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Fibroblast growth factor-1 (FGF-1) is released from astrocytes in stress and
stimulates MEK/ERK and PI3K/Akt pathways in autocrine fashion to increase syn-
thesis of cholesterol and 25-OH-cholesterol, and to induce transport and secretion
of apoE, respectively. FGF-1-induced phosphorylation of Srec, and phosphorylation of
MEK, ERK and Ark was inhibited by Src inhibitors in rat astrocytes. Src inhibitors
also suppressed FGF-l-induced increase of biosynthesis and release of cholesterol
and increase of apolipoprotein E (apoE) secretion. The results were reproduced in
rat astrocytoma cells transfected by rat apoE and in 3T3-L1 cells. Down-regulation of
Src expression reduced FGF-1-induced phosphorylation of the signalling protein
and subsequent reactions. Increase by FGF-1 of messages of apoE and HMG-CoA
reductase was not influenced by Src inhibitors or by its down-regulation. We con-
clude that FGF-1 activates Src for activation of MEK/ERK and PI3K/Akt pathways,
while Src may not be involved in enhancement of transcription of the cholesterol-
related genes.
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Central nervous system (CNS) is segregated from sys-
temic blood circulation by blood brain barrier, which
plasma lipoproteins do not cross, so that CNS uses its
own intercellular lipid transport system by high-density
lipoprotein (HDL) (1). Astrocytes are the main HDL sup-
plier in CNS with apolipoprotein E (apoE) synthesized by
astrocytes themselves (2, 3) and extracellular apoA-I
from unknown sources (4, 5).

ApoE production increases in the brain in the cases of
injury and damage, acutely and perhaps chronically
as well, such as cerebral infarction, nerve and brain
injury and their degeneration (6-15). We found that heal-
ing of the experimental cryo-injury of the brain was sub-
stantially retarded in the apoE-deficient mice (I16).
Production of fibroblast growth factor-1 (FGF-1) was
observed in astrocytes in the peri-injury regions 2 days
after the injury, both in the apoE-deficient and wild-type
mice brain. ApoE production increased a few days later
in the same regions of the wild-type mouse brain (16).
FGF-1 is produced and released by astrocytes in culture
and stimulates the astrocytes for apoE-HDL production
(17, 18). We further demonstrated that FGF-1 induces
phosphorylation of the PI3K/Akt pathway for apoE
transport and secretion and the phosphorylation of the
MEK/ERK pathway for lipid biosynthesis via the FGF
receptor(s) (19). FGF-1 stimulates MEK/ERK pathways
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also for production of 25-OH-cholesterol to activate
LXRo for the apoE gene expression (20). On the other
hand, c¢-Sre, reportedly regulates physiological activities
of FGF-1 such as proliferation of murine embryonic fibro-
blasts (21).

In the present work, we investigated the involvement
of Src in an initial step(s) of the FGF-1-induced reactions
of cholesterol biosynthesis, cholesterol release and apoE
secretion and found that activation of Src protein is
critically involved in activation of MEK/ERK and PI3K/
Akt pathways in their upstream.

MATERIALS AND METHODS

Reagents—SU5402, an inhibitor of FGF receptor-1
(FGFR1) was purchased from Calbiochem. Src inhibitors
(PP1 and SU6656) were obtained from BIOMOL and
Calbiochem, respectively.

Preparation of Rat Astrocytes—Astrocytes were pre-
pared from the 17-day-old fetal brain of Wistar rat
according to the method described previously (22). Rat
apoE/pcDNA3.his was transfected to transformed rat
astrocyte GA-1 cells (23) that otherwise do not synthesize
apoBE (GA-1/25) (19). Mouse fibroblast 3T3-L1 cells were
obtained from Riken Cell Bank. The cells were washed
and incubated in 0.1% BSA/F-10 for 16h before each
experimental use.

Synthesis and Release of Cellular Cholesterol—To mea-
sure de novo synthesis of cholesterol, astrocytes were
incubated with [*Cl-acetate (4 uCi/ml) for 2h, lipid was

© The‘ Authors 2009. Published by Oxford University Press on behalf of the Japanese Biochemical Society. All rights reserved.

— 239 —



882

extracted from the cells with hexane/isopropanol
(3:2, v/v) and radioactivity was counted in cholesterol
after separation by thin layer chromatography (TLC)
(22). To determine cholesterol released into the
medium, astrocytes were labelled by incubating with
{(14C]-acetate (4 uCi/ml) for 24 h, washed three times and
incubated in a fresh 0.02% BSA/F-10 for 6h (22). Lipid
was extracted from the medium with chloroform/metha-
nol (2:1, v/v) and analysed by TLC to count radioactivity
in cholesterol.

Analysis of Protein by Western blotting—The method
was described previously (19). Protein in the conditioned
medium, cytosol and membrane fraction was precipitated
with 10% trichloroacetic acid (TCA) for the analysis of
its 70 g in 10% SDS-PAGE and immunoblotting with
rabbit antibodies against rat apoE (a generous gift by
Dr J. Vance, The University of Alberta), phosphorylated
Akt (Thr-308) (Cell Signaling Technology), p44/42 MAP
kinase (Cell Signaling Technology), phosphorylated
MEK 1/2 (Ser217/221) (Cell Signaling Technology),
MEK 1/2 (Cell Signaling Technology), mouse antibodies
against protein kinase B (PKB)o/Akt (BD Transduction
Laboratories), phosphorylated p44/p42 MAP kinase
(Thr202/Tyr204) (Cell Signaling Technology), phosphory-
lated Src (Tyrd416) (Upstate), Src (Upstate) and a goat
antibody against FGF-1 (Santa Cluz Biotechnology).

Reverse Transcriptase Polymerase Chain Reaction—
Total cellular RNA was isolated using ISOGEN (Nippon
Gene) and subjected to reverse transcription to cDNA
by Thermo Script (Invitrogen) with oligo-dT primers
and amplification of ¢cDNA by using the primers for
apoE, HMG-CoA reductase, B-actin in a Gene Amp
(Applied Biosystems). After an electrophoresis of the
products in agarose gels, the bands were stained with
EtBr solution (Nippon Gene Co. Ltd, Tokyo) and visual-
ized by an ultraviolet transilluminator (UVP NML-20 E)
at 302 nm. The primer pairs used were: 5'-ctgttggtcecattg
ctgac-3’ (sense) and 5'-tgtgtgacttgggagetetg-3’ (antisense)
for apoE; §-tgctgetttggetgtatgte-3' (sense) and 5'tgagegtg
aacaagaaccag-3’ (antisense) for HMG-CoA reductase.
B-Actin primers were used as an internal control (19).

RNA Interference—Specific small interfering RNA
(siRNA) for rat Src and universal control were obtained
from Invitrogen and transfected into rat astrocytes using
Lipofectamine RNAIMAX (Invitrogen) according to the
manufacturer’s protocol. After transfection, cells were
harvested and subsequently mRNA expression and
proteins were analyzed.

RESULTS

Signalling pathways by FGF-1 stimulation were investi-
gated in rat astrocytes. Figure 1A demonstrates phos-
phorylation of the signal proteins MEK, ERK, Akt and
Src. As reported previously (19), MEK, ERK and Akt
proteins were phosphorylated by FGF-1 stimulation. In
addition to those, Src protein was also phosphorylated by
FGF-1 stimulation. These protein phosphorylation were
all inhibited by an FGFR1 inhibitor SU5402 (Fig. 1A),
showing that the reactions including Src phosphory-
lation were mediated by FGF-1 and its receptors.
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Figure 1B shows that phosphorylation of the signal pro-
teins was inhibited by Src inhibitors, PP1 and SU6656.

FGF-1 induces signals of the PI3K/Akt pathway for
apoE fransport/secretion and the MEK/ERK pathway
for lipid biosynthesis via the FGF receptor(s) (19, 24).
We therefore investigated involvement of Src in the
FGF-1-induced cholesterol Dbiosynthesis, cholesterol
release and apoE secretion. Figure 1C demonstrates
that Src inhibitors, SU6656 and PP1, inhibited choles-
terol biosynthesis and its release induced by FGF-1. It
is also shown that increase of apoE secretion by FGF-1
was inhibited by Src inhibitors. Thus, the findings were
consistent with the effects of Src inhibitors on the MEK/
ERK and PI3/Akt pathways, showing the involvement of
Src phosphorylation in the upstream of signal activations
in the FGF-1-induced reactions in astrocytes.

Involvement of Src in the signalling pathways was con-
firmed in the cell line cells. We used rat astrocyte cell
line GA-1/25 cells, transformed rat astrocytes to which
rat apoE/pcDNA3.his was transfected (19), and also
mouse fibroblasts 3T3-L1. FGF-1-induced phosphoryla-
tion of MEK, ERK and Akt in GA-1/25 and 3T3-L1
cells (Fig. 2A and B). The phosphorylations in GA-1/25
cells were suppressed by Src inhibitors SU6656 and PP1,
and those were inhibited by an FGF-1 receptor inhibitor
SU5402 and by SU6656 and PP1 in 3T3-L1 cells (Fig. 2A
and B). Secretion of apoE from GA-1/25 cells was
increased by FGF-1 and the increase was reversed by
SU6656 and PP1, indicating that Src is involved in the
FGF-1-mediated reactions independent of transcriptional
regulation of apoE (Fig. 2C). Cholesterol biosynthesis in
GA-1/25 cells and its increase by FGF-1 were severely
inhibited by SU6656 and PP1, indicating the presence
of basic activation of Src in this cell line cells (Fig. 2D).

FGF-1 induces the increase of mRNA of the lipid-
related genes such as apoE and HMG-CoA reductase,
in time-dependent manners (Fig. 3A). Interestingly, nei-
ther Src inhibitors, SU6656 nor PP1, influenced these
increases (Fig. 3B). Therefore, induction of these genes
by FGF-1 does not involve Src activation, unlike induc-
tion of signalling pathways of MEK/ERK and PI3K/Akt
for up-regulation of synthesis of cholesterol/25-OH-
cholesterol (20) and enhancement of transport/secretion
of apoE (19, 20).

Involvement of Src in activation of the signalling path-
ways was further investigated by down-regulation of the
Src gene using a specific siRNA. Figure 4A showed that
down-regulation of the Src gene was saturated at 200 nM
of siRNA so that this concentration was used thereafter.
Src protein expression was almost completely suppressed
in this condition (Fig. 4B). Phosphorylation of MEK, ERK
and Akt were all reduced by the siRNA treatment of the
cells (Fig. 4C). Under the same condition, the expression
of the genes of apoE and HMG-CoA reductase was not
significantly influenced at all (Fig. 4D).

DISCUSSION

ApoE is the major endogenous apolipoprotein in CNS,
synthesized and secreted by astrocytes and microglias
to form apoE-HDL (I). Production of apoE and apoE-
HDL increases in response to acute and chronic
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Fig. 1. Involvement of the FGF-1 receptor and Src in the
FGF-l.induced reactions in astrocytes. (A) Rat astrocytes
were pre-treated with the FGF-1 receptor inhibitor (SU5402,
10pM) for 1h, and stimulated with FGF-1 (50 ng/ml) for 5min.
Cytosol and membrane fractions were prepared, and protein of
each fraction was analysed by western blotting for MEK, ERK,
Akt and Src proteins and their phosphorylated form (Pi). (B) The
cells were pre-treated with Src inhibitors (PP1 or SU6656, 10 uM)
for 1h and stimulated by FGF-1 (50 ng/ml) for 5min. Cell protein
was analysed by western blotting for the signal proteins and

damage of CNS, and seems to play a role in regeneration
of nerve cells and healing of the injury (6-15). Therefore,
it is important to understand the background of molecu-
lar mechanism for this reaction and the recovery process
of the brain damage. We discovered that apoE-HDL
production is stimulated by FGF-1 in astrocytes by an
autocrine mechanism and helps healing of the brain
cryo-injury (16-19). FGF-1 up-regulates apoE-HDL bio-
genesis by using at least three independent signalling
pathways, a PISK/Akt pathway for transport/secretion
of apoE, an MEK/ERK pathway for cholesterol and
lipid biosynthesis, and an independent pathway for
apoE transcription (19). All of these pathways are
probably initiated by the interaction of FGF-1 with its
receptors (19, 20).

We here characterized the involvement of Src in these
FGF-1-induced signalling pathways. The results are
summarized as follows (Fig. 5): (i) FGF-1-induced phos-
phorylation of MEK, ERK, Akt and Src proteins and
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their phosphorylated form (Pi). (C) Cellular cholesterol release
was measured in the presence of FGF-1 (560ng/ml), SU6656
(10 uM) or PP1 (10 uM) (Top). Cholesterol biosynthesis was deter-
mined upon incubation with SU6656 (10 uM) or PP1 (10 uM) for
1h and then with FGF-1 (0 or 50ng/ml) for 5h (Middle). ApoE
secretion was measured under stimulation with FGF-1 (0 or
100ng/ml) for 24h in the presence of SU6656 (5uM) or PP1
(5uM). The conditioned medium was analysed by western blot-
ting for apoE.

these phosphorylations were inhibited by an inhibitor of
the FGF-1 receptor. (ii) FGF-1-induced phosphorylation
of MEK, ERK and were all inhibited by Src inhibitors
and by siRNA of Sre¢, and FGF-1-induced cholesterol syn-
thesis, cholesterol release and apoE secretion were inhib-
ited by Src inhibitors. (iii) Induction by FGF-1 of the
genes related to lipid metabolism was not inhibited
either by Src inhibitors or by Src siRNA. We concluded
that FGF-1 induces MEK, ERK and Akt phosphorylation
and cholesterol synthesis, cholesterol release and apoBE
secretion being mediated by the Src kinase. In this
FGF-1-induced signalling pathway, Src seems located
downstream of the FGFR1 and upstream of the MEK/
ERK and PI3K pathways. Furthermore, these data
showed that induction of the genes related to lipid
metabolism such as apoE and HMG-CoA reductase is
independent of the Src pathway.

We recently demonstrated that induction of apoE gene
by FGF-1 is under the dual control, by the MEK/ERK
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Fig. 2. Involvement of the FGF-1 receptor and Src in the
FGF-1-induced reactions in astrocytes in rat astrocytoma
cells and mouse fibroblast. (A) Inhibition of the FGF-1-
induced reactions by Src inhibitors in GA-1/25 cells. The cells
were stimulated with FGF-1 (50ng/ml) for 5min after pre-
treatment with the Src inhibitors (PP1 or SU6656, 10uM)
for 1h., The cell protein was analysed by western blotting for
phosphorylated forms of MEK, ERK and Akt (Pi). (B) Inhibition
of the FGF-1-induced reactions by the inhibitors of the FGF-1
receptor or Src in 3T3-L1 cells. The cells were stimulated with
FGF-1 (60ng/ml) for 5min after pre-treatment with SU5402,
PP1 or SU6656, 10uM, for 1h. Cell protein was analysed by
western blotting for phosphorylated forms of MEK, ERK and
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Fig. 3. Expression of mRNA of the lipid metabolism-related
genes induced by FGF-1 in rat astrocytes. (A) mRNA expres-
sion of the lipid-related genes in a time course. Rat astrocytes
were stimulated with 50ng/ml of FGF-1 for the time indicated.
Total RNA was extracted and subjected to reverse transcription
and ¢DNA amplification for apoE, HMG-CoA reductase and
B-actin. (B) Effect of Src inhibitors on mRNA expression of the
lipid-related genes. Rat astrocytes were stimulated with 50 ng/ml

pathway to induce synthesis of cholesterol and 25-OH-
cholesterol to activate LXRo and by induction of the
LXRo gene through an unknown signalling pathway
(20). The present results provided somewhat confusing
information for understanding the differential signalling
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Akt (Pi). (C) Inhibition of the FGF-1-induced secretion of apoE
by Src inhibitors in GA-1/25 cells. After 16h blank incubation,
the cells were stimulated with FGF-1 (0 or 50ng/ml) for 24h in
the presence SU6656 (5 uM) or PP1 (5 pM), and further incubated
for 16h (a). The cells were incubated with FGF-1 (0 or 560 ng/ml)
for 24h, then with SU6656 (5uM) or PP1 (5uM) for 16h, and
further incubated for 16 h (b). The conditioned medium was anal-
ysed by western blotting for apoE. (D) Inhibition of the FGF-1-
induced cholesterol synthesis by Src inhibitors. GA-1/25 cells
were incubated with SU6656 (10 uM) or PP1 (10puM) for 1h and
then with FGF-1 (0 or 50 ng/ml) for 5h. Cholesterol synthesis was
determined as described in the text.
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of FGF-1 for 8h after pre-treatment with Src inhibitors (PP1,
SU6656) for 1h. Total RNA was extracted and subjected to
reverse transcription and ¢cDNA amplification for apoE, HMG-
CoA reductase and B-actin. Each band was digitally scanned by
using an EPSON GT-X700 and Adobe Photoshop software.
Numbers below each band indicates relative increase of its inten-
sity from the controls after standardized for B-actin.

network for induction of biogenesis of apoE-HDL by
FGF-1 in astrocytes. (i) Although the increase of choles-
terol biogenesis is mediated by the MEK/ERK pathway
(19) and it is suppressed by inhibiting Sre, induction of
HMG-CoA reductase by FGF-1 seems independent of this
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Fig. 4. Effect of the treatment with Src siRNA. (A) Effect
of siRNA on expression of Src. Rat astrocytes were incubated
with fresh Opti-mem for 10h and then incubated with Src RNAi
at 200nM and 300nM for 24h. Total RNA was extracted and
subjected to reverse transcription  and ¢DNA amplification by
using primer pairs for Src-as described in the text. (B) Effect
of Src siRNA on expression of Src protein. Rat astrocytes were
incubated with fresh Opti-mem for 10h and then incubated with
200nM Src RNAi for 24 h. The cytosol protein was analysed by
western blotting for u-tublin protein. (C) Rat astrocytes were
pre-treated with 200nM Src siRNA as above. After 5min stim-
ulation by FGF-1, cell protein was analysed by western blotting
for MEK, ERK, Akt and their phosphorylated form (Pi). (D) Rat
astrocytes were pre-treated with 200nM Src RNAi as above. The
cells were incubated with FGF-1 for 8h and total RNA was
subjected to reverse transcription and ¢cDNA amplification by
using primer pairs for apoE, HMG-CoA reductase and B-actin.
Each band was digitally scanned by using an EPSON GT-X700
and Adobe Photoshop software. Numbers below each band indi-
cates relative increase of its intensity from the controls after
standardized for B-actin.

pathway indicating that cholesterol biosynthesis is
stimulated by FGF-1at an other step(s) than HMG-CoA
reductase as well. (ii) Although expression of the apoE
gene is induced by FGF-1 through production of choles-
terol and 25-OH-cholesterol via the MEK/ERK pathway
(20), LXRo induction directly increases the apoE gene
transcription independently of this pathway (19). This
view is consistent with the previous suggestion that
enhancement of cholesterol biosynthesis by FGF-1 is
due to the demand by stimulation of cell growth (25).
Induction of the apoE gene transcription by FGF-1
may not all necessarily be associated with cholesterol
biosynthesis and shown to be partially independent of
either PI3K/Akt or MEK/ERK pathways as mentioned
earlier (19).
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Fig. 5. Schematic diagram for signalling pathways
for FGF-1 to stimulate production of apoE-HDL in rat
astrocytes. FGF-1 is released by astrocytes in the lesions of
brain damage and stimulates those cells in autocrine/paracrine
fashion (16-18). This stimulation is mediated by FGFRI1, and
subsequently uses the MEK/ERK pathway to increase the
synthesis of cholesterol and 25-OH-cholesterol, activate. LXRa
and enhance transcription of the apoE gene, and the PISK/Akt
pathway to increase apoE-HDL secretion (19, 20). FGF-1 also
enhances production of LXRu being independent of the afore-
mentioned pathways (19, 20). Src was shown to mediate signals
from FGFR1 to the MEK/ERK and P13K/Akt pathways.
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ApoA-I Facilitates ABCA1 Recycle/Accumulation to Cell
Surface by Inhibiting Its Intracellular Degradation and
Increases HDL Generation

Rui Lu, Reijiro Arakawa, Chisato Ito-Osumi, Noriyuki Iwamoto, Shinji Yokoyama

Objective—Calpain-mediated proteolysis is one of the major regulatory factors for activity of ATP-binding cassette
transporter (ABC) Al. Helical apolipoproteins protect ABCA1 against this degradation and increase generation of HDL.
We investigated the mechanism for this reaction focusing on roles of endocytotic internalization of ABCAL.

Methods and Results—Surface ABCA1 was labeled with biotin and traced for its internalization and degradation. ABCA1
in the cell surface was internalized within 10 minutes regardless of the presence of apoA-I. ABCA1 was intracellularly
degraded and was protected against this only when exposed to extracellular apoA-I before its endocytosis.
Consequently, recycle of ABCA1 to the surface was enhanced, and surface ABCA1 was increased by apoA-I. Direct
inhibition of ABCA1 endocytosis led to decrease of its degradation and increase of surface ABCA1. Generation of HDL

increased in parallel with surface ABCAL.

Conclusion—Surface ABCALI is internalized and degraded, and apoA-I interferes with only the latter step to recycle
ABCAL to the surface. Increase of surface ABCAL1 results in the increase of generation of HDL. (Arterioscler Thromb

Vasc Biol. 2008;28:1820-1824)

Key Words: ABCA1 m calpain ®m HDL m endocytosis m apoA-I m cholesterol

igh density lipoprotein (HDL) is biogenerated with

helical apolipoproteins and cellular lipid being mediated
by the membrane protein ATP-binding cassette transporter
(ABC) Al.! Helical apolipoprotein, mainly apolipoprotein
A-I (apoA-I), is delivered and liberated by plasma HDL to
somatic cells that do not synthesize apolipoproteins for
biogenesis of new HDL,? whereas apoA-I is likely secreted
from hepatocytes in a free form and interacts with its own
ABCAI1 in an autocrine manner.®> HDL particles are formed
with apolipoprotein and membrane phospholipid, and choles-
terol is integrated into this particle being dependent on
various cellular factors.*S ABCA1 expression is upregulated
mainly by the liver X receptor as sensing a cellular oxysterol
level,$ but it is also under the regulation by sterol regulatory
element binding protein 2 in the liver perhaps to properly
maintain whole body cholesterol homeostasis.” Interestingly,
it is downregulated by activator protein 2¢,® but its physio-
logical role is unknown. On the other hand, ABCAL1 is rapidly
degraded by calpain and it seems an important regulation
system for its activity of generation of HDL.® This proteolytic
degradation is retarded when ABCAL interacting with helical
apolipoproteins® ! suggesting that this is a positive feedback
system for HDL biogenesis. This must be a steady state
ongoing in vivo in most of the cells that are chronically

exposed to helical apolipoproteins such as apoA-I, although
this view is yet to be proven for its relevance. It was proposed
that ABCALI is internalized by endocytosis and seems recy-
cled,!-12 and HDL biogenesis is associated with such endo-
cytotic reactions.!3-1¢ Involvement of adaptor proteins is also
suggested in the endocytosis and degradation of ABCA1.17.18
Deletion of PEST sequence of ABCA1 inhibited its endocy-
tosis, degradation by calpain, and HDL biogenesis, suggest-
ing that endocytosis of ABCAL is a key process for these
all.’ However, there are other views that HDL biogenesis
takes place rather in the cell surface?°-22 than in the endo-
somes, where ABCA1 is entrapped. Most of these studies
were carried out with ABCAI1 transfected and overexpressed.
In this work, we attempted to understand this complicated
process by labeling the endogenous ABCAL in cell surface
and tracing it.

Materials and Methods

Cell Culture and ApoA-I

BALB/3T3 clone A3l cells were maintained and incubated in 5%
Eagle minimum essential medium (MEM) with low glucose and 30%
Ham F-12 (Wako) with 10% fetal calf serum (FCS) at 37°C in a
humidified atmosphere of 5% CO,.2> THP1 cells were differentiated
to macrophages by incubating in 10% FCS in the presence of
3.2X 1077 mol/L of phorbol 12-myristate 13-acetate (PMA; Wako)
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Figure 1. Internalization of ABCA1. A, Cell surface protein of the differentiated THP-1 cells was pulse-labeled with sulfo-SS-biotin. After
further incubation at 37°C for the indicated time, surface biotin was cleaved to detect ABCA1 internalized. Biotinylated protein was
selectively adsorbed by streptavidine-agarose and analyzed by Western blotting for ABCA1. Surface ABCA1 indicates the samples just
after the biotinylation. B, Internalized-ABCA1 was detected in the presence or absence of 100 umol/L of calpeptin in the same condi-

Time (sutacy 0 2 5 10 30 min Time

tion as in A. C, Internalization of ABCA1 was analyzed in BALB/3T3 cells by the same procedure as described above.

for 24 hours.2> Human apoA-I was isolated from human plasma
HDL as described previously.2* It was used at 10 ug/mL in the
medium for all the experiments unless otherwise specified.

Labeling and Tracing ABCA1

Cell surface proteins were biotinylated with sulfosuccinimidyl
2-(biotinamido)-rthyl-1, 3-dithiopropionate (sulfo-SS-biotin)
(Pierce) for 1 hour at 4°C according to the methods previously
reported.?5 After quenching the reaction, cells were washed and
lysed, and the membrane fraction was prepared as described previ-
ously.® Biotinylated membrane proteins were isolated by incubating
with streptavidin-agarose beads (Sigma) at 4°C for 1 hour.2¢ After
recovering the beads, proteins bound to the beads were eluted by
incubating in the sample buffer for sodium dodecylsulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE), and then analyzed for
Western immunoblotting by using specific antibody against ABCAL
as previously described.® To trace the labeled surface ABCAL for
internalization, biotinylation of the cell surface proteins was cleaved
by incubating the cells with 50 mmol/L reduced glutathione (Sigma)
in pH 7.8 three times for 20 minutes,? and the remaining biotinyl-
ated ABCAI was analyzed as above as the internalized portion.
Intracellular ABCA1 degradation was measured as the time-
dependent decrease of biotinylated ABCA1 after the surface biotin
was cleaved after the incubation of the biotinylated cells for 1 hour
at 37°C. To examine recycle of ABCAI, intracellular ABCA1 was
prelabeled as above. At the various period of the incubation, the cell
surface biotin was cleaved again and the remaining biotinylated
ABCALI was analyzed and compared with the biotinylated ABCA1
without the second cleavage to estimate the resurfaced ABCAL.

Cellular Lipid Release

Cellular lipid release by apoA-I was measured as described else-
where. After incubation of the cells with apoA-I for the indicated
time, concentration of cholesterol and choline-phospholipid in the
medium were evaluated by enzymatic measurement.?’

Quantification of Western Blotting Results
The bands were digitally scanned by using an EPSON GT-X700 and
analyzed with Adobe Photoshop software.

Results

Figure 1A shows time-dependent internalization of ABCA1
in THP-1 cells. Most of the biotinylated ABCA1 in the
surface was recovered as the internalized protein after incu-
bating the cells at 37°C longer than 10 minutes, by cleaving
the surface biotinylation with glutathione after the incubation.
The internalized ABCA1 apparently decreased after 30 min-
utes of incubation, and this decrease was inhibited by a
calpain inhibitor, calpeptin, both in THP-1 cells and BALB/
3T3 cells (Figure 1B and 1C). ABCA1l was thus shown
degraded by calpain after the internalization.

Degradation of ABCA1 by calpain was shown inhibited by
helical apolipoproteins, such as apoA-19 Therefore, the inter-
nalization of ABCA1 was examined in the presence of
apoA-I. After 10 minutes of the incubation, most of the
surface-labeled ABCA1 was internalized regardless of the
presence of apoA-I (Figure 2A). This process was not
modified any further even by the presence of calpeptin,
indicating that ABCA1 was protected by apoA-I against the
calpain-mediated degradation (Figure 2B). To investigate
whether ABCA1 is “preprotected” by apoA-I before its
internalization or extracellular apoA-I protects ABCA1 even
after it is internalized, degradation of the internalized ABCA1
was examined for timing of adding apoA-I (Figure 2C).
When apoA-I was present in the medium for the period before
the internalization of the prebiotinylated surface ABCAI,
degradation of ABCA1 was retarded (apoA-I (+)). However,
when apoA-I was added to the medium after the prelabeled
ABCAL1 was internalized, the degradation was not much
retarded (Chased). This result indicates that the protective
effect of apoA-I on ABCAIl against its degradation is
achieved before ABCAL1 is internalized, and not by cell-
apoA-I interaction to cause a distant effect on the internalized
ABCAL.

A ABCA1 Internalized B ApoA-l 10 ug C
ABCAl B e 2 Calpeptin (-) L T ABCA1 Internalized -
;) Y : Calpeptin (+) 5 hilh S Lok S 86 ADOA-| (-) BB = g'g
& 0 5 10 30 60 120 min ApoA- (+) il esss OF
& Chased  lbdiis as ﬁg
o e
& 01 2 3 bhr &% 7535
&> Time, hr,

Figure 2. ABCA1 internalization and the effect of apoA-l in BALB/3T3 cells. A, ABCA1 internalization in the presence of apoA-| for

10 minutes at 37°C. “Surface” ABCA1, immediately after the labeling. “Surface cleaved”, after biotin cleavage before internalization.

B, ABCA1 internalization with apoA-l with and without calpeptin. C, Retardation of ABCA1 internalization by apoA-I. Cells were biotinyl-
ated and incubated for 1 hour at 37°C, and surface bictinylation was cleaved. Biotinylated ABCA1 was analyzed by Western blotting.
ApoA-| () indicates without apoA-| throughout the incubation (squares); ApoA-I(+), with apoA-l in the preinternalization period (circles);

Chased, apoA-I was added after the surface biotin cleavage (triangles).
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Figure 3. Recycle of ABCA1 in BALB/3T3. A and B, Total membrane and surface

ABCAT1 after cell incubation at 37°C with apoAl (for 4 hours for B). C, Recycle of
the internalized ABCAT1. Internalized ABCA1 was prelabeled by biotinylation of sur-
face protein at 4°C for 30 minutes, its internalization by incubating for 1 hour at
37°C and cleavage of the surface biotinylation. After incubation, surface biotinyla-
tion was cleaved again and the biotinylated ABCA1 was analyzed. ic indicates
intracellular, after the second cleavage; ic + s, intracellular plus surface, without
the second cleavage. The results of digital scanning are demonstrated.

ABCA1 in the whole cell membrane increased up to 4
hours of the incubation, and this increase was parallel
between the whole cell and cell surface (Figure 3A and 3B).
To examine the mechanism for this increase of the surface
ABCAL, recycle to the surface of the internalized ABCA1
was examined. After the prelabeled ABCA1 was internalized
and surface biotinylation was cleaved, the cells were further
incubated for certain periods of time and the surface biotiny-
lation was cleaved again to assess the recycled ABCAL to the
surface (Figure 3C). In the absence of apoA-I, the internalized
ABCAI rapidly disappeared, and only its small portion was
found recycled to the surface. In the presence of apoA-I,
clearance of the internalized ABCA1 was substantially re-
tarded as presented above, and a large portion of it was found
recycled to the surface. Thus, apoA-I increased recycling of
ABCAL1 apparently by blocking the intracellular calpain-
mediated degradation.

To examine whether internalization of ABCA1 is manda-
tory for the HDL biogenesis reaction, clathrin-mediated
endocytosis was inhibited by cytochalasin D.282 ABCAI in
the cell was decreased within 60 minutes in the absence of
helical apolipoproteins when its synthesis was inhibited by
cycloheximide (Figure 4A). When the endocytosis was inhib-
ited by cytochalasin D, ABCAIl did not decrease. The
increase of cellular ABCA1 by cytochalasin D was shown
attributable to its increase in the cell surface (Figure 4B) as its
endocytosis was strongly inhibited (Figure 4C).
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Finally, generation of HDL was evaluated by measuring
release of cellular phospholipid and cholesterol by apoA-I5-3¢
when the endocytosis of ABCA1 was inhibited and its
amount in the cell surface was increased. As shown in Figure
5, releases of phospholipid and cholesterol were both in-
creased by this treatment. As apoA-lI by itself increases
surface ABCAI by increasing its recycling, the increment of
the HDL biogenesis should not be to the same extent as the
increase of surface ABCA1 by cytochalasin D in the absence
of apoA-I. This was in fact demonstrated in Figure 5B. The
relative increase of the surface ABCA1 by cytochalasin D
was to a less extent in the presence of apoA-I because the
surface ABCAL is already increased by apoA-I even in the
absence of cytochalasin D. The increase of ABCAI by
cytochalasin D in the presence of apoA-I was parallel to the
increase of lipid release by apoA-I (Figure 5C).

Discussion
In summary, we have shown that: (1) ABCAI is rapidly
degraded intracellularly by calpain after its clathrin-mediated
endocytotic internalization in the absence of helical apoli-
poprotein; (2) Helical apolipoproteins, represented by
apoA-1, protect ABCA1 from the degradation, not by inhib-
iting the internalization but by inhibiting the intracellular
proteolysis; (3) This inhibition is achieved by preexposure of
ABCAL to extracellular apoA-I before the internalization and
not by the exposure of the cells after ABCALI is internalized;

C

THP1 THP1 THP1 Surface internalized
Control ABCA1 @S es fbld clvd —— ,
i ABCA1 Cellular ABCA1 sss ¥ A o NS
B-actin b Surface CytD /0% ___ 01 1 10 uM
CytD ABCA1 #E868&880 CyiD 0 0.1 110 yM3T3  jnternalized
B-actin e ABCA1 ##bs s
Time 0 153060 min CytD 0 10 uM

Figure 4. Effects of cytochalasin D on ABCA1 in differentiated THP-1 cells. A, Cells were incubated with 10 pmol/L cytochalasin D at
37°C and total membrane ABCA1 was analyzed. B, ABCA1 in total membrane and cell surface after incubation with cytochalasin D at
37°C for 30 minutes. C, ABCA1 internalization in the presence of cytochalasin D. Surface Ibld indicates the biotinylated ABCA1 immedi-
ately after the labeling; Surface clvd, biotinylated ABCA1 after cleavage of surface biotin before the incubation at 37°C; Internalized,
ABCAT1 after the incubation at 37°C for 10 minutes and cleavage of the surface biotin. ABCA1 in BALB/3T3 cells were also analyzed for
the internalization by the incubation for 10 minutes at 37°C.
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Figure 5. Effect of
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as *P<0.05 and **P<0.01 from the control. B, ABCA1 protein in cell surface in the absence and presence of apoA-| for 6 hours. C, The
results of B were digitally scanned, and the lipid release data were plotted against the surface ABCA1.

(4) ABCAL that escaped from the intracellular proteolysis is
recycled to the cell surface, and apoA-I therefore enhances
this process to increase cell surface ABCAL; (5) Generation
of HDL is directly proportional to the surface ABCAI level.
The results are summarized in supplemental Figure I (avail-
able online at http://atvb.ahajournals.org).

It is well recognized that activity of ABCAI is a rate-
limiting factor for biogenesis of HDL and therefore plasma
HDL concentration in vivo.! Expression of the gene has been
shown to regulate it in vitro and in vivo,®-8 but the degrada-
tion of ABCAI1 protein seems an important regulatory factor
for its activity as a posttranslational regulation at the cellular
level,>1° whose physiological relevance, however, is yet to be
proven.

We used THP-1 cells and BALB/3T3 fibroblasts as models
for generation of HDL. HDL biogenesis in vivo is largely in
the liver and intestine,*! but any peripheral cells must carry on
the HDL biogenesis reaction for their cholesterol homeosta-
sis.! Indeed, it was proposed that peripheral tissue may be a
significant source of plasma HDL in human.?? Therefore, the
use of these cells is justified to investigate mechanism for
HDL biogenesis by the ABCA1/apolipoprotein system.
ABCA1 seems stabilized in hepatocytes in an autocrine
mechanism by a large amount of apoA-I produced and
secreted by themselves, and the effects of additional apoA-I
may not be apparent.?

When HDL generation is ongoing, helical apolipoproteins
interact with ABCAI1 before its internalization and make
ABCAL1 resistant to the calpain-mediated degradation. Con-
sequently, a large portion of ABCAL is recycled to the
surface without degradation for further HDL generation. This
view is consistent with most of the previous findings that
apoA-I/ABCAL1 complex recycles and apoA-I may be re-
leased by exocytosis during the HDL generation reac-
tions.!t12 Most of the cells in the body are chronically
exposed to HDL, which liberates apoA-I for generation of
HDL.2 Therefore, in the physiological environment in vivo,
ABCALI seems protected from the degradation and its clear-
ance rate should be rather slow. Recently, 2 independent
articles proposed that HDL biogenesis by ABCA1 mainly
takes place on cell surface rather than in the endosomes by
tracing the labeled apoA-I in the presence of transfected
ABCA1.2122 The conclusion in the present work is consistent

with these proposals and may not agree with the view that
HDL biogenesis occurs intracellularly.3-16

In the steady state of HDL generation, ABCA1 should be
increased in cell surface from the baseline condition without
apolipoprotein. It is therefore of interest whether there is a
room for further increase of surface ABCA1l and conse-
quently for the increase of HDL biogenesis by inhibiting the
endocytotic internalization of ABCAIL. Inhibition of the
endocytosis by cytochalasin D increased surface ABCA1X50
to 60% as well as HDL biogenesis in parallel (Figure 5C).
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Supplementary Figure I. Schematic summary of the results. In the absence of
apoA-I (right), ABCALI is internalized and degraded by calpain and only very
limited amount of ABCA1 could be recycled to the surface. Inhibition of calpain
may lead to more recycle of ABCAL to the surface. In the presence of apoA-I
(left), ABCAL is pre-protected by apoA-I in the surface against the intracellular
calpain-mediated proteolysis. ABCAL is therefore recycled to the surface.
Inhibition of ABCAI internalization by cytochalasin D (CytD) results in the
increase of surface ABCA1. Surface ABCAL is parallel to generation of HDL by
apoA-L
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We examined cholesterol homeostasis in mice with the two major cholesterol transport pathways for
catabolism interrupted by disrupting abcal, Icat, or both. Plasma HDL markedly decreased in these genotype
but LDL/VLDL decreased only in the double deficiency. Fractional catabolic rate of HDL increased in the order
of wild type<abcal(—/—)=lcat( —/ —)<abcal( —/ —)lcat( —/ —). Cholesterol accumulated in the liver by
disrupting either gene and more by the double disruption. HDL biogenesis by primary-cultured hepatocytes
was negligible in the abcal deficiency and substantially reduced in the lcat deficiency. Secretion of LDL/VLDL

ggﬁﬁzzﬁ;, was also decreased in these cells but to a less extent. Cholesterol content in the hepatocytes was in a
HDL reciprocal order to lipoprotein generation. Expression of hepatic mRNA of the sterol-related genes reflected
ABCA1 the celtular cholesterol increase, such as decrease in SREBP2 and HMG-CoA reductase and increase in apoA-I,
LCAT apoE, and ABCG1. Cholesterol decreased in the steroidogenic organs by disruption of either gene resulting

Atherosclerosis from low-plasma HDL. Cholesterol in other peripheral tissues generally decreased under normal chow
feeding, and interestingly, it was recovered by high-cholesterol feeding, including the cholesterol content in
the brain. No apparent vascular lipid deposition was observed in any genotype. Deletion of the two major
factors in “reverse cholesterol transport” may not directly result in severe cholesterol transport stagnation in

the body of mouse. Other compensatory pathways may back up cholesterol transport among the organs and

tissues even when these pathways are impaired.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Cholesterol, an essential constituent for animal cell membrane and
a precursor of steroid hormones, is not catabolized in peripheral
tissues. Except for generation of steroid hormones in a very limited
amount in the specified organs, most of the body cholesterol
molecules are converted to bile acids in the liver for excretion.
Therefore, cholesterol is released from somatic cells and transported
to the liver in order to maintain its homeostasis at the levels of cells
and whole body. Plasma HDL is thought to play a central role in this
transport system. HDL particles are mainly generated in the liver by
the interaction of the locally generated helical apolipoprotein such as
apoA-I with the membrane protein ATP-binding cassette transporter
(ABC) Al removing cellular phospholipid and cholesterol {1]. In
peripheral tissues, apoA-l carried by HDL dissociates from the
particles and interacts with ABCA1 in the cell surface to generate
HDL with the cellular lipid [2]. HDL particles also receive cellular
cholesterol molecules released by diffusion. The latter reaction is
facilitated by acyl-esterificaiton of cholesterol in the HDL particles by

E-mail address: syokoyam@med.nagoya-cu.ac.jp (S. Yokoyama).
! Present address: St. Paul's Hospital, Vancouver, British Columbia, Canada V6Z 1Y6.

1388-1981/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi: 10.1016/1.bbalip.2009.08.009

lecithin, cholesterol acyltransferase (LCAT) [3], and by the presence of
ABCG1 in the cell membrane [4].

Plasma HDL concentration inversely correlates with a risk of
atherosclerotic clinical events such as coronary heart diseases and is
considered as a strong “negative” risk factor for atherosclerosis [5]. It
is believed that this is strongly associated with the above mentioned
function of HDL in transporting cholesterol from the peripheral tissues
to the liver. HDL indeed removes cholesterol accumnulated in the cells
in vitro [6].

As mentioned above, two independent mechanisms [7] are
working for the release of cellular cholesterol. One is a nonspecific
aqueous diffusion of cholesterol molecules between the cell mem-
brane and HDL particles in which cholesterol acyl-esterification on
HDL generates a gradient of unesterified cholesterol for its continuous
outflow from the cell surface to HDL [3]. The presence of ABCG1 in the
cell membrane may also facilitate the release of cell cholesterol in this
pathway [4]. The other pathway is mediated by a direct interaction of
lipid-free apolipoproteins with cell surface to generate new disc-like
HDL particles by removing cellular phospholipid and cholesterol [8].
This pathway requires a specific membrane protein ABCA1 as a
functional interaction site for apolipoproteins {9-11] and subsequent
linkage of the ABCA1/apolipoprotein interaction to the regulation of
cholesterol trafficking from the intracellular pool to a membrane
domain used for the HDL assembly [12].
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The hypolipidemic drug probucol is known to reduce plasma HDL.
This drug has been shown to inhibit ABCA1 |13,14] and exhibited a
phenotype similar to Tangier disease, a genetic deficiency of ABCA1, in
mice [15]. We used probucol in LCAT-deficient mice to attempt
inhibition of both ABCA1 and LCAT, the two major players in
cholesterol transport from the tissues to the liver [16]. This model
showed that inhibition of the two pathways did not cause massive
systemic cholesterol accumulation. However, cholesterol content in
the liver significantly increased when both pathways were inhibited,
indicating that the liver is a major source of HDL in mice. However,
probucol is known to have various puzzling effects on lipid and
lipoprotein metabolism and anti-atherogenic natures {17], some of
which may be attributed to its strong anti-oxidative potential [18]. We
therefore undertook more specific approach to demonstrate the
effects of inhibition of LCAT and ABCA1 by generating double knock-
out mouse of these genes.

2. Methods
2.1. Experimental animals

The C57BL/6 mice were obtained from a local animal supplier.
Abcal-deficient heterozygote (DBA/1-abcaltm1]dm/]) mice were
purchased from Jackson's Animal Laboratories (Stony Brook, NY)
and bred to have the C57BL/6N genetic background {1]. The lcat
(—/~) mice were kindly provided by Dr. E. Rubin at Laurence
Berkeley Laboratory (Berkeley, Calif) [19]. The C57BL/6 mice with
six different genotypes, abcal(+/+)lcat(+/+) (wild type), abcal
(+/ =)cat(+/ +), abcal(—/ —)lcat(+/ +), abcal(+/-+)lcat(—/—),
abcal(+/—)lcat(—~/—), and lcat(—/—)abcal(—/—), were devel-
oped through breeding of the Icat(4+/—) and abcal(+/—) mice at
the Center for Experimental Animal Science, Nagoya City University
Graduate School of Medical Sciences. The newborn mice were weaned
and sexually segregated at the 3 weeks. The genotype of mice was
identified at the 5th week by the multiplex polymerase chain reaction
genotype analysis of the tail genomic DNA. For detecting lcat
genotypes, the forward primers either hybridize specificity to the
neo-resistant gene (5'-AAC GAG ATC AGC AGC CTC TGT TCC AC-3') or
to the targeted region (5'-TGA ACT CAG TAA CCA CAG ACG GCCTG-3)
and share a common reverse primer that hybridizes to the Icat gene
(5’-GTC CTC TGT CTT ACG GTA GCA CAT CC-3'). Abcal genotypes were
detected according to the methods previously described [1]. The
animals with each genotype (1= 4) of 20-24 weeks old were fed with
normal chow containing 0.2% cholesterol or with high-cholesterol
chow containing 1.2% cholesterol for 2 weeks. All the parameters were
measured at the end of the feeding term. All the experimental
protocols including these animals have been prepared according to
the institutional guideline and approved by the institutional exper-
imental animal welfare committee (approval number H17-15).

2.2. Primary hepatocytes cell culture

Hepatocytes were isolated from the mouse liver according to the
EDTA-collagenase two-step perfusion method and were used in
primary culture at a concentration of 0.2 x 106 cells/mL in a collagen
coated plate in the presence of Dulbecco's modified Eagle medium
(MEM) containing 4.5 g/L glucose {1,20]. The cells were incubated in
MEM-alpha containing 0.02% (wt./vol.) bovine serum albumin (BSA)
for 16 to 18 hours, and the culture medium was analyzed for
lipoprotein and the cells were used for the analysis of mRNA and
proteins, HDL and LDL/VLDL fractions of the medium were obtained
as the density fractions of 1.063-1.21 g/ml and below 1.063 g/ml,

respectively, by ultracentrifugation in a himac CP80p by using a-

P50AT4 rotor at 49,000 rpm for 16 hours at 4 °C. Lipid was extracted
from each lipoprotein fraction with four volumes of chloroform/
methanol (2:1, vol./vol.) overnight, and the organic layer was used for

the determination of cholesterol and choline phospholipid by
colorimetric enzymatic assay system (Kyowa Medics, Japan).

2.3. HPLC analysis of mouse plasma lipoprotein

Blood was collected from the mouse tail and 100 pl of the plasma
was analyzed for lipoprotein profile by high-performance liquid
chromatography (HPLC) using a size exclusion column, TSK gel
G3000SW (7.5 mm internal diameter x 60.0 cm length) in phosphate-
buffered saline (PBS) at a flow rate of 0.33 mL/min {16,21]. The eluted
solution was fractionated by every 330 pL. For each fraction,
concentrations of total cholesterol and choline phospholipid were
determined by colorimetric enzymatic assay systems (Kyowa Medics,
Japan) and protein content was assayed.

2.4, Tissue cholesterol analysis and histochemical analysis

Mice were anesthetized and underwent euthanasia by exsangui-
nations with cardiac puncture. The animal's whole body was perfused
with PBS and then with PBS containing 4% paraformaldehyde by
infusing into the left ventricle and cutting the right atrium of the
heart. The liver, adrenal gland, ovary (female), testis (male), brain,
kidney, lungs, heart, thymus, and spleen were collected from each
animal. For tissue cholesterol analysis, the organs were mechanically
homogenized, and the content of free and esterified cholesterol were
determined by enzymatic methods (Kyowa Medics, Japan) after lipid
extraction with four volumes of chloroform/methanol (2:1, vol./vol.)
overnight [16], For the histochemical analysis of vascular lipid deposit,
cardiac atrium and valves were collected from the cholesterol-fed
animals, Aortic valve region was frozen in OCT compound and sliced
with a cryostat (Leica CM3050S; 12 um). The frozen sections were
washed three times with PBS and stained with Oil red O. Tissues were
observed in a Biozero microscope system BZ8000 (Keyence Japan).

2.5. Western blotting analysis of protein

ABCA1 protein in the liver was analyzed by Western blotting {20]. The
liver was homogenized with a hypotonic solution 50 mM Tris-HCl buffer
(pH 7.4) containing protease inhibitors. The homogenized protein, 60 pg,
was dissolved in 9 M urea, 2% Triton X-100, and 1% dithiothreitol, and
analyzed by 6% polyacrylamide electrophoresis for Western blotting by
using specific antibodies against ABCA1 and Bip/GRP78.

2.6. Catabolic rate of HDL in mouse plasma

Clearance rate of HDL lipid was measured as previously described
[ 15]. HDL was labeled with {22] cholesteryl oleoyl ether by incubating
the mouse (C57BL/6) plasma, 5 mL, at 37 °C for 48 hours with 10 mg
of egg yolk phosphatidylcholine sonicated vesicle containing 1 mCi of
the labeled cholesteryl ether oleate and lipoprotein-free human
plasma, 10 mg. This mixture also contained an LCAT inhibitor 5,5'-
dithiobis (2-nitrobenzoic acid) (48% wt./vol.), trasylol (0.25% vol./
vol.}, gentamicin (0.125% vol./vol.), 10% NaN; (1.25% vol./vol.), 0.5 M
EDTA (0.125% vol./vol.). The mixture was adjusted to a density of
d<1.063 g/mL with NaBr and ultracentrifuged at 49,000 rpm for
24 hours to remove VLDL/LDL. The HDL fraction was isolated by
further ultracentrifugation at a density of 1.21 g/mL for 48 hours. The
labeled HDL was thoroughly dialyzed against PBS. The specific
radioactivity of the HDL was 1.6 x 10> dpm/pg of cholesterol moiety
in cholesteryl ester (CE). The labeled HDL of 100 uL (containing 8 pg
CE and 1.3x 108 dpm) was injected into the mouse tail caudal vein.
The blood, 30 L, was collected from the caudal vein on the other side
into a microtube containing 0.02 mM EDTA every 30 minutes after
injection for 3 hours for counting the radioactivity using a scintillation
counter. The HDL fraction was isolated from the plasma collected at
3 hours by ultracentrifugation and measured for protein and CE by
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Table 1

Plasma lipoprotein lipids of mice under feeding of low cholesterol chow and high cholesterol chow.

High cholesterol chaw (1.2 %)

Low cholesterol chaw (0.2 %)

Female

Male

Female

Male

Genotype

PL

FC

TC

PL

FC

TC

PL

FC

TC

PL

FC

TC

557494 192.84:30.6.

659498
27.547.6"

2064:27.5
131.946.0*

522429
23.04+0.8*

625463
3334120

127.2+26.0
7337440

279471

4114128
15.9 +4.6*

1413 +426
11634402
40,64-3.5"

254433

517440
32.843.9"

abcal(+/+)cat(+/-+)
abcal(+/-)lcat( +/ +)
abcal(-/~)lcat( «+/+)
abcal(+/ +)lcat(-/-)
abcal(+/-)lcat(+/-)
abeal(-/-)lcat(~/~)

HDL

71.9413.0

20.0£02™

100423

9.6:+4.7"

36.9: 64"
31.8£7.3"

30.0£05™ 130407 6.1:4£03" 38.846.6% " 17.249.0" 9.7 £3.5"
11.043.6* 12.6 £2.0*

34+1.9"

36+ 15"

58402

12.0:+0.6""

11.0£03*

64.3::8.6™

6.0:40.3" 29.5413.2" 414£1.3" 42415 320407 120451

12.0:4:7.5"

59%3.0™

6.5:4+0.7" 6.042.6% 3504210 T11.0£23" 0 110442 36.7457 . 828420 7.543.0* 59.242.5"

34.0:421.0*

140463

28.74:7.2"
68.0:+6.5
754469
73.0:+25
689453

4.642.5"
11.74:6.8
144:£20

51404
13.74:086

30.04:0.0™

3.0:£02™
258451
23.04+4.5
20.144.0
24.1£0.1
196440

3.7419"
31.0%£9.2

13.0+1.2%
4804139
60.0::27.6
4104126
79845

4029
13.0+36
15.04+5.0

38+ 1.1
20077
173479

13.2£0.9*

3102
103430

2.8:4+03™
134425
13.8+£28
11.8:£04
159+ 84

M.A. Hossain et al. / Biochimica et Biophysica Acta 1791 (2009) 1197-1205

9481414
99.84-33.9
64.5+4.4

5124154
4204111
41.9+4.8

794+ 30,1

LDL/VLDL

abcal{+/+)cat(+/+)
abcal(-+/=)lcat(+/+)
abcal(-/-)lcat(+/ +)
abcal(+/+)lcat(~/-)
abcal(+/-)lcat(-/-)

abcal(-/-)lcat(-/-)
Blood plasma obtained from the male and female mice having the genotypes indicated was separated by ultracentrifugation for HDL and LDL/VLDL reactions (d

cholesterol (FC) and phospholipid (PL) were determined for each fraction.

21.642.0"
178428
194404

2884129
22.7:+£8.1

58£26
111428
161456
226455

101477

85487
152473
16.0+3.8

9.0+25
169+4.5
178:£5.1

19.8:4+19.8
18.0:4+6.2
56x2.1

6784163
63.7412.5

2794149
18.6:+8.2
198+7.9

59.8+14.2
68.44-16.0

140+ 03"

93.04:18.2"
332+65

63.6::273
422417

182:+711.0

49£0.7
1.21-1.063, and d>1.063) and total cholesterol (TC), free (unesterified)

66.6£204

67417 3.8£28" 19.4:4:12.6

8.943.5"

834+0.1*

1199

colorimetric enzymatic assay (Kyowa Medics, Japan) to calculate the
specific radioactivity activity of CE in plasma. The liver, small intestine,
kidney, ovary, and adrenal glands were homogenized, and the
radioactivity in each tissue was counted per 100 pg protein.

2.7. RNA extraction and real-time quantitative polymerase chain
reaction (PCR)

Total RNA was extracted from the mouse liver by using RNA
extraction reagent (Isogen, Nippon Gene). Single-strand cDNA was
synthesized by a SuperScript™ pre-amplification system (Invitrogen)
from 5 pg of the total RNA. PCR was carried out for the cDNA by using
primers {sense and antisense) of mouse ABCA1 (5'-CTC AGA GGT GGC
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Fig. 1. Plasma clearance and tissue deposit of HDL cholestery! ester. HDL of mouse
(C57BL/6) plasma was labeled with [*H]cholesteryl ether oleate and injected into
the tail caudal vain of the mice with the four genotype of abcal(+/+)lcat(+/+)
(wild), abcal(—/—)lcat(+/+) (abcal(—)), abcal(+/+)cat(—/—) (lcat{—)), and
abeal{—/—)lcat(—/—) {abcal(—)lcat(—)) (n=13 for each), fed with normal chow.
{A) Blood was taken with the 30-minute interval for 3 hours to measure the decay
of the radioactivity. The data are plotted in a semilogarithmic manner and fit by
exponential curves by the least square regression assuming that the decay follows
first-order kinetics. Each data point represents the mean4SD after the count was
standardized for the level at 0 minutes as 100%. First-order constants were as follows:
—152x1073, —2.82x1073, —2.33%x 1073, and —4.61x 107> min™" for abcal(+/ +)
Icat(+/+), abcal{—/—)cat(+/+), abcal{-+/-+)lcat(—/—), and abcal{—/—)lcat
(~/—), respectively. (B) Deposit of [*H]cholesteryl ether (upper panel) and that of
CE mass from HDL {lower panel). The latter data were calculated from specific activity
of [*H|cholesteryl ether/HDL-CE in the plasma at the zero time for each mouse. Liver,
kidney, small intestine, ovary, and adrenal glands were collected at 3 hours after the
injections described in the text. Organs were mechanically homogenized and 100 mg
protein was used for counting [ *H|cholesteryl ether in a scintillation counter. The values
represent mean & SD for three determinations (*p<0.05, **p<0.01 from wild type).
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CAG CAA GAG CAG AAG-3'), SRB1

(5-TGG GGC TGC TGT TTG CTG CGC-3’ and 5'-CCA TGG TGA CCA GCG
CCA AGG-3'), SREBF2 (5’-TAA CCC CIT GAC TTC CIT GCT-3 and 5~

TGC TCT TAG CCT CAT CCT CAA-3’

), HMG-CoA reductase (5'-AAT GCC

TTG TGATTG GAG TTG -3’ and 5'-CAG ACC CAA GGA AAC CTT AGC-3'),
ABCG1 (5’-CCT GAA GAA GGT GGA CAA CAA-3’ and 5'-CTC CTG AAC

AGT GAG GTG AGG-3'), apoA-1 (5

'-ACG TAT GGC AGC AAG ATG AAC-

3’ and 5’-AGA GCT CCA CAT CCT CTT TCC-3'), apoE (5'-ACA AGA ACT
GAC GGC ACT GAT-3’ and 5/-CGT ATC TCC TCT GTG CTC TGG-3'),

apoA-V (5'-TGT CCCACA AACTCA

CCT GGT CAA-3'), and B-actin (5'-

A

CACGTA-3' and 5-TTT CCT CTG TCT
CTG ACC CTG AAG TAC CCC ATT-3’

Adrenal Glands

] Free Cholesterol

and 5'-TCT GCG CAA GTT AGG TTT TGT-3') (synthesized by Hokkaido
System Science, Japan). Quantification of mRNA for these primers
products was accomplished by using SYBR Green PCR master mix
reagent in an ABI PRISM 7700 sequence detection system (Applied
Biosystems, Japan).

2.8. Other methods
Paragon Electrophoresis System (Beckman Coulter) was used for

performing lipoprotein electrophoresis of mouse plasma. Mouse plasma
LCAT activity was determined by measuring the decrease in plasma-free
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Fig. 2. Cholesterol content in the steroidogenic organs. (A) Cholesterol in adrenal glands. Cholesterot content of adrenal glands was determined for male and female mice with the six
different genotypes (abcal(+/ +)lcat{ +/ +), abeal(+/ —)lcat(+/ +), abcal{ —/ —)lcat(+/+), abcal( +/ +)lcat(—/ ), abcal(+/ —Jicat(—/ —), and abcal(—/—)lcat(—/—)),
after feeding normal Jow-cholesterol chow (0.2%) and high-cholesterol chow (1.2%) as described in the text (n=4 for each group). Adrenal glands were collected from the mouse
after double perfusion as described in the text (first with PBS and then with 4% formaldehyde). Free cholesterol and CE were determined for the homogenized adrenal glands
according to the methods described. (B) Cholesterol in testis and ovary. Cholesterot content of testis and ovary was determined for the six different genotypes as above of male and
female fed with low- and high-cholesterol chow. The organs were collected, and cholesterol was measured as above. The data represent micrograms per milligram protein of
cholesterol moiety. The values represent mean -+ SD for four determinations {*p<0.05, **p<0.01 from the wild type).
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Fig. 3. Cholesterol content in the non-steroidogenic organs. Cholesterol content of the liver (A) and brain (B). The liver and brain were removed from the mice with six different genotypes
(abcal (+/ +)lcat( +/ +), abcal( -+/ - )lcat( +/ +), abcal(—] —)lcat(+/ -+), abcal( +/ +)lcat( —/ —), abcal( +/ —)lcat( —/ —), and abcal( —/ —)lcat( —/ —)), male and female fed with
normal chow and high-cholesterol chow, after whole body perfusion. Free cholesterol and cholesteryl ester were measured for the homogenized organs as described in the Methods
section. The data represent micrograms per milligram protein of cholesterol moiety. The values represent mean £+ SD for four determinations {*p<0.05, **p<0.01 from wild type).

cholesterol after incubating plasma in the presence of an additional
artificial substrate of cholesterol/dimyristoylphosphatidylcholine
vesicles using an assay kit "Anasolv LCAT" provided by Daiichi Pure
Chemicals Co. Ltd. (Tokyo, Japan) according to the manufacturer's
instruction [23]. Protein content was determined with a bicinchoninic
acid assay reagent (Pierce) using BSA as a standard. Statistical analysis
was performed by using 2-tailed Student's t test for unpaired comparisons
to evaluate significance of the differences between the groups.

3. Results
3.1. Basic characterization of ABCA/LCAT-deficient mice
Genotypes for abcal and lcat of mouse were determined as

described in the Methods section and the phenotypes based on these
genotypes were confirmed by measuring plasma lipoprotein profiles

and LCAT activities (examples are shown in Supplementary Figure 1).
Mice with the six genotypes were used for further experimental
analysis: abcal(+/+)lcat(+/+) (wild type), abcal(+/—)lcat
(+/+), abcal(—/—)icat(+/+), abcal(+/+)lcat(—/—), abcal
(+/—=)cat(—/~—), and abcal(—/—)lcat(—/—). Supplementary
Table I lists the body weight of the animals. The mutations cause
decreasing tendency of the body weight and this was most apparent
in the abcal({—/ —)lcat{ —/ —) genotype.

Supplementary Figure Il shows the results of HPLC analysis of
plasma lipoprotein of the mice with each genotype. Being consistent
with previous findings, it shows a moderate and marked decrease in
HDL in abcal(-+/—) and abcal(—/—) mice in the lcat(+/+)
background, respectively. HDL markedly decreased also in Icat
(—/—) mice. Choline-phospholipid associated with serum protein
markedly decreased in the lcat( —/ —) genotypes presumably reflect-
ing the decrease in lysophosphatidylcholine in lack of the LCAT
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Fig. 4. Real-time quantitative PCR for the liver mRNA. Messenger RNA was collected
from the liver of the mice with four genotypes (abcal( +/ +)lcat(+/ +),abcal( —/ —)lcat
(+{ +), abcal(+/ +)lcat(—/ =), and abcal{~—/—)cat(—/—)) (n=3 for each group)
and converted to cDNA through reverse transcription according to the method described
in the text. Expressions of the mRNA for apoA-1, apeA-V, apoE, HMG-CoA reductase. SR-
B1, SREBP2, ABCAL1, and ABCG1, were determined by real-time quantitative PCR. The
results were normalized for the mRNA levels of 3-actin. The values represent mean + SD
for three determinations (*p<0.05, **p<0.01 from wild type).

reaction in plasma. The mice were fed with normal chow (low
cholesterol, 0.2%) and with high-cholesterol chow (1.2%), and plasma
lipoproteins were analyzed by ultracentrifugation (Table 1). HDL was
markedly decreased in the abcal(—/—) and lcat(—/~) mice and
moderately in the abcal(+/ —)lcat(+/+) mice. LDL/VLDL fraction
was not much influenced by the mutations except for the decrease in
its cholesterol in the abcal(—/ —)lcat(—/ —) mice.

3.2. HDL metabolism

HDL metabolism in plasma was investigated by measuring
clearance of its CE tracing radiolabeled cholesteryl ether in HDL
injected into the animals fed with normal chow. As shown in
Fig. 1A, clearance rate of HDL cholesteryl ether was two-fold faster
in the abcal(—/~) and lcat (—/~—) mice and four-fold faster in
the abcal(—/~)lcat{—/—) mice. Deposition of the radiolabeled
cholesteryl ether originating in the HDL was in the order of its
clearance rate, but deposition of the HDL-CE was in the order of
the plasma HDL level when evaluated by using a specific ratio
activity of CE at 30 minutes after the injection (Fig. 1B) assuming
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Fig. 5. HDL biogenesis from the mouse hepatocytes in primary culture. Primary
hepatocytes were isolated from the mice with four different genotypes (abcal(+/+)
Icat(+/ +), abcal(—/—)lcat(+/+), abcal(-+/+)lcat{—/—), and abcal(—/—)lcat
{—/ =)} {n=2 for each group) and cultured in 10% FBS containing Dulbecco's modified
Eagle medium {DMEM) described in the Methods section. The cells were exposed to
DMEM containing 0.02% BSA for 16 hours. {A) The conditioned medium was
fractionated by ultracentrifugation as described in the text and cholesterol and choline
phospholipid were measured for HDL {d=1.063-1.21) and VLDL/LDL (d<1.063)
fractions, The values represent mean -+ SD for four determinations (*p<0.05, **p<0.01
from wild type). (B) Western blotting analysis of ABCA1 of the cell membrane and Bip/
GRP78 as a loading internal control.

that the metabolic fate of cholesteryl ether in HDL is the same as
that of CE before its hydrolysis.

3.3. Cholesterol accumulation in the body

Cholesterol contents in the various organs were measured in the
animals fed with normal chow and high-cholesterol chow. Fig. 2
shows the results in steroidogenic organs of adrenal glands and testis/
ovary. In each condition, cholesterol contents decreased as the plasma
HDL level decreased by genetic mutations. In contrast, cholesterol
increased in the liver when either the abcal or the Icat gene was
disrupted, and this was more apparent when both genes were
impaired (Fig. 3A). Cholesterol tended to decrease in most of the
organs such as kidneys, thymus, lung, spleen and heart muscle of the
animals with disruption of either genes under normal chow feeding,
and this was recovered by high-cholesterol chow feeding (Supple-
mentary Table II). Interestingly, decrease in cholesterol was also seen
in the male brain but not in the female by the gene disruptions except
for the abcal(+/—)lcat(+/+) mice, and this change was reversed
when feeding with high-cholesterol chow (Fig. 3B).

3.4. Other cholesterol-related genes

Expressions of other cholesterol-related genes were estimated in
the mouse liver when the abcal and Icat genes were mutated (Fig. 4).
The mRNA levels for apoA-I and apoE were increased only in the
abcal(—/—)lcat( —/ —) genotype. On the other hand, scavenger
receptor B1 (SR-B1) mRNA increased also in abcal(—/ —)lcat(+/+)
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Fig. 6. Vascular lipid deposition. The heart was collected from the high-cholesterol chow-fed mice with four different genotypes of abcal and lcat (abcal(+/ +)lcat(+/ +), abcal
(—/ —)lcat( +/ +), abcal( +/ +)lcat( —/ —), and abcal( —/ —)lcat( —/ —)) as well as the mice with apoE deficiency. The organ was frozen, and the aortic valve region specimen was

obtained and stained with Oil red O as described in the text.

and abcal(+/+)lcat(—/—).ABCG1 mRNA increased only when the
abcal gene was disrupted and not when the Icat gene was mutated.
The mRNAs of HMG-CoA reductase and sterol regulatory element
binding protein (SREBP) 2 were decreased being consistent with their
regulation through the SREBP systems, Expression of the apoA-V gene
decreased in mice with either mutant gene, being inconsistent
with previous findings that this gene is regulated by PPARs and
LXRs {24-26). Interestingly, ABCA1 mRNA did not change in the lcat
(—/~—) genotype in spite of the decrease in hepatic cell cholesterol.
This may be a reflection of the dual regulation of the abcal gene in
hepatocytes by the LXR and SREBP systems [27].

3.5. Hepatic production of HDL

Production of lipoprotein was examined by using primary hapato-
cytes isolated from the animals (Fig. 5). Production of HDL was markedly
decreased not only in the genotypes of abcal(—/—)lcat(+/+) and
abcal({ —/ —)lcat(—/ —) but also in the abcal(+/+)lcat(—/—) geno-
type. Expression of ABCA1 protein was not significantly decreased in the
abcal{ +/ +)lcat(—/—) in agreement with the results of its mRNA
expression. There must be an additional factor(s) to down-regulate
hepatic HDL production in congenital disruption of the Icat gene.

3.6. Vascular lesions

Finally, vascular lipid accumulation was estimated in the high-
cholesterol chow-fed groups. There was no apparent increase in lipid
accumulation in the aortic intima in any genotype animals. It was
further investigated by histological lipid staining with Oil Red O in the
aortic valve region where lipid accumulates most sensitively. Fig. 6
demonstrates that there was no significant lipid accumulation in the
mice of any genotype, comparing with a positive control of the finding
in an apoE-deficient mouse.

4, Discussion

We characterized the phenotypes of mice having deficiency of
ABCA1 and LCAT, the two key factors to regulate cell cholesterol
released to maintain cholesterol homeostasis. The results are
summarized as follows: 1) Plasma HDL was markedly decreased in
each single deficiency and yet additive in the double deficiency. 2)

Clearance of exogenously injected HDL-CE increased in each single
deficiency and additively increased in the double deficiency, while
overall CE deposit from HDL to the organs was dependent on the
plasma HDL level. 3) Cholesterol content in the organs including the
brain was dependent on plasma HDL levels in the normal chow-fed
condition but this was cancelled by high-cholesterol feeding,
including in the brain. 4) Cholesterol content was increased in each
single deficiency in the liver, and further increased in the double
deficiency. Changes in expression of the cholesterol-related gene in
the liver reflected the increase in cellular cholesterol. 5) Hepatic HDL
production decreased not only in the ABCA1 deficiency but also in the
LCAT deficiency in spite of the increase in apoA-1 expression and no
change in ABCA1 expression for unknown reason. 6) Vascular
cholesterol deposit in short term was not increased even in the
double deficiency.

The results were largely consistent with our previous findings
when ABCA1 was inhibited by probucol in the LCAT-deficient mice;
severe reduction of plasma HDL without systemic cholesterol deposit,
but rather with reduction in cholesterol storage especially in the
steroidogenic organs and increase in hepatic cholesterol [16]. In this
previous work, we concluded that the main cholestero! carrier among
the organs is HDL in mouse, including the delivery of cholesterol to
the steroidogenic organs. On the other hand, hepatic cholesterol
accumulation by inhibiting ABCA1 in the LCAT-deficient mouse
indicated that the main HDL production site is the liver in mouse.
We also speculated that cholesterol transport from extrahepatic
organs to the liver for its catabolism can be carried out even without
HDL. However, one might concern about the potential unknown
effects of probucol in this experimental design since this drug is
known for various unexpected clinical effects potentially related to its
strong anti-oxidative nature. In the present paper, we therefore
introduced a genetic defect of ABCA1 instead of its pharmacological
inhibition and yielded similar results. Our speculation in the previous
paper about cholesterol transport in vivo [ 16} has been confirmed. The
apparent increase in clearance of exogenous HDL-CE indicates the
increase in cellular cholesterol demand when plasma HDL is severely
reduced in mice, and this seems highly sensitive in differentiating
between the single-gene deficiencies and the double-gene defect.

In addition to these parameters, we evaluated the expression of
several cholesterol-related genes in the liver. While the results were
mostly consistent with the increase in cholesterol in the liver by the
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