1 was also shown in
BALB/3T3 (a mouse fibroblast cell line) and MRGCS (a
human fibroblast cell line) (by 17% and 24%, respectively,
from the control at the 3 h incubation time with apoA-T),
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Fig. 1. Release of celiular lipid by apolipoprotein A-l (apoA-I) in fibroblast cell lines. WI-38, L929, and
COS-7 cells were incubated with (+) and without (—) 10 pg/ml apoA-l for 24 h, and cholesterol (A) and
choline-phospholipid in the medium (B) were measured. The time course of apoA-Tmediated cholesterol
and phospholipid release in WI-38 cells is shown in C. Cholesterol (Chol.) and choline-phospholipid (PL)
were measured enzymatically as described in Materials and Methods. The data represent mean * 8D of trip-

licate assays.
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TABLE 2. Characterization of apoA-l-mediated reactions
in the cells examined

Variable WI-38 L9249 COs?
Cholesterol release by apoA-l + - -
PL. release by apoA-I + + -
HDL generation® + + -
FC/PL in the HDL? 0.65 0.14 NAr
ABCALI expression” + + -
Caveolin-1 expression® + + +
Cholesterol translacation by apoA-l + - -
ABCAL increase by apoA-L + * NA
PEC activation by apoA-I + - -
Cholesterol translocation by PMA + + -
ABCAL increase by PMA + - NA
PEC activation by PMA + + +

apoA-d, apolipoprotein AT FC, free cholesterol; PKC, protein ki-
nase G, PL, phospholipid; PMA, phorbol 12-myristate-13-acetate.

*From ref. (16)

#Determined from the results shown in Fig. 1.

"NA, not applicable.

both of which generate cholesterol-rich HDL in the pres-
ence of apoA-L In contrast, no change of the ACAT-acces-
sible cholesterol pool size was observed in 1.929 cells or in
COS-7 cells that generate cholesterol-poor HDL or no
HDL by apoAl, respectively (Fig. 2).
. To confirm a relationship between the ABCAIl-medi-
ated cholesterol release by apoA-I and the decrease of the
ACAT-accessible cholesterol pool, HEK293 cells stably ex-
pressing human ABCAl (293/2¢) were compared with
nontransfected HEK293 cells. Wild-type HEK293 did not
express ABCAL at a detectable level by Western blotting
{(23) and released neither phospholipid nor cholesterol
by apoA-l (Fig. 3A, B}. ApoA-l also failed to reduce the
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Fig. 2. Change of the ACAT-accessible cholesterel pool by apoAL,
Cells were incubated with or without 10 pg/m! apoAd for the indi-
cated times, and 1.5 pCi/ml {MCJoleic acid was included during
the final 1 h for measurement of its incorporation into cholesteryl
ester. Data represent means * SD for percentage of control (incu-
bation without 2poA-I) based on percentage of cholesteryl
{MCloleate to the total cellular incorporation of [*C]oleic acid.
The control values were all of approximately the same order of
magnitude, such as 4 X 107 dpm/mg cell protein for WI-38, 3 X 10¢
dpm/mg for COS-7, and 4 X 1 dpm/mg for L029.
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ACAT-accessible cholesterol pool in the cells (Fig. 3C). In
contyast, 293/2¢ cells demonstrated an apoA-J-mediated
release of cholesterol and phospholipid and a decrease of
ACATaccessible cholesterol by apoA- (Fig, 3). It is thus
clear that apoAT reduces the ACAT-accessible pool as it
mediates cholesterol removal in the presence of ABCAL
activity.

Effect of ACAT enzyme activity on apoA-I-mediated
cholesterol release

To examine the role of the ACAT enzyme in the regula-
tion of the cholesterol pool available for ABCAl-mediated
cholesterol release by apoA-l, we treated cells with a potent
and specific ACAT inhibitor. Treatment of the CHO cell-
derived clone, 25RA, with an ACAT inhibitor, F12511,
resulted in a substantial increase in apoA-l-mediated cho-
lesterol release (Fig. 4A). It also caused an increase in phos-
pholipid release, although smaller than the cholesterol in-
crease (Fig. 4A). Treating cells with the AGAT inhibitor
F12511 caused ABCAL upregulation (Fig. 4C), consistent
with our previous finding in mouse peritoneal macro-
phages using a different ACAT inhibitor (35). To avoid the
use of ACAT inhibitors that may cause nonspecific side
effect(s}, we examined ACAT-1-deficient cells, AC29 (25),
and AC29 stably expressing human ACAT1 (AG29/
hACAT1) were also examined to assess the role of ACAT
Table 1 shows cellular cholesterol and ACAT activity in
these CHO mutants. ApoA-lmediated cholesterol release
was 9-fold higher in the AC29 cell than its parental cell,
25RA (Fig. 4B). Expression of human ACATI in AC20
cells partially reversed the apoA-I-mediated cholesterol re-
lease, although it was still higher than that in 25RA cells,
presumably because of the higher free cholesterol level in
AC29/hACATI cells than in 26RA cells (Table 1). Phos-
pholipid release by apoAd was also enhanced in AC29
cells, although not as much as the cholesterol release;
phospholipid release was slightly higher in AG29/hACAT1
than in 25RA cells (Fig. 4B). We next examined the cellu-
lar ABCAI levels in these cells treated with or without
apoA-L ABCAI levels in these mutanis were counterregu-
lated by the expression of AGAT, as shown in Fig. 4C.
ApoA-] further increased ABCAl even in the ACAT-def-
cient cells (Fig. 4D). These results suggested that the
mechanisms that cause the increase in ABCA1 protein con-
tent by inactivation of ACAT and by exposure to apoA-I are
different. Inactivation of ACAT may cause an increase of
ABCAL expression as a result of transcription activation
(86), whereas lipidfree apolipoprotein stabilizes the cellu-
lar ABCAI protein against degradation (82). Irrespective
of the mechanisms involved, change in ABCALI expression
seems correlate with the increase of apoAl-mediated phos-
pholipid release rather than cholesterol release (Fig. 4).

PEC activation induces the translocation of
intracellular cholesterol from the ACAT-accessible
pool for apoA-Imediated release
It has been reported that PKC is involved in the change
of the ACAT-accessible cholesterol pool in rat vascular
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tion of 1.0 pCi/m1 [MCloleic acid into cholesteryl ester as described for Fig. 2. The data represent means =
SD of triplicate determinations as expressed as percentage of control (without apoA).

smooth muscle cells and mouse peritoneal macrophages
(33, 34). To extend these early studies, we treated various
cell types with PKG activators to monitor the effect of
the change in the ACATaccessible cholesterol pool. The
change of the cholesterol pool was demonstrated with the
short-term treatment of cells with 160 nM PMA, which
leads to PXC activation (Fig. 5A). WI-38 and 1929 showed
decreases of this cholesterol pool by PKC activation in the
absence of cholesterol acceptor, whereas a reduction was
not observed in COS-7, in which ABCA] expression is not
detected. Treatment with DOG, another PKC activator,
also induced the reduction of the ACAT-accessible choles-
terol pool in WI-38 (data not shown). In contrast, 4a-
PMA, a control compound of PMA that possesses no stim-
ulating effect on PKC, had no effect on the reduction of
the ACAT-accessible cholesterol pool in WI-38 {(data not
shown). Thus, PKC seems to trigger cholesterol transloca-
tion from the ACAT-accessible pool.

PKC activation by apoAT was previously demonstrated
in WI-38 human fibroblasts (24). We examined whether
apoAl can also activate PKC in 1929 and COS-7 cells.
Both cells were treated with apoA-! for 5~120 min, and the
membrane-associated PKC activities were then measured.
We found no PKC activation by apoA-I at any point during
this time course in these cell lines. The control experi-
ment showed that a 20 min PMA treatment increased
membrane-associated PKC activity in both cell lines: 1.6-
fold in COS-7 cells and 2.1-fold in 1929 cells. Thus, apoA-]
failed in the activation of PKC, reduction of the ACAT-
accessible cholesterol pool, and induction of cholesterol
release in L929, whereas pharmacological activation of PKC
induced the reduction of this cholesterol compartment.
Therefore, we examined the effect of PMA on the apoA-l-
mediated cholestero] release in this cell line (Fig. 5B).
1929 cells were pretreated with 160 nM PMA for 30 or 60
min before incubation with apoA-l A significant increase
by PMA treatment was observed in the apoA-I-mediated

Yumauchi el al. Cholesterol mobilization to ABCAl-mediated HDL assembly

release of cholesterol (P < 0.05, Student’s ttest} when
measured as the shortterm release of [*Hlcholestercl
(Fig. 5B), although it was still poor and no measurable mass
was detected in the medium because it was still under the
detection limit of the assay method. The apoA-J-dependent
cholesterol release was increased by ~2.7 times. The release
of phosphatidylcholine and sphingomyelin by apoAl was
not influenced by PMA, resulting in cholesterol “entich-
ment” in the conditioned medium. Thus, PKC activation
induced intracellular cholesterol translocation from the
ACAT:accessible pool, presumably to the site for the apoA-l/
ABCAl-mediated release in L929 cells.

Change in ABCAL1 protein level by apoA-I and PMA

We examined the effect of apoA-l and PMA on change
in ABCAl expression level. As we reported (24), apoA-l
treatment resulted in an increase of ABCAL in WI-38 as a
result of the retardation of proteolytic degradation (Fig.
6A). On the other hand, apoA-l failed to increase ABCA1
protein in L929 within 4 h (Fig. 6A), although a longer in-
cubation (24 h)} increased it to some extent (data not
shown). The PMA treatment that leads to PKC activation
resulted in an increase of ABCAL by 1.4-fold in W1-38 cells
in 1 h, consistent with our previous report (24), whereas
the same treatment did not affect ABCAl expression in
1929 (Fig. 6B). Therefore, the stimulations that lead to
ABCAL stabilization in WI-38 human fibroblasts were inef-
ficient in L929 cells.

DISCUSSION

We have suggested differential regulation of cholestercl
release and phospholipid release in the apolipoprotein/
ABCAL pathway to generate HDL, based on the following
observations. Cholesterol contents in the HDL generated
by the apolipoprotein-cell interaction is cell specific (16,
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36). Apolipoprotein-mediated cellular cholesterol reiease
was accompanied by a rapid reduction of the intracellular
pool of cholesterol available to ACAT within the initial few
howrs in mouse peritoneal macrophages, whereas choles-
terol release was linear for at least 94 h (33). PKC inhibitors
and activators modulated both cholesterol content in the
HDL generated by the apolipoprotein-cell interaction and
change in the ACAT:accessible cholesterol pool in certain
cells under certain conditions {33, 84}. More recent studies
have shown that caveolin-1 is involved in cholesterol enrich-
ment of the HDI. generated by apoAd-mediated lipid re-
lease in THP-1 cells (10) and that plasma membrane lipid
composition modulates apoA1/ABCAl-mediated choles-
terol release but not phospholipid release (37). On the
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measured. The data represent means = SD of the apoA--
dependent lipid release in triplicate assays. C, D: Cellutar
ABCAL protein level was examined in CHO muuant cells.
CHO cells (25RA} were incubated with and without an
ACAT inhibitor, F12511 (400 nM) [F12511 and CTR (con-
trol}, respectively] for 24 h in the medium containing 10%
FBS (C, left panel). The right panel of C shows the resulis
with 25RA, its ACAT-deficient mutant AC29, and AC29
transfected with ACAT-1 (AC29/ hACAT1) under the same
incubation conditions without an ACAT inhibitor. The ef-
fect of apoA- on ABCALI levels was examined for 25RA
cells and AC29 cells as incubated with (+)} and without (—)
5 pg/ml apoA-l for 24 h in 0.1% BSA. Equal amounts of
whole cell lysate protein {80 ug protein/lane} from the
cells Indicated were subjected to immunicblot analysis us-
ing anti-ABCAI antibody or anti-B-actin antibody as a load-
ing control. The signal intensity of ABCA1 was measured as
described in Materials and Methods, and relative increases
of ABCA] are indicated. The data represent mean values of
two or three separate scanning results, and similar results
were obtained in two separate experiments. Expression of
B-actin did not change between the cells compared,

Phospholipid release
(pg/mg cell protein)

other hand, pharmacological inhibition of ACAT increased
ABCAIl through the enhancement of its transcription (35).
Thus, in the current work, we attempted to establish a role
of ACAT in the apoA-l/ABCAl-mediated HDL assembly
and investigated potential factors involved in the mobiliza-
tion of intracellular cholesterol for HDL assembly.

Table 2 summarizes the apoA-l-mediated reactions in the
fibroblasts examined. ABCAI was expressed in WI-38 and
L929 (24). Consequenty, HDL was generated by apoA
with WI-38 and L929, but no HDL was produced with COS-7,
However, HDL produced with 1929 contained almost no
cholesterol (16). ApoA- induced the reduction of the
ACATaccessible cholesterol pool in WI-88 cells but not in
COS-7 or 1929, neither of which exhibits cholesterol re-
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I-mediated cholesterol release in L929. A: Cells grown in six-well trays were stimulated with 160 nM PMA in
the presence of 1.5 p.Ci/mi [MCloleic acid for I h, and incorporation of the radioactivity into cholesterol es-
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CTR, control. B: L929 cells were incubated with 5 pGi/ml [*Hlcholesterol or 5 wCi/ml [*H]choline chloride
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apoA-l for 3 h. Radiolabeled cholesterol (Chol.), phosphatidylcholine (PC), and sphingomyelin (SM) in the
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percentage of release of the respective lipid.

lease by apoA-. The reduction of the ACAT-accessible cho-
lesterol pool by apoA-I was also observed in HEK293 stably
expressing ABCA1 but not in wild-type HEK293 cells. Thus,
the reduction of this compartment is related to the release
of cholesterol by the apoA-I/ABCAI] reaction but not di-
rectly to ABCA] expression and the generation of HDL
with cellular phospholipid. These results indicate that
cholesterol is mobilized from the ACAT-accessible pool
for cholesterol enrichment of the HDL to be generated by
the apolipoprotein/ABCAl-mediated reaction. Inactivation
of ACAT-1 resulted in increases in both ABCAl expression
and lipid release, but the increase in ABCAl expression
related more directly to the apoA-I-mediated phospho-
lipid release than did the cholesterol release. The change
in cholesterol release by apoA-I was almost twice as great
as the changes in phespholipid release and ABCAL ex-
pression. These results are consistent with the finding of
an increase of HDL-cholesterol in ACAT-1-deficient mice
(38), We thus propose that ACAT-1 enzyme activity di-
rectly modulates the ABCAl/apolipoprotein-mediated HDL
assembly by regulating both ABCAI expression and the
mobilization of cellular cholesterol.

As mentioned above, PKC activity seems to modulate
the ACAT-accessible cholesterol pool (33, 34). For further
characterization of this phenomenon, various fibroblast
cells were treated with a PEC activator. Direct activation of
PEC by PMA induced a reduction of the ACAT accessible
cholesterol pool in most of the cell types that produce
cholesterolrich HDL. Interestingly, PMA decreased the
ACAT-accessible cholesterol in 1929 cells. In these cells,
apoA-I produced cholestercl-poor HDL but failed to re-
duce the ACAT-accessible cholesterol compartment. Ac-
cordingly, HDL produced from the PMA-treated L929 was
relatively “enriched” with cholesterol. Therefore, PEC ac-
tivation seems to trigger cellular cholesterol mobilization.

Yamauchi el al.  Cholesterol mobilization to ABCAl-mediated HDL assembly

It remains to be investigated how apoA-I and/or PEC
stimulates intracellular cholesterol transport. Relevant to
this question is the finding that phosphorylation of caveo-
lin-1 at serine 80 may modulate its cholesterol binding
and apoAd-mediated cholesterol release (89). Vesicular
transport is also a focus of the study of cholesterol traffick-
ing. ABCAL is localized in intracellular compartments
such as endosomes and the Golgi (13, 40). ApoA- stimu-
lates vesicular transport from the Golgi to the plasma
membrane (41), and transport of lipids from the Golgi to

L929

A Wi-38
apoA-l (i)

ABCA1 —p

1.0 1.0 14
Lg29

fold change: 1.0 16 2.0

B Wi-38
PMA

+

ABCA1 ~»

fold change: 1.0 1.4

10 09

Fig. 6. Change of ABCAI protein by apoA-I or PMA in WI-38 and
L928 fibroblast cells. Cells were incubated with apoA-I (10 pg/mL)
for the indicated times (A) or with 320 nM PMA for 1 h (B}, and
the membrane fraction was then prepared. Equal amounts of mem-
brane protein (100 pg/lane for WI-38 and 200 pg/lane for 1L929)
were subjected o immunoblouing using ant-ABCAL antibody. The
signal intensity for ABCA] was measured as described in Materials
and Methods, and relative changes of ABCALI are shown. The data
represent means of two or three scanning results, and similar re-
sults were obtained in two separate experiments. Consistency of the
protein loading was verified by Coomassie Brilliant Blue staining of
the gels (data not shown).
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the plasma membrane is defective in the ABCAl-deficient
cells {13). In addition, ABCAI is reportedly involved in late-
endosome vesicular trafficking (42). However, none of these
reports directly indicate the involvement of PKC in the
modulation of vesicular transport or ABCAI localization.

ABCAL s protected from calpain-mediated proteolytic
degradation in the presence of lipid-free apolipoprotein
(32, 43). We have recently demonstrated that apoA-1 acti-
vates PKCa to phosphorylate and stabilize ABCA (24). In
that study, we found a greater effect of PKC inhibitors on
apoA--mediated cholesterol release when the inhibitors
prevented both cholesterol and phospholipid release {24).
In the current paper, we demoenstrate that PKC also plays
a role in the intracellular translocation of cholesterol for
ABCAl-mediated HDL assembly by apoA-1. Thus, these
dual effects of PKC activation may account for the differ-
ence of the inhibitory effect of PKGC inhibitors on apoA--
mediated cholesterol and phospholipid release.

However, apoA-l and PMA both failed to increase
ABCAI in 1929 mouse fibroblast cells, inconsistent with
our previous reports showing that release of phospho-
lipid, presumably sphingomyelin, induces PKC activation
by phosphatidylcholine-specific phospholipase C-mediated
diacylglycerol production, leading to phosphorylation and
stabilization of ABCAI in WI-38 human fibroblasts {24),
Another mouse fibroblast cell line, BALB/3T3, and mouse
peritoneal macrophages both showed very poor increases
of ABCAI by apoA-I (16, 35). In addition, PKC inhibitors
prevented only apoAJl-mediated cholesterol release in mouse
macrophages (34) . These results may indicate insufficiency
of the PKC signaling pathway to regulate ABCALI stabiliza-
tion in murine cells,

In summanry, the results in this report fit the conclusion
that PKC plays a role in the apolipoprotein/ABCAl-medi-
ated cholesterol release by inducing not only ABCA1 phos-
phorylation and stabilization but also intraceilular choles-
terol mobilization for its release, at least in human cells.
ApoA-I mobilizes intraceliular cholesterol from the ACAT-
accessible compartment for ABCAl-mediated release via a
process involving PKC signaling. In addition, ACAT-1 di-
rectly controls cholesterol availability for ABCAl-mediated
release. i
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Apolipoprotein A-I induces translocation of protein kinase
Ca to a cytosolic lipid-protein particle in astrocytes

Jin-ichi Ito, Hao Li,! Yuko Nagayasu, Alireza Kheirollah, and Shinji Yokoyama?
Biochemistry, Celt Biology, and Metabolism, Nagoya City University Graduate School of Medical Sciences,

Nagoya 467-8601, Japan

Abstract Apolipoprotein AT (apoA-) induces the translo-
cation of newly synthesized cholesterol as well as caveolin-1
to the cytosolic lipid-protein particle (CLPP) fraction in astro-
cytes before its appearance in high density lipoprotein gen-
erated in the medium (Ito, ., Y. Nagayasu, K. Kato, R. Sato,
and S. Yokoyama. 2002. Apolipoprotein A-1 induces translo-
cation of cholesterol, phospholipid, and caveolin-1 to cyto-
sol in rat astrocytes. J. Biol. Chem, 277: 7929-7935). We here
report the association of signalrelated molecules with CLPE.
ApoA-l induces rapid translocation of protein kinase Cot to
the CLPP fraction and its phosphorylation in astrocytes.
ApoA-] also induces the translocation of phospholipase Cy
to CLPP. Diacylglyceride (DG) production is increased by
apoA- in the cells, with a maximum at 5 min after the stim-
ulation, and the increase takes place alse in the CLPP frac-
tion. An inhjbitor of receptor-coupled phospholipase C,
U73122, inhibited all the apoA-I-induced events, such as DG
production, cholesterol translocation to the cytosol, release
of cholesterol, and translocation of protein kinase Ca into the
CLFP fraction.Bl CLPP may thus be involved in the apoA--
initiated signal iransduction in astrocytes that is related to
intracellular cholesterol trafficking for the generation of high
density lipoprotein in the brain.—Ito, J-i., H. Li, Y. Nagayasu,
A. Kheirollah, and S. Yokoyama, Apolipoprotein A induces
translocation of protein kinase Ce: to a cytosolic lipid-pro-
tein particle in astrocytes. J. Lipid Res. 2004, 45: 2269-2276.

Supplementary key words caveolin-1 » phospholipase C ¢ phosphati-
dylinositol turnover = cholesterol

The main apolipoproteins in'mammalian cerebrospinal
fluid (CSF) are apolipoprotein A1 (apoA-) and apoE (1-3),
which are present as HDL and play major roles in intercel-
lular cholesterol transport in the brain {4), being segregated
by the blood-brain barrier from the lipoprotein system in
the systemic circulation. Astrocytes and partly microglia
cells generate cholesterolrich HDL by endogenous apoE
along with cellular cholesterol and phospholipid (5-9}.
These HDLs may transport cholesterol to the neural cells
where it is required via the cellular receptors that recog-
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nize lipid-bound apoE (10). ApoE-HDL was indeed shown
to play a critical role in wound healing of the brain (11).
ApoAd is also found in human CSF as the second major
apolipoprotein, with a concentration almost equivalent to
that of apoE (12-14), but the source of this protein is un-
clear. No neural cell is believed to produce apoA-l, whereas
the brain capillary endothelial cells produce apoA-f, al-
though it is uncertain whether it is secreted into the CSF
(15, 16). Some authors propose that the apoA-l in the sys-
temic circulation is transported across the blood-brain
barrier (3, 4).

In addition to the production of apoE-HDL, astrocytes
interact with exogenous apoA-I to generate phospholipid-
rich and cholesterol-poor HDL (5, 17, 18). The physioclog-
ical relevance of this observation in human brain has been
supported by the facts that the apoAl concentration in
CSF is high enough to carry this reaction (13, 14) and that
apoAl dissociates from HDL to interact with the cells
{19). The cholesterol-tich apoE-HDL and cholesterol-poor
apoA-I-HDL may play differential roles in intercelluiar
cholesterol transport in the brain. ’

In a previous paper, we demonstrated transient translo-
cation of newly synthesized cholesterol and phospholipid
to the cytosol from the endoplasmic reticulum and Golgi
apparatus when exogenous apoA-l interacted with rat as-
trocytes and generated HDL (17, 20, 21). Transient trans-
location of caveolin-1 to the cytosol was also induced in a
similar time-dependent manner to the lipid translocation
{20). The lipids and caveolin-1 in the cytosol were recov-
ered along with cyclophilin A in the cytosolic fraction,
having the same density as plasma HDL [cytosolic lipid-
protein particle (CLPP})]. The CLPP is a particle composed
of proteins and lipids such as cholesterol, sphingomyelin,

Abbreviations: apoA-l, apolipoprotein A-L; apoE-KO mouse, apoE
knockout C57BL/6 mouse; CLPP, cytosolic lipid-protein particle; CSF,
cerebrospinal fluid; DG, diacylglyceride; DPBS, Dulbecco's phosphate-
buffered saline; FCS, fetal calf serum; P1, phosphatidylinositol,
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and phosphatidylcholine with a diameter of 17-18 nm and
a density of 1.08-1.12 g/m!} (20). Gyclosporin A, a cyclo-
philin A inhibitor, inhibited this apoA--induced transloca-
tion and also apoA-l-mediated cholesterol release. Caveo-
lin-1 is believed to play an important role in intracellular
cholesterol trafficking, so that it is rational to hypothesize
that CLPP is involved in the intracellular cholesterol trans-
port stimulated by extracellular apoA-I for the generation
of HDL. We attempted to investigate potentizl signaling
pathways in astrocytes for apoA-I to stimulate lipid traffick-
ing in relation to the function of CLPP. Protein kinase Ca
and its related signaling molecules were found associated
with this particle when cells were stimulated by apoA-L

A .
PKCuo in Rat Astrocyte, PMA stimulation

membrane

cytosol
Incubstion,min 0 2 § 10

B .
PKCn: in Astrocytes, ApoA-l Stimulation
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membrane
eytosol
NMouse
membrang
cytosol
ApoE-KO Mouse
membrane
cytasol
Incubation, min 0

5 1 80 60
PKCu in Astracytes, ApoE Stimufation
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membrane

cytosol
incubatton, min § 2

5 10 30 &0

Fig. 1. Redistribution by apolipoprotein A-I (apoA-) of protein
kinase Ca (PKCx} in astrocytes. A: Rat astrocytes were treated with
260 nM phorbel I2-myristate 13-acetate (PMA). The membrane frac-
tion protein {15 pg/lane) and the cytosot protein (50 pg/lane)
were analyzed for protein kinase Ca by immunoblotting. Transloca-
tion of protein kinase Ca was demonstrated from the cytosol to the
membrane. B: Astrocytes of rat, mouse, and apoE knockout C57BL/6
mouse {apoE-KO mouse) were incubated with 5 pg/ml apoAl for
the indicated period of time in 0.02% BSA/F-10, 0.02% BSA/
DMEM, and 0.02% BSA/DMEM, respectively, The cytosol protein
(30 pg/lane) and the membrane protein (15 pg/lane) were ana-
lyzed for protein kinase Ca. C: Astrocytes of an apoE-KO mouse were
incubated with 5 ug/m! apoE. The same analysis was pevformed for
protein kinase Ca,
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MATERIALS AND METHODS

Materials

ApoA-T was prepared from freshly isolated human HDL by de-
lipidation and anjon-exchange chromatography according to the
method described elsewhere (22). ApoE was prepared from hyper-
lipidemic human plasma as previously described (23). Inhibitors of
recepior-coupled phospholipase C and its inactive analog, U73122
and U73343 (24), were purchased from WAKO Pure Chemical.

Cell culture

Astrocytes were prepared according to the method previously
described from the cerebrums of 17 day old fetal Wistar rat {25),
C57BL/6 mouse, and apoE knockout C57BL/6 mouse {apoE-RKO
mouse) purchased from Taconic/IBL (Germantown, NY/Fujioka,

Signal-related enzymes
in astrocyte cytosol
PKCo aM—I &
apoAsl (+)
PLCy  apoAd ()
apoA-l (+) B

caveolin-t abaM )

apnhet (+)
FractionNumber 1 2 3 4 5 6 7 8 9 10 11 12
' : CLPP .
B
PKCuo in astrocyte cytosol -

Control
apoh-
apoAd+ U73122 | -

FractionNumber 1 2 3 4 5 8 7 8 310 11 12

CLPP

Fig. 2. Redistribution by apeAd of protein kinase Cot (PKCat) and
phospholipase Cy (PLCy} in cytosol of mouse astrocytes, A: After
washing and medium replacement with 0.02% BSA/DMEM, apoE-
KO mouse astrocytes were incubated with or without apoA-I (5 pg/
ml) for 5 min. The cytosol (350 pg protein/7 ml) was prepared
from the cells and centrifuged on the sucrose solution {18 ml) with
a density of 1.17 g/m] at 49,000 rpm for 48 h and separated into 12
fractions from the bottom. Protein was precipitated with 10% TCA
and analyzed by SDS-PAGE and Western blotting using rabbit anti-
protein kinase Ca, mouse anti-phospholipase Cvy, and rabbit anti-
caveolin-1 antibodies. CLPP, cytosolic lipid-protein particie. B: The
cytosol (380 pg/7 ml) was prepared from apoE-KO mouse astro-
cytes treated with apoA-I (0 or 5 pg/ml) for 5 min with or withouta
5 min pretreatment with 10 WM U73122. The cytosol was centri-
fuged as described in A and separated into 12 fractions from the
bottom. The 10% TCA-precipitated protein of each fraction was an-
alyzed by SDS-PAGE and Western blotting using rabbit anti-protein
kinase Cot.



Japan). After removal of the meninges, the cerebral hemisphere
was cut into small pieces and treated with 0.1% trypsin solution
in Dulbecco’s phosphate-buffered saline (DPBS) containing 0.15%
glucose (0.1% trypsin/DPBS/G) for 3 min at room temperature.
The cell pellets obtained by centrifugation at 1,000 rpm for 3
min were cultured in F-10 medium containing 10% fetal calf se-
rum (10% FCS/F-10) for rat astrocytes or 15% FCS/DMEM for
mouse astrocytes at 37°C for 1 week. The cells were treated with
0.1% trypsin/DPBS/G containing 1 mM EDTA again and then
culred in 10% FCS/F-10 or 15% FCS/DMEM using a six-well
multiple tray for 1 week, Human fibroblast cell line WI-38 cells
(RIKEN Cell Bank} were grown in 10% FCS/DMEM.

Cytosol preparation and density gradient
ultracentrifugation analysis

Cytosel of astrocytes was prepared according to the method of
Thom et al. (26). Cell pellet was obtained by centrifugation at
1,000 rpm for 10 min after washing the cells with DPBS four
times and harvesting them with a rubber policeman. The pellet
was treated with cold 0.02 M Tris-HCI buffer, pH 7.5 containing
a protease inhibitor cocktail (Sigma) for 15 min, with 10 s of
strong agitation (25 times) every 5 min. The cell suspension was
centrifuged at 2,000 g for 20 min for preparation of the denu-
clear-supernatant fraction, and the supernatant was centrifuged
at 367,000 g for 30 min at 4°C to obtain a cytosol fraction. The cy-
tosol (7 ml) was overlaid on top of the sucrose solution at the
density of 1.17 g/ml (18 ml) and centrifuged at 49,000 rpm for
48 h at 4°C using a Hitachi RP50T rotor. The solution in the cen-
trifuge tube was collected from the bottom into 12 fractions.

Phosphorylated PKCa
in tytosol

membrane

cytosol :
Incubation, min ©

5 16 30 68

Phosphorylated PKCa
in CLPP

control

apoid

2 3 84 5 6 7 8 9% 10 11 12
ciLpp

Fraction No. 1

Fig, 3, Phosphorylation of protein kinase Co (PKCa) in apeAl
stimulated mouse astrocytes. A: The cytosol and membrane fractions
were prepared from mouse astrocytes pretreated with 5 pg/ml
apoA- for the indicated periods of time in fresh 0.02% BSA/DMEM.
Each sample was analyzed by SDSPAGE (40 pg/lane for the cytosol
fraction and 25 pg/lane for the membrane fraction} and Western
blotting using goat anti-phospho-protein kinase Ca at residue serine-
657 (Santa Cruz Biotechnology). B: The cytosol fraction (267 pg/7
ml) from the cells pretreated with or without apoA- (5 pg/ml) for
5 min was centrifuged at 49,000 rpm for 48 h on 1.174 g/ml su-
crose solution (18 ml) and separated into 12 fractions. Each frac-
tion was analyzed by SDS-PAGE and Western blotting using goat
anti-phospho-protein kinase Cot at residue serine-657 after precipi-
tation with 10% TCA.
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Caveolae/rafts preparation from the membrane fraction

The membrane fraction was prepared by centrifugation at
17,000 g for 60 min or 367,000 gfor 30 min from the denuclear-
supernatant fraction, The membrane pellet in 0.75 ml of 0.02 M
Tris-HCI buffer containing a protease inhibitor cockeail was soni-
cated six times every 10 s at level 6 with a Taitec UP-55 homoge-
nizer. After adjustment of the membrane solution to 30% su-
crose by adding 0.75 ml of 60% sucrose solution and mixing, 1.5
ml of 10% sucrose solution was overlaid, followed by centrifuga-
tion at 367,000 g for 60 min. The sample was collected from the
bottom of the centrifugation tube into five fractions and ana-
Iyzed by SDS-PAGE (0.5% SD§/12.5% polyacrylamide gel). The
caveolae/rafts fraction was recovered as fraction 3.

‘Western blotting

The membrane fraction was prepared and sonicated in 0.02 M
TrissHCI buffer, pH 7.5, containing protease inhibitor cocktail
{Sigma). Protein was precipitated by centrifugation at 15,000
rpm for 20 min in the presence of 10% TCA from cytosol or the
sonicated membrane fraction. The resolubilized protein pellet
was applied to SDS-PAGE and transferred to a Sequi-Blot™ poly-
vinylidene fluoride membrane (Bio-Rad). The membrane was im-
munostained with rabbit anti-protein kinase Cex {Sigma), mouse
anti-phospholipase Gy {(BD Transduction Laboratories), rabbit anti-
caveolin-1 (Santa Cruz Biochemistry), and goat anti-phosphe-PE-
Co (Ser-657) {Santa Cruz Biochemistry) antibodies.

De novo syntheses and release of lipid

Astrocytes at a confluent cell density were washed with DPBS
four umes and incubated in 0.1% BSA/F-10 for rat astrocytes or
0.1% BSA/DMEM for mouse astrocytes and WI-38 cells for 24 h.
To measure de novo syntheses and release of cholesterol and
phospholipid, the cells were incubated with [*H]acetate (20
pCi/ml; New England Nuclear) in fresh 0.02% BSA/F-10 or
0.02% BSA/DMEM for various periods of time. After the cells
were washed three times with cold DPBS, lipid was extracted
from the cells or from the conditioned medium with hexane-iso-
propanol {(3:2, v/v) solvent mixture or chloroform-methanol {2:1,
¥/v} mixture, respectively, and analyzed by TLC on Silica Gel-60
plates (E. Merck, Darmstadt, Germany} according to the method
previously described (27). The cells were incubated with [H)ac-
etate (20 pGi/ml} or [VC]glycerol (0.2 nCi/ml; Amersham Bio-
sciences) for various periods of time. The diacylglyceride (DG)
was extracted from the cells, followed by TLC with diethylether
henzene-ethanolacetic acid {200:260:10:1, v/v} solvent (16).

TABLE 1, Increase of DG production by apoA-I in mouse astrocytes
Apolipoprotein Membraue Cytosol ‘Fotal

ApoAl (—) 23,451 = 607 4,237 £ 154 27,688 x 761
ApoAd (+) 20,692 = 1,159 15,708 % 369 36,400 + 790

apoA-, apolipoprotein A-L; DG, diacylglyceride. Mouse astrocytes
were pulse-labeled for 3 h with 20 pCi of [*H]acetate in 1 mt of 0.02%
BSA/DMEM. Afier washing and medium veplacement with fresh 0.02%
BSA/DMEM, the cells were incubated with or without 5 pg/ml apoa-l
for 5 min. The denuclearsupeinatant fraction was prepared as described
in Materials and Methods. The cytosol and total membrane fractions
were prepared by centrifugation at 367,000 g for 30 min as the superna-
tant and the pellet, respectively. Lipid was extracted from the total
membrane fraction (62 pg of protein} and the total cytosol (347 pg/7
ml), and radioactivity in DG was determined after separation by TLC
according to the method described in Materials and Methods, Each
value represents the average and SEM of triplicate samples in total dpm.
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RESULTS

When rat astrocytes were stimulated with 200 nM phor-
bol 12-myristate 13-acetate, protein kinase Co was translo-
cated from the cytosol to the membrane fraction (Fig.
14). To our surprise, however, apoA- induced the transio-
cation of protein kinase Ca in the reverse direction, from
the membrane to the cytosol fraction, in the astrocytes
prepared from rats, wild-type mice, and apoE-KO mice, at
2-10 min after stimulation (Fig. 1B). The effect of apoA-I
was smaller in wild-type mice than in apoE-KO mice, per-
haps because of baseline autocrine stimulation by apoE in
the former cells. This was confirmed by the effect of apoE
on the cells of an apoE-KO mouse to demonstrate the sim-
ilar translocation of protein kinase Co to that by apoA-I
(Fig. 1C). This result also indicated that the reaction is
not apoA-Ispecific and seems helical apolipoprotein-spe-
cific. A small increase of the membrane-bound enzyme
was observed by long-term incubation in the apoE-KO
cells for an unknown reason,

The cytosol was analyzed by density gradient ultracen-
trifugation for change in the distribution of protein ki-
nase Co after the 5 min stimulation by apoA-l in apoE-KO
mouse astrocytes, because the increase of protein kinase
Co by apoA-I was most prominent in this type of cell. Fig-
ure 2A demonstrates that protein kinase Ca increased in
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the CLPP fractions (fractions 8-10) by apoA-1 stimulation
for 5 min. Interestingly, phospholipase Cy also increased
in the same fraction at 5 min after apoA-I stimulation. Ca-
veolin-1 was recovered in this fraction and apoA-l caused
its further increase, consistent with our previous findings
with rat astrocytes (20). The increase of pretein kinase Cu
in the CLPP fraction was reversed by a receptor-coupled
phospholipase C inhibitor, U75122 (Fig. 2B). Faint bands
of protein kinase Ca were also observed in the lower den-
sity fractions of the control cells and the U73122-treated
cells. These fractions are to be investigated further.

It is an important question whether protein kinase Cot is
activated when it is translocated to CLPP by apoA-I stimu-
lation. The activity of protein kinase Cu is reportedly asso-
ciated with its phosphorylation at the serine-657 resicdue
(28). The phosphorylated enzyme was probed by a specific
antibody, and it increased in the astrocyte cytosol of apoE-
KO mouse after the 5 min stimulation by apoA-I (Fig. 3A).
When the cytosol was analyzed by density gradient ultra-
centrifugation, the phosphorylated protein kinase Co was
increased in the CLPP fractions (fractions 8-10}, although
a major portion of the phosphorylated enzyme was in the
heavier fraction {fractions 6 and 7) (Fig. 3B).

As apoA-1 may initiate signal transduction, the produc-
tion of DG was monitored in mouse astrocytes when apoA-
was added to the medium (5 pg/ml) (Table 1). DG pro-
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Fig. 4. Increase of diacylglyceride (DG) production by apoA-J and the effect of U73122 in mouse astro-
cytes. A: Mouse astrocytes were pulse-Jabeled for 3 h with 20 pCi of [*H]acetate in 1 ml of DMEM medium
containing 0.02% BSA (0.02% BSA/DMEM). After three complete washes with Dulbecce’s phosphate-buff
ered saline containing 0.15% glucose (DPBS/G), the cells were incubated for 60 min in fresh 0.02% BSA/
DMEM. ApoA-I (b jug/ml) was added to the medium at 0, 30, 50, 55, 58, and 60 min after the start of the in-
cubation, to make the incubation periods with apoA-1 60, 30, 10, 5, 2, and 0 min. Lipid was then extracted
with hexane-isopropanol (3:2) from the whole cells and separated by TLC. Radioactivity was determined for
DG, sphingomyelin (SPM), and phosphatidylcholine (PC). Each data point represents the average and SEM
of triplicate samples. B: Rat astrocytes were treated with (dotted columns) or without {open columns) apoA-l
(5 pg/ml) in 0.02% BSA/F-10 in the presence or absence of U73122 (10 uM) or U73343 (10 pM) for 2 h.
After three washes with DPBS, the cells were incubated for 1 h with 0.2 pCi/ml [MCglycerol in fresh 0.02%

" BSA/F-10. Lipid was extracted from the cells and separated by TLC. Radioactivity was determined for DG.
Each data point represents the average and SEM of triplicate samples. C: Mouse astrocytes were pulse-labeled
for 8 h with 20 pCi/ml [*H)acetate in 0.02% BSA/DMEM and washed three times with DPBS. The cells
treated with U73122 (10 pM) or U73343 (10 M) in 0.02% BSA/DMEM for 30 min were incubated with
apoAT (0.5 pg/mi) for 5 min. After washing, lipids were extracted from the cells and analyzed by TLC, and
radioactivity was determined for DG. The data are expressed as the ratio of DG synthesis with apoA- against
that without apoA-l, Data represents mean = SE for three measurements.
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duction transiently increased at 5 min of incubation with
apoA-] (Fig. 4A}. This is distinct from the sphingomyelin
replenishment reaction to generate DG with respect to
the time course {21). This rapid and transient increase of
DG implied the involvement of phosphatidylinositol (PI)
turnover and the activation of phospholipase Gy, This view
was supported by the finding that U73122 suppressed the
increase of DG production by apoA- but U73343, an inac-
tive analog of U73122, did not (Fig. 4B, C). These findings
were also identical in human fibroblast WI-38 (Fig. 5). The
site of this DG increase was analyzed in mouse astrocytes
{Fig. 6). DG in the membrane fraction was mainly local-
ized in the caveolin-1-rich caveolae/rafts fraction and did
not show significant change by apoA-l stimulation (Fig.
GA). On the other hand, cholesterol and phosphatidyl-
cheline in the cytosol were recovered in the fraction ata
density of 1.07-1.12 g/mi (CLPP) (Fig. 6B). Unlike our pre-
vious finding in rat astrocytes under stimulation by apoA-
for 90 min (20}, treatment of the cells with apoA-l for b
min was not long enough to cause significant translo-
cation of cholesterol and phospholipid to this fraction.
However, apoA-] induced the increase of DG in this frac-
tion by 5 min incubation (Fig. 6G). U73122 canceled the
apoA-I-induced cholesterol translocation to the cytosol
and its release by apoA-I (Fig. 7).

DISCUSSION

We recently reported that exogenous apoA induces
the transient translocation of caveolin-1 and newly synthe-
sized cholesterol to CLPP that also contains cyclophilin A
in rat astrocytes (20). As many previous reports indicated
that helical apolipoproteins, especially apoA-, initiate in-
traceflular signal transduction (29, 30), it is important to
clarify whether this cholesterol translocation is induced by
a specific signal(s} or by other mechanism such as a meta-
holic cascade triggered by the removal of lipid by apolipo-
protein (31). We here investigated the association of sig-
nal-relating molecules with CLPP induced by apoAd in
astrocytes, indicating the potential involvement of this
particle in signal transduction to mobilize cholesterol for
the generation of HDL.

The results are summarized as follow, I) ApoA-I rapidly
induced the translocation of phospholipase Cy and pro-
tein kinase Ca to the CLPP fraction, and the laiter was
phosphorylated. The translocation of protein kinase Co
was inhibited by a receptor-coupled phospholipase C in-
hibitor, U78122. 2) DG transiently increased by apoA- at
the 5 min incubation, and this increase was suppressed by
U73122. The increase of DG was not observed in the
membrane fraction but in the CLPP fraction. 3) U73122
also suppressed both the apoA-T-mediated cholesterol re-
lease and related changes in cholesterol metabolism, such
as cholesterol translocation to the cytosol. '

These findings are consistent with the view that apoA-I
initiates rapid signal transduction by receptor-coupied
phospholipase C-mediated DG production, presumably
through a PI turnover pathway. In most of the initiation of

Tto et al.

signal transduction, the activation of phospholipase Cy
occurs through the interaction of its SH-2 domain with a
receptor that is tyrosine-autophosphorylated by binding a
specific ligand, and DG is generated in the plasma mem-
brane through the enhancement of PI turnover {32). There-
fore, activation of the signaling pathway is associated with
translocation of the signal-related enzymes from the cyto-
sol to the membrane. To our surprise, apoA-l induced the
translocation of phospholipase Cvy from the membrane to
the cytosol in astrocytes. Further analysis of the cytosol re-
vealed that thé increase was in the CLPP fraction, and the
increase of DG also takes place in this fraction rather than
in the membrane. It is still unknown whether phospholi-
pase Cy is translocated to CLFP after its activation in the
plasma membrane or is activated in the CLPP after the
translocation. We were unable to detect the tyrosine-phos-
phorylated phospholipase Cy in CLPP (data not shown).
Nevertheless, it appears reasonable to assume that DG is
generated in the CLPP fraction by the phospholipase Cy
translocated to this fraction. At present, we do not know
the mechanisms by which phospholipase Gy is translo-
cated to CLPP and its activation. Phospholipase Cy has a
pleckstrin homology domain to bind PI 4,5-bisphosphate
selectively (33). If PI turnover is triggered to produce this
molecule in the CLPP by apoA-l stimulation, phospholi-
pase Cy may then be translocated to the CLPP. Also, we
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Fig. 5. Increase of DG production by apoA-I and the effect of

U73122 on DG preduction in WI-38 cells. WI-38 cells were pulse-
labeled for 3 h with 20 wCi of [*H]acetate in 1 m] of 0.02% BSA/
DMEM. The cells were incubated with apoA-l (5 pg/ml) for 0,2, 5,
10, 30, and 60 min as described for Fig. 4A. Lipid was then extracted
from the whole cells and separated by TLC for the determination of
DG, sphingomyelin (S8PM), and phosphatidylcholine (PC}. Each
data point represents the average and SEM of wiplicate samples. In
the inset, WI-38 cells were treated with (dotted columns) or without
{open columns) apoA-l (5 pg/ml) in 0.02% BSA/DMEM in the
presence or absence of U73122 (10 M) or U73343 (10 uM) for 2 h.
After washing three times with DPBS, the cells were incubated for
1 h with 20 pCi/m! [*H}acetate in fresh 0.02% BSA/DMEM with or
without 173122 or 173433, Lipid was extracted from the cells and
separated by TLC for DG determination. Each data point represents
the average and SEM of triplicate samples.
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Fig, 6. Increase of DG by apoA-l in the cytosol of astrocytes.
Mouse astrocytes were pulse-labeied for 3 h with 20 nCi of [®H)ace-
tate in 1 m] of 0.02% BSA/DMEM and then treated with (closed
symbols} or without {(open symbols) 5 pg/ml apoA- for 5 min after
washing and medium replacement with fresh 0.02% BSA/DMEM.
The denuclearsupernatant fraction was prepared from the cells ac-
cording to the method described in Materials and Methods. The cy-
tosol and total membrane fractions were prepared by centrifuga-
tion at 367,000 g for 3¢ min as the supernatant and the pellet,
respectively, A;: The membrane fraction (60 pg of protein) was son-
icated and analyzed by ultracentrifugation as described in Materials
and Methods. The samples were separated into a pellet fraction
(fraction 1} and five fractions (fractons 2-6 from the bottom to the
top). Each fraction was subjected to SDS-PAGE and analyzed by
Western blotting using a rabbit anti-caveolin-1 antibody (gel at bot-
tom}. Lipid was extracted from each membrane fraction and ana-
lyzed by TLC to determine radioactivity in DG. B and C: The cyto-
sol fraction (350 pg protein/7 ml) was overlaid on top of the
sucrose solutions at a density of 1.17 g/ml (18 m!) and centrifuged
at 49,000 rpm for 48 h. The solution in the centrifuge tube was col-
lected from the bottom into 12 fractions, and lipids were extracted.
Radioactivities of phosphatidylcholine (PG; circles} and cholesterol
(CH; uiangles) (B) and of DG (C) were determined after the lipid
was separated by TLC.
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Fig. 7. Effects of U73122 on cholesterol trafficking in mouse as-
trocytes. A: The cells were pulse-labeled for 3 h with 20 pCi of
[*H]acetate in 1 ml of 0.02% BSA/DMEM followed by washing and
medium replacement with fresh 0.02% BSA/DMEM containing 1
mM sodium acetate. The cells were treated with (dotted columns)
or without (open columns) 5 pg/m! apoA- in the presence or ab-
sence of U73122 (10 pM) or U73348 (10 pM) for 90 min. After
washing, the cytosol was prepared and lipid was extracted. Radioac-
tivity of cholesterol was determined after separation of lipid by
TLC. B; The cells were labeled for 16 h with 20 nCi/ml [*H]acetate
in 0.02% BSA/DMEM, and the medium was replaced with fresh
0.02% BSA/DMEM containing 1 mM sodium acetate. The cells
were incubated with (dotted columns) or without (open columns)
5 pg/ml apoA-l in the presence or absence of U73122 (10 pM) or
U78343 (10 nM) for 4 h. Lipids were extracted from the condi-
tioned medium, and radioactivity in cholesterol was determined.

cannot completely exclude the possibility of the participa-
tion of phospholipase CB in DG production.

The increase of DG production by apoA-I was accompa-
nied by the translocation of protein kinase Cu to the cyto-
sol in the astrocytes of rat, mouse, and apoE-KO mouse.
Thus, the reactions seem to be independent of the influ-
ence of endogenously synthesized apoE in astrocytes. The
increase of protein kinase Ca in the cytosol was again ex-
clusively in the CLPP fraction. U73122 inhibited the trans-
location of protein kinase Ca to CLPP, so that it is reason-
able to assume that this translocation occurs downstream



of DG production as a signal initiated by apoA-I. This view
is consistent with our previous findings thac the different-
ated rat vascular smooth muscle cells that produce choles-
terol-poor HDL by apolipoproteins generate cholesterol-
rich HDL after stimulation of protein kinase G by phorbol
ester and that protein kinase C inhibitors decreased the
apoA-I-mediated cholesterol release in macrophages (34).
Further investigation is required to clarify whether the
translocation of these signal-related molecules takes place
to the same lipid-protein particle or to different particles
that happen to have the same density.

In agreement with our previous finding that apoA- in-
duces the translocation of caveolin-1 and newly synthe-
sized cholestercl to the CLPP fraction, this fraction may
play a role in intracellular cholesterol transport to the
plasma membrane when HDL is generated by apoA-l and
may also provide a site for the initiation of signal transduc-
tion to induce such cholesterol trafficking. Interestingly,
protein kinase Co phosphorylated at serine-657 was mainly
recovered from the free protein fraction in cytosol, although
it is increased in the CLPP fraction also by apoA-I stimula-
tion (28). This finding incicates the possibility that the en-
zyme is translocated to the CLPP and dissociated from the
particle by serine phosphorylation. There is no further in-
formation for the reactions after the activation of protein
kinase Ca.

This rapid initiation of the signaling cascade by apoA-I
is apparently different from the relatively slower genera-
tion of DG by phosphatidylcholine-specific phospholipase
C in the replenishment reaction for sphingomyelin when
it is removed by the HDL assembly reaction by apoA-I with
cellutar lipid (21). This slower reaction is associated with
the stabilization of ABCAI1 (31). The rapid reaction seems
to involve phospholipase Cy and PI turnover, so that it
should be initiated by the interaction of apoA with a re-
ceptorlike signal-mediating membrane protein, whether
directly or indirectly. Although many reports indicated
the initiation of the signaling cascade by apoA-I or HDL,
there is no clear indication of the signal-mediating mem-
brane protein that may directly interact with apolipopro-
tein or HDL (35—40). ABCAI has been identified as a key
protein for the generation of HDL by apolipoprotein
from cellular lipid, but it is still unclear whether this pro-
tein interacts directly with apolipoprotein to generate HDL
or plays an indirect rele for the HDL assembly reaction
(41-45). ABCAI is an essential molecule for the reaction
to generate HDL by apoA. Our preliminary experiments
indicated the presence of ABCAL in astrocytes but less sta-
bilization effect by apoA-l. A recent report indicated that
ABCALI is required for the generation of apoE-HDL in the
brain (46). However, it is unclear whether ABCA] is a sig-
nal-mediating receptor in the reactions presented in this
article.fi
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Abstract The mechanism for the assembly of HDL with
cellular lipid by ABCAI and helical apolipoprotein was in-
vestigated in hepatocytes. Both HepG2 cells and mouse pri-
mary culture hepatocytes produced HDL with apolipoprotein
A-I (apoA-l) whether endogenously synthesized or exoge-
nously provided. Probucol, an ABCA1 inactivator, inhibited
these reactions, as well as the reversible binding of apoA-I
to HepG2. Primary cultured hepatocytes of ABCAl-deficient
mice also lacked HDL production regardless of the pres-
ence of exogenous apoA-l.- HepG2 cells secreted apoA-l
into the medium even when ABCAIl was inactivated by
probucol, but it was all in a free form as HDL production
was inhibited. When a Jipid-free apoA-I-specific monoclonal
antibody, 725-1E2, was present in the culture medium, pro-
duction of FIDL was suppressed, whether with endogenous
or exogenously added apoAd, and the antibody did not in-
flnence HDL already produced by HepG2 cells.B We con-
clude that the main mechanism for HDL assembly by en-
dogenous apoA- in HepG2 cells is an autocrine like reaction
in which apoA- is secreted and then interacts with cellular
ABCALl to generate HDL.—Tsujita, M., CA. Wu, S, Abe-
Dohmae, S. Usui, M. Okazaki, and 5. Yokoyama. On the he-
patic mechanism of HDL assembly by the ABCAl/apoA-l
pathway. [ Lipid Res. 2005. 46: 154-162.

Supplementary key words cholesterol « high density lipoprotein «
hepatocytes « HepG2 » probucol = apolipoprotein A-1 « ATP binding
cassetie transporter Al

High density lipoprotein is produced by the reaction of
helical apolipoprotein and ABCA (1). This is considered
a main source of plasma FIDL, because familial HDL defi-
ciency (Tangier disease) has been identified as the defect
of HDL assembly by this reaction (2} caused by the muta-
tion of ABCAl (3-5). The ABCAL /apolipoprotein reac-
tion is also an important pathway of cellular cholesterol
release for its conversion to bile acids in the liver, along
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with an alternative nonspecific diffusion pathway acceler-
ated by cholesterol esterification with LCAT on HDL par-
ticles (1). The main site for HDL production is generally
thought to be the liver and intestine, where the cells syn-
thesize helical apolipoprotein, mainly apolipoprotein A-I
{apoA-l), and produce HDL, presumably upon the inter-
action of this apolipoprotein with its own ABCAI by re-
moving cellular lipid (6-8). However, it is unclear in which
step of the apoA-I production and secretion this reaction
takes place for the assembly of HDL. HDL particles have
never been clearly identified in the secretory pathway of
any HDL-producing cell, including hepatocytes.

Probucol is an inhibitor of apoA-l-mediated cellular
cholesterol release and HDL assembly (9, 10) and has
been identified as an inactivator of ABCAL (11). We used
this compound in LCAT-deficient mice in attempting to
suppress the two major cholesterol-release pathways of so-
matic cells described above (12). To our surprise, no sys-
temic cholesterol accumulation was observed, indicating
that cholesterol may leave cells by a nonspecific pathway
and that many extracellular acceptors can act as choles-
terol transporters, such as albumin and blood cells, How-
ever, cholestero! content increased only in the liver when
probuco! inhibited the ABCAI pathway in the cholesterol-
fed LCAT-deficient mice. Thus, the liver seems to be 2 ma-
jor organ from which cholesterol release requires the
ABCALI pathway, and these results indicate that the liver is
a major source of plasma HDL (13), consistent with other
reports using genetically engineered animals (6-8).

It is thus important to characterize how HDL is assem-
bled in hepatocytes with helical apolipoproteins synthe-
sized by hepatocytes interacting with their own ABCAI.
We used the human hepatoma cell line HepG2 and mouse
primary culture hepatocytes as model systems. To identify

Abbreviations: apoA-, apolipoprotein A-; FCS, fetal calf seruny;
MEM-g, minimum essential medium Eagle @ modification,
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e-mail: syokoyam@med. nagoya-cu.acjp
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a role of ABCAl in HDL production by hepatocytes, we
used probucol to inactivate ABCAI as well as ABCAl-defi-
cient mice. A monoclonal antibody specific against lipid-
free apoA-I was used as a tool to trap lipid-free apoA-l to
examine whether apoA- is secreted from the cells as a
free form before it interacts with ABCAL of the cells to
generate HDL.

MATERIALS AND METHODS

Apolipoprotein, lipoprotein, and an anti-apoA-I
monoclonal antibody

ApoA-l and apoA-Il were purified from human HDL fraction
using delipidation and anion-exchange column chromatography
in 6 M urea as previously described (13, 14). Apolipoproteins
were dissolved in 50 mM sodium phosphate buffer, pH 7.4, con-
taining 6 M guanidine-HCl and thoroughly dialyzed against 10
mM sodium phosphate buffer, pH 7.4, 0.15 M NaCl (PBS). For
the specific binding study, apoA- was labeled with 121 as previ-
ously described {9) except for the use of lode-Beads to activate 1251,
The icdine-labeled apoA-1 was concentrated by a Ultrafree-15 cen-
trifugal filter device (Millipore Gorp.). One miililiter of ¥l-apoA-I

—— apoAl —O— apohdl
4 T T

Cholesterol Release,
% of Cell Cholesterol

Phespholipid Release,
% of Cell Phospholipid

1 I A
4] B 10

Apolipoprotein Concentration, pg/mL

Fig. 1. Apolipoprotein-mediated lipid release from HepG2 cell.
Cells were incubated for 16 h with minimum essential medium Ea-
gle @ modification {(MEM-a) containing 0.02% BSA and the indi-
cated concentration of apolipoprotein A {apoA-I} or apoA-IL Cel-
lular lipid released into the conditioned medium was extracted by
organic solvent and analyzed by colorimetric enzymatic assay for
cholesterol and choline-phospholipid as described, The values rep-
resent means * SEM for three determinations. Open circles, exog-
enous human apoA-I; open squares, exogenous human apoA-L

solution was dissolved in an equal volume of 6 M guanidine-HCl
in 50 mM sodium phosphate buffer, pH 7.4, and dialyzed against
PBS to remove unbound #*I and guanidine-HCl. Probucol was
kindly provided by Daiichi Pharmaceutical Co. LDL was isolated
by sequential ultracentrifugation, and control and probucol-con-
taining LDL were prepared by the method previously described
(9}. A monoclonal antibody (IgG) against lipid-free apoA-l, 725-
1E2, was among the antibodies provided by Daiichi Pure Chemi-
cals (Tokyo, Japan} and characterized in our laboratory as described
previously (15). Mouse IgG was purchased from Chemicon Inter
national and used as a nonspecific control for 725-1E2,

HepG2 cells

HepG2 cells (American Type Culture Cellection; ATCC HB8065)
were maintained in minimum essential medium Eagle o modifi-
cation (MEM-u) supplemented with 10% fetal calf serum (FCS)
and antibiotics {5 U/ml penicillin and & pg/ml| streptomycin}.
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Fig. 2. Lipoprotein analysis of the culture medium of HepG2
cells by HPLC. Cells were incubated with MEM-o containing 0.02%
BSA with (B, D,F) or without (A, C, E} 10 pg/ml human apoA- for
16 h. The conditioned medium of HepG2 cells (100 pl) was 2na-
tyzed by the HPLC lipoprotein analysis system using two tandem
gel-permeation columns (Lipopropak XL; 7.8 mm X 300 mm;
Tosoh}. The elution profile was monitored by an online assay sys-
tem for total cholestercl (solid lines) and triacylglycerol (dotted
lines). A and B: Whole conditioned medium, C and D: d > 1.063
g/ml fraction. E and F: d < 1.063 g/ml fraction. The eluting posi-
tons of human plasma VLDL, LDL, and HDL are indicated by ar-
rows in A. -
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Fig. 3. Analysis of lipoprotein generated by mouse primary cul-
ture hepatocytes. Primary culture hepatocytes of C57B1/6 mice were
harvested using the Hanks™-EDTA and collagenase two-medium
method described in Materials and Methods. The cells were incu-
bated in DMEM (high glucose)/BSA medium with or without hu-
man apoA-I for 16 h, The conditioned medium was separated by ul-
tracentrifugation at a density 1.063 g/ml. The data represent
means = SEM of three determinations, Difference in HDL between
control and apoA-I (-} is significant by < 0.005.

For the individual experiments, cells were subcultured onto 35
or 60 mm plates at the density of 0.7 to 1 X 108 cells/ml and
maintained in MEM-a with 10% FCS and antibiotics (5 U/m!
penicillin and 5 ug/ml streptomycin) by changing the medium
every 2 days. On the fifth day, when the cells were 80-90% con-
fluent, the cells were washed extensively with MEM-« and incu-
bated with MEM-a containing 0.02% BSA and antibiotics with
and without exogencus human apoA- and human apoA-II for 16 h.
The condidoned medium was collected for further lipid analysis.
To load probucol, cells at 65-75% confluence were incubated
with LDL or probucol-containing LDL (50 pg/m] as protein) in
MEM-« for 24 h before the lipid-release assay.

Mouse primary hepatocytes

C57BI/6 mice (9 weeks old) were purchased from the local
experimental animal supplier. The mice were fed with normal
mouse chow or chow containing 0.5% (w/w) probucol ad libi-
tum. ABCAl-deficient mice were bred from ABCAI heterozygote
mice (DBA/1-Abcal™dn/T} purchased from Jackson's Animal
Laboratories (Stony Brook, NY). The genotypes of all offspring
were determined by PCR analysis of tail DNA. The oligonucleo-
tide primer sets 5"TGGGAACTCCTGCTAAAATS', 5'-CCAT-
GTGGTGTGTAGACA-3" and §'-TTTCTCATAGGGTTGGTCA-3',
5" TGCAATCCATCTTGTTCAAT3' were used to determine the
wild-type and mutant alleles, respectively. PCR was performed ac-
cording to the genotyping method provided by the animal sup-
plier except for an annealing temperature of 58°C. The mouse

primary hepatocytes were harvested and cultured according to
the method by Noga et al. {16), Mice were anesthetized and the
liver was perfused with Hanks’ salt solution without calcium con-
taining 0.5 mM EGTA and Hanks' salt solution with calcium and
magnesium containing 75 U/ml collagenase (type IV) at 37°C.
The hepatocytes were isolated by low-gravity centrifugation and
placed onto sterilized collagen-coated 60 mm culture dishes (1.8 X
105 cells/dish). After 2 h, when cells were attached as a mono-
layer, the unbound cells were washed with DMEM (high glucose)
containing 0.02% BSA. The cells were incubated with and with-
out apoA-l for 16 h, and the conditioned medium was collected
after the incubation. All of the experiments were completed within
24 h after harvesting the cells. The experimental procedure had
been approved by the Animal Welfare Committee of Nagoya City
University Graduate School of Medical Sciences according to in-
stitutional guidelines,

Lipoprotein analysis in the conditioned medium

Lipoprotein in the conditioned medium of the hepatocytes
was analyzed by HPLC using a gel-permeation column({s) (Lipo-
propak XL; 7.8 mm X 300 mm; Tosoh} with 0.05 M Tris-buffered
acetate, pH 8.0, containing 0.3 M sodium acetate, 0.05% sodium
azide, and 0.005% Brij-35 at a flow rate of 0.7 ml/min and an on-
line enzymatic lipid-detection system (10, 17-19). The condi-
tioned medium was centrifuged at 10,000 rpm for 5 min to re-
move cell debris, and a 200 p! aliquot was applied for HPLG
analysis. The method was thoroughly validated against the refer-
ence methods of ultracentrifugation and of Superose gel-perme-
ation chromatography, including the criteria of subfraction anal-
ysis of HDL (37, 19). In some experiments, the VLDL/LDL
fraction (d < 1.063 g/ml) and the HDL fiaction {1.063 < d <
1.21 g/ml) were isolated from the conditioned medium by se-
quential ultracentrifugation at 1.063 g/ml and 1.21 g/ml in a Hi-
mac CS5120GX (Hitachi) at 99,000 rpm for 4 h. Lipid was ex-
tracted from the total conditioned medium and the VLDL/LDL
and HDL fractions with organic solvent, and cholesterol and
choline-phospholipid were determined with colorimetric enzyme
assay kits (Kyowa Medics Co., Ltd., for cholesterol and Wako
Pure Chemical Industries, Ltd., for phospholipid) (20). Electro-
phoretic analysis was also performed for the medium "using a
Beckman Paragon System on an agarose gel,

Apolipoprotein analysis

Apolipoproteins in the HepG2 conditioned medium were an-
alyzed by immunoblotting using rabbit antiserum raised against
human apoA-l and goat anti-human apoB IgG (affinity purified;
Academy Bio-Medical Co., Inc.). The distribution of apoA- and
apoB in the HPLCractionated samples was analyzed. The elu-
ent was fractionated every 30 s. Afier adding 4 wg of BSA to each
sample, protein was precipitated with 16% (w/v) trichloroacetic
acid for 30 min on ice and recovered by centrifugation at 15,000
rpm for 10 min. The precipitated protein was washed with 1 ml

TABLE 1. Chemical compositions of cellular lipids in HepG2 cells

Samiple Total Chiolesierol Titglyceride Phospholipid Probucol
pg/mg prolein
Control LDL
exo-apoA-I(=) 22.02 + 0.93 10.09 + 2.90 201 = 5.85 0,00
excorapoA-I(+) 21,25 + 0.55 13.91 + 5.62 213 + .61 0.00
Probucol LDL
exo-apoA-I(—) 19.84 = 0.63 1512+ 1.%2 169 £ 10.45 1.0l x0.21
exo-apoA-I(+) 21,17 £ (.84 19.08 = 2.48 185 + 8.60 117 %027

exo-apoA-l, exogenous apolipoprotein A-L Cellular lipid was analyzed by enzymatic methods, and probucol
was measured using an HPLC method.
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