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Figure 2 Chromosome ideogram pattern in DR1000L1 and LS cell pools. The short bar corresponded to
the amplified gene location.

As shown in Figure 2, the amplified location was distributed in pattern 5. On the other hands, the
amplified location is concentrated only one chromosome in pattern 1. From the comparison with patterns,
the pattern 1 cell pool show the higher specific production rate and was stable for long-term cultivation.
Obviously, it should be compared with another increasing pattern results, but it was estimated that this
chromosome location is one of the suitable site for gene-amplification. In order to pass over the long-term
gene amplification process, we are now trying to construct the universal cell line which was integrated the
gene-amplified targeting vector on the suitable chromosome location for gene recombination system.
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ABCA1 (ATP-binding cassette transporter Al) mediates
the release of cellular cholestercl and phospholipid to
form high density lipoprotein. Functions of ABCAl are
highly regulated at the transcriptional and post-tran-
scriptional levels, and the synthesized ABCAl protein
turns over rapidly with a half.life of 1-2 h. To examine
whether the functions of ABCA1 are modulated by asso-
ciated proteins, a yeast two-hybrid library was screened
with the C-terminal 120 amino acids of ABCA1l. Two PDZ
(PSD95-Dises large-ZO1) proteins, al-syntrophin and
Lin7, were found to interact with ABCAl. Immunoprecipi-
tation revealed that ol-syntrophin interacted with
ABCAI1 strongly and that the interaction was via the C-
terminal three amino acids SYV of ABCAl. Co-expression
of al-syntrophin in human embryonic kidney 293 cells
retarded degradation of ABCA1 and made the half-life of
ABCAL five times longer than in the cells not expressing
al-syntrophin. This effect is not common among PDZ-
containing proteins interacting with ABCAl, because
Lin7, which was also found to interact with the C termi-
nus region of ABCA1, did not have a significant effect on
the half life of ABCAL. Co-expression of al-syntrophin sig-
nificantly increased the apoA-I-mediated release of cho-
lesterol. ABCAl was co-immunoprecipitated with al-syn-
trophin from mouse brain. These results suggest that al-
syntrophin is involved in intracellular signaling, which
determines the stability of ABCA1 and modulates cellular
cholesterol release.

Cholesterol is not catabolized in the peripheral cells and,
therefore, is mostly released and transported to the liver for
conversion to bile acids to maintain cholesterol homeostasis.
The same pathway may also remove cholesterol that has patho-
logically accumulated in cells, such as at the initial stage of
atherosclerosis. The assembly of high density lipoprotein
(HDL)! particles by lipid-free apolipoproteins with cellular
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lipid has been recognized as one of the major mechanisms for
the cellular cholesterol release (1, 2). ApoA-I-mediated choles-
terol efflux is a major event in “reverse cholesterol transport,”
a process that generates HDL and transports excess cholesterol
from the peripheral tissues, including the arterial wall, to the
liver for biliary secretion. The importance of ABCAL in this
active cholesterol-releasing pathway for regulating cholesterol
homeostasis became apparent with the finding that it is im-
paired in the cells from patients with Tangier disease, a genetic
deficiency of circulating HDL (3, 4). Tangier disease is caused
by mutations in ABCAL. ABCA1 mutations are also a cause of
familial HDL deficiency and are associated with premature
atherosclerosis (5, 6).

Cholesterol is a prerequisite for cells, but, at the same time,
the hyper-accumulation of chalesterol is harmful to cells.
Therefore, the expression of ABCAL is highly regulated at both
the transcriptional and post-transcriptional level. The tran-
scription of ABCAL is regulated by the intracellular oxysterol
concentration via the LXR/RXR nuclear receptor (7), and the
synthesized ABCAL1 protein turns over rapidly with a half-life
of 1-2 h (8-10). However, the post-translation regulatory
mechanism of ABCA1 is unclear. We analyzed the associated
proteins that could be involved in the post-translational regu-
lation of ABCA1. By yeast two-hybrid screening with the C-
terminal 120 amino acids of ABCA1, two PDZ (PSD95-Discs
large-ZO1)-binding proteins, al-syntrophin and Lin7, were
found to interact with ABCAL. Immunoprecipitation confirmed
the association of al-syntrophin and ABCA1 via its C-terminal
amino acids. The importance of this interaction in the regula-
tion of ABCA1 function was examined.

EXPERIMENTAL PROCEDURES

Materials—The anti-ABCA1 monaclonal antibody KM3073 was gen-
erated against the first extracellular demain of the human ABCAL
protein in rats. Anti-ABCA1 monoclonal antibedy KM3110 was gener-
ated against the C-terminal 20 amino acids of ABCA1 in mice. Anti-
ABCAL1 polyclonal antibedy, previously described (11), was used for
immunostaining. Affinity-purified antibedy specific for al-syntrophin
was prepared using recombinant proteins. Human al-syntrophin
(amino acids 169-346) was fused to glutathione S-transferase (GST)
in the pGEX vector {Amersham Biosciences) and to the maltose-binding
protein (MBP} in the pMAL-c2 vector (New England Biolabs, Inc.). The
GST-ul-syntrophin protein was used as an antigen. Obtained rabbit
antiserum was affinity purified with the column coupled with the MBP-
al-syntrophin fusion protein. Anti-FLAG epitope monocional antibody
M2 was purchased from Sigma. Human apoA-l1 was a gift from Dr.
Shinji Yokoyama, Nagoya City University Graduate School of Medical
Sciences.

Animals—16-week-old al-syntrophin (~/—) (12) and wild-type
C57BL/6 mice were used in this study. The animals were allowed ad
libitum access to food and drinking water. Mice carrying mutations
were identified by Scuthern blot analysis as described (12).

Yeast Two-hybrid Library Screening—The Matchmaker Two-hybrid
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System 3 from Clontech was used following the manufacturer’s instruc-
tions, The ABCA1 C terminus region coding for 120 amine acids was
cloned from ¢DNA (13) in pGBKT7. The yeast strain AH109, trans-
formed with pGBET7/ABCA1-C120, was mated with the yeast strain
Y187, which had been pretransformed with a human bone marrow
c¢DNA library. The plasmids, purified from g-galactosidase positive
clones, were transformed into Escherichia coli and sequenced.

Cellular Lipid Release Assay—Cells were subcultured in poly-L-Lys-
coated 6-well plates at a density of 1.0 X 10° cells in Dulbecco’s modified
Eagle's medium supplemented with 10% (v/v) fetal bovine serum. After
24 h, cells were transfected with ABCA1 and/or FLAG-a1-syntrophin
using LipofectAMINE (Invitrogen), After 24 h of incubation, the cells
were washed with phosphate-buffered saline (PBS) and incubated in
0.02% bovine serum albumin in Dulbecco’s modified Eagle’s medium
with 10 pg/ml apoA-I. The lipid content in the medium was determined
after 24 h incubation as described previously (14).

Immunoprecipitation Analysis—HEK293 cells, transiently express-
ing ABCA1, were lysed with PBS containing 1% Triton X-100 and
protease inhibitors (100 pg/ml 4-(amidino)-phenylmethanesulfonyl flu-
oride hydrochloride (pAPMSF)), 10 pg/m) leupeptin, and 2 pg/ml apro-
tinin). Equal amounts of total protein were incubated with 5 ug of
anti-FLAG antibody M2 for 1 h at 4 °C. Brain of normal mice and mice
lacking al-syntrophin (al-Syn™") (12) was homogenized in ice-cold
homogenization buffer (10 mM sodium phosphate, 0.4 M NaCl, 5 mu
EDTA, pH 7.8, and the protease inhibitors). The particulate fraction
was pelleted by centrifugation (12,000 X g for 10 min), resuspended in
10 volumes of homogenization buffer, and recentrifuged. Washed pel-
lets were sclubilized in homogenization buffer containing 1% Triton
X-100 and incubated on ice for 30 min. The suspension was centrifuged
again, and the supernatant was then incubated with anti-al-syntro-
phin rabbit polyclonal antibody for 100 min at 4 °C. The immunocom-
plexes were incubated with protein G-Sepharose (Sigma) for 1 h and
washed four times with homogenization buffer containing 1% Triton
X-100. The bound proteins were separated by SDS-PAGE (7%) and
analyzed by immunoblotting using the anti-ABCA1 antibody KM3073
or KM3110,

Immunostaining—HEK293 cells were co-transfected with ABCA1
and FLAG-tagged al-syntrophin or FLAG-tagged Lin7 using Lipo-
fectAMINE. The cells were fixed in 4% paraformaldehyde and 5%
sucrose in PBS* (PBS with 0.87 mym CaCl, and 0.49 mm MgCl,) for 30
min and permeabilized for 5 min in 0.4% Triton X-100 in PBS*. The
cells were blocked with 10% goat serum diluted with PBS*. This was
followed by incubation with anti-ABCA1 polyclonal antibody and anti-
FLAG M2 antibody. The cells were then stained with Alexa 488-labeled
anti-rat IgG antibody and Alexa 564-labeled anti-mouse Ig@G antibody
(Molecular Probes) as secondary antibodies. The fluorescence images
were obtained using an Axiovert microscope (Carl Zeiss) equipped with
a MicroRadiance confocal laser-scanning microscope (Bio-Rad).

RESULTS

ABCA1 Interacts with Two PDZ-binding Proteins—To search
for proteins that are associated with the C-terminal region of
ABCA1, a fusion construct of the Gal4 DNA-binding domain
with the C-terminal 120 amino acids of human ABCA1 was
used as bait for two-hybrid screening. The identified genes
contained two PDZ-containing proteins, al-syntrophin (10
clones) and Lin7 (two clones). To determine whether the inter-
action between ABCAl and al-syntrophin or Lin7 ocecurs in
vivo, we transfected FLAG-tagged al-syntrophin, FLAG-
tagged Lin7, or FLAG-tagged vinexin B (15) (as a negative
control) together with ABCA1 into HEK293 cells. Lysates pre-
pared from transfected cells were immunoprecipitated with
anti-FLAG antibedy, and precipitates were evaluated by im-
munoblotting with anti-ABCA1 antibody. As shown in Fig. 1,
ABCA1 was co-immunoprecipitated with FLAG-tagged al-syn-
trophin or FLAG-tagged Lin7, but not with FLAG-tagged vin-
exin B. ABCA1 was not precipitated with mouse IgG control
from any of the lysates in which the expression of ABCA1 (Fig.
1) and FLAG-tagged proteins (data not shown) were detected
by immunoblotting. More than 25% of the ABCA1 expressed in
HEK293 was roughly estimated to be co-immunoprecipitated
with FLAG-tagged al-syntrophin, suggesting strong interac-
tion between ABCAl and al-synirophin (Fig. 2). The interac-
tion between ABCA1 and Lin7 seemed to be weak, because the
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Fic. 1. In vivo association of ABCAl with «l-syntrophin.
HEK293 cells were co-transfected with human ABCA1 and FLAG-
tagged al-syntrophin, FLAG-tagged Lin7, or FLAG-tagged vinexin 8.
Cell lysates were immunoprecipitated (IP) with anti-FLAG antibody.
Immunocomplexes and cell lysates (5%) were subjected to immunoblot-
ting using Anti-ABCA1l monoclonal antibody KM3110, generated
against the C-terminal 20 amino acids of ABCA1, Mouse IgG was used
as a negative control. The data are representative of three independent
experiments.
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Fic. 2. ABCALl interacts with «l-syntrophin via the C-terminal
three amino acids. HEK293 cells were co-transfected with ABCA1 or
ABCAIASYV, in which the C-terminal three aminoe acids were
trimmed, and with FLAG-tagged «l-syntrophin. Cell lysates were im-
munoprecipitated (JP) with anti FLAG antibody, Immunocomplexes
and cell lysates (5%) were subjected to immunoblotting using the anti-
ABCA1 moncelonal antibody KM3073, generated against the first ex-
tracellular domain of the human ABCAL, and an anti-FLAG antibody.
The data are representative of two independent experiments.

amount of precipitated ABCA1 with Lin7 was much less than
that with al-syntrophin. The amount of ABCA1 in lysates was
consistently higher when co-expressed with «l-syntrophin
than with other proteins.

ABCA1I Interacts with al-Syntrophin via the C-terminal
Three Amino Acids—ABCALI contains the amino acid sequence
ESYV at the C terminus, which has been described as a binding
target for syntrophin PDZ domains (16). To determine whether
the C-terminal three amino acids SYV are important for the
interaction, ABCAIASYV, in which these amino acids were
trimmed, was co-expressed with FLAG-tagged al-syntrophin
in HEK293 cells. Although the expression of ABCA1ASYV was
detected in the lysates, no ABCA1ASYV was co-precipitated
with FLAG-tagged al-syntrophin, These results suggest that
the interaction is mediated with the C-terminal three amino
acids SYV of ABCA1 and al-syntrophin PDZ domains.

Co-localization of the ABCA1 and PDZ-containing Proteins
al-Syntrophin and Lin7—ABCAL1 is mainly localized to plasma
membrane but is also substantially expressed in intracellular
compartments (11, 17-20). To determine whether ABCA1 and
al-syntrophin or Lin7 are co-localized in cells, ABCA1 was
co-transfected with FLAG-tagged «l-syntrophin or FLAG-
tagged Lin7 into HEK293 cells. The subcellular localization of
these proteins was examined under a confocal laser scanning
microscope. al-Syntrophin resided mainly on plasma mem-
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Fic. 8. Co-localization of ABCA1 and PDZ-containing proteins,
al-syntrophin and Lin7. HEK293 cells were co-transfected with
ABCA1 and FLAG-tagged «l-syntrophin or FLAG-tagged Lin7. The
cells were fixed in 4% paraformaldehyde and 5% sucrose, permeabilized
in 0.4% Triton X-100, and then doubly stained with anti-ABCA1 poly-
clonal antibody (left) and anti-FLAG antibody (middle). A merged im-
age of the staiing (green, ABCAY; red, al-syntrophin} is also shown
(right). The data are representative of three independent experiments.
Bar, 10 pm

brane, where it co-localized with ABCA1 (Fig. 34}. Lin7 also
localized mainly on plasma membrane and appeared not to be
uniformly distributed but rather clustered in a specific region
of plasma membrane in some cells. In those regions, high
expression of ABCAl and the formation of filopodia were
observed (Fig. 3B).

Interaction of al-Syntrophin with ABCAI in Mouse Brain—
Among syntrophin isoforms, el-syntrophin is mainly expressed
in brain, skeletal muscle, and heart in mouse (21}. To examine
whether ABCA1 and al-syntrophin interact physiologically, we
tried co-immunoprecipitation of these two proteins from mouse
brain. Lysates prepared from mouse brain were immunopre-
cipitated with anti-al-syntrophin antibody, and precipitates
were evaluated by immuncblotting with anti-ABCA1 antibody.
As shown in Fig. 4, mouse ABCA1 was co-immunoprecipitated
with al-syntrophin, but not with control IgG. This interaction
was confirmed to be specific, because ABCA1 was not precipi-
tated from brain of al-Syn™"" mice (Fig. 4).

al-Syntrophin Modulates Turnover of ABCA1—Syntrophins
have been reported to be involved in protein stability. For
example, interaction with S2-syntrophin controls the degrada-
tion of ICA512, which connects insulin secretory granules to
the utrophin complex and the actin cytoskeleton, by calpain
(22), and the stability of AQP4 (23} and neuronal nitric-oxide
synthase (12) is suggested as being controlled by al-syntro-
phin. The amount of ABCA1 in lysates was consistently higher
on co-expression with al-syntrophin than with other proteins
as shown in Fig. 1. Therefore, we examined the effect of ol-
syntrophin on the stability of ABCAl. FLAG-tagged «l-syntro-
phin or FLAG-tagged Lin7 was transiently co-expressed with
ABCA1 in HEK293 cells. At 48 h after transfection, the me-
dium was replaced with 10% fetal bovine serum/Dulbecco’s
modified Eagle’s medium containing 100 pg/ml cycloheximide,
and cellular protein synthesis was inhibited to block supply of
the newly synthesized ABCAL. After the indicated times, the
amount of ABCA1 was measured by immunoblotting (Fig. 5A).
After the inhibition of cellular protein synthesis, 80% of ABCA1
was degraded in 7 h, and the half-life was about 2 h as reported
previously (10). Thus, ABCA1 protein turns over rapidly in
HEK293 cells. When ABCA1 was co-expressed with «1-syntro-
phin, only ~30% of ABCAl was degraded in a 7-h treatment
with cycloheximide, and the half-life was estimated to be 10 h
{Fig. 5B). LinT, which is a PDZ protein and also binds to the C
terminus region of ABCA1, did not show a significant effect on
the halflife of ABCAL. The half-life of ABCAIASYV was
scarcely affected by co-expression of al-syntrophin (data not
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Fic. 4. Physiological association of mouse ABCAl with al-
syntrophin. Brain lysates prepared from normal mouse or al-syntro-
phin (=/—) were immunoprecipitated (IP) with anti-e1-syntrophin an-
tibody. Immunocomplexes and cell lysates (1%) were subjected to
immunoblotting using anti-ABCA1 antibody KM3110. Rabbit IgG was
used as a negative control. The data are representative of three inde-
pendent experiments.
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Fi6. 5. al-Synirophin modulates turnover of ABCAL A,
HEK293 cells were co-transfected with ABCA1 and vector (mock),
FLAG-tagged al-syntrephin, or FLAG-tagged Lin7. At 48 h after trans-
fection, 100 pg/ml of cycloheximide was added to block protein synthe-
sis. After the indicated times, cell lysates were subjected to immuno-
blotting using Anti-ABCA1 monoclonal antibody KM3110. B,
quantitation of ABCA1 levels. Values are expressed as fold increase
with respect to the amount of ABCA1 just before adding cycloheximide,
[, mock transfected; @, co-transfected with al-syntrophin; &, co-trans-
fected with Lin7. The data are representative of two experiments with
similar results.

shown). These results suggest that al-syntrophin decreases
ABCAI1 protein degradation by interacting with the C terminus
three amino acids of ABCAL.

al-Syntrophin Increases apoA-I-mediated Cholesterol Efflux
by ABCAl—To analyze the functional consequences of de-
creased ABCA1L protein degradation in the presence of al-
syntrophin, the apoA-I-mediated release of cholesterol was ex-
amined from HEK293 cells transiently cotransfected with
ABCA1 and el-syntrophin (Fig. 6). Human ABCA1 transiently
expressed in HEK292 cells supported the apoA-I-mediated re-
lease of cholesterol as previously reported with ABCAl-green
flucrescent protein (13). Co-expression of el-syntrophin signif-
icantly increased the apoA-I-mediated release of cholesterol,
although expression of al-syntrophin alone did not affect it.

DISCUSSION

In this study, we identified ¢:1-syntrophin as a protein infer-
acting strongly with ABCA1 via the C-terminal three amino



15094

o
[

o
o

0.2t

Choresterol efflux (Lg/well)
f=)
=

ABCA1
+
o1-syntrophin

ABCAY c1-syntrophin

Fic. 6. Effects of al-syntrophin co-expression on apoA-I-medi-
ated cholesterol transport. The cholesterol content of the medium in
6-well plates containing HEK293 ecells transiently transfected with
ABCAI alone, ABCA1 and al-syntrophin, and al-syntrophin alone was
measured after 24 h incubation in the presence (black bars) or absence
(white bars) of 10 ug/ml of apoA-1.

acids SYV of ABCA1. Co-expression of al-gyntrophin retarded
depradation of ABCA1 and made the halflife of ABCA1 in
HEK283 cells five times longer than in the cells not expressing
al-syntrophin. This effect is not common among PDZ-contain-
ing proteins interacting with ABCA1, because Lin7, which also
binds to the C ferminus region of ABCA1, did not show a
similar effect. Co-expression of al-syntrophin significantly in-
creased the apoA-I-mediated release of chaolestercl. Because
this interaction was observed in mouse brain, «l-syntrophin
could be involved in lipid homeostasis in brain.

Mammalian cells have developed sophisticated mechanisms
to ensure adequate cellular cholesterol levels, because choles-
terol plays a critical role in several important cell functions,
including protein trafficking, membrane vesiculation, and sig-
nal transduction, and, at the same time, hyper-accumulation of
cholesterol is harmful for cells. Plasma membrane cholesterol
content, for example, is regulated through a feedback mecha-
nism controlled by sterol regulatory element binding protein-2
(SREBP-2) (24, 25). To eliminate excess cholesterol from the
cell, expression of ABCA1, a key molecule for apoA-I-mediated
cholesterol efflux, is stimulated by intracellular oxystercl via
the LXR/RXR nuclear receptor (26). The synthesized ABCA1
protein turns over rapidly with a half-life of 1-2 h (8, 10} to
cancel cholesterol efflux by ABCA1. Because co-expression of
al-syntrophin retarded degradation of ABCAl and made the
half'life of ABCA1 in HEK293 cells five times longer than in
the cells not expressing «l-syntrophin, al-syntrophin is ex-
pected to be involved in intracellular signaling, which deter-
mines the stability of ABCAL.

Recently, it has been proposed that ABCA1 is regulated in two
different ABCA1 degradation pathways under various cellular
conditions: (i) a basal calpain degradation pathway that is turned
off by interaction with apolipoproteins (9, 10); and (ii) a ubiquitin-
proteasome pathway that is activated by marked free cholesterol
Ioading (27). A sequence rich in proline, glutamate, serine, and
threonine (PEST sequence) just before the second membrane
spanning domain of ABCA1 (amino acid residue 1283-1306} is
invelved in regulating the calpain degradation of ABCA1 (10).
Although the nature of the apoA-I-ABCALl interaction is not fully
understood, conformational alteration of ABCA1 through the
PEST sequence may be induced by its direct or indirect interac-
tion with apoA-I, which may render ABCA1 resistant to proteol-
ysis by calpain. Because ABCA1 was ubiquitinated as well when
co-expressed with al-gyntrophin (data not shown), al-syntro-
phin seems not to affect ABCA1 degradation in an ubiquitin-
proteasome pathway. Binding of al-syntrophin to the C terminus
of ABCA1 may cause a conformational alteration similar to that

Stabilization of ABCA1 by al-Syntrophin

caused by apoA-I binding and render ABCAL1 resistant to prote-
olysis by calpain.

Syntrophins are a family of five proteins (a1, 81, 82, v1, and
¥2,) containing two pleckstrin homology domains, a PDZ do-
main, and a C-terminal syntrophin-unique region (28). Analy-
sis of @-Syn ™" mouse has demonstrated that perivascular lo-
calization of AQP4 in brain requires al-syntrophin (23) and
that the stability of AQP4 {23) and neuronal nitric-oxide syn-
thase (12) decreases in the ahsence of al-syntrophin. 2-syn-
trophin was also reported to interact with ABCA] and was
proposed to participate in the retaining of ABCA1 in cytoplas-
mic vesicles by forming a ABCA1-p2-syntrophin-utrophin com-
plex (29). It is possible that al-syntrophin is also involved in
endocytotic recycling of ABCA1. Extracellular lipid-free apoA-I
may first interact with ABCA1 on plasma membrane, but it is
not clear whether the formation of HDL takes place extracel-
lularly or if intracellular events, such as endocytotic recycling,
are involved (30). It is intriguing that apoA-I and al-syntro-
phin have a similar effect on ABCA1 turnover. A mutation of
ABCAI1 that causes Tangier disease (W5908) does not affect
apoA-I binding or initial ATP binding/hydrolysis but results in
a defect in lipid efflux (11, 31, 32). Because apoA-I failed to
affect calpain degradation of ABCA1-W5908S in HEK293 cells
(10), additional signals following apoA-I binding to ABCA1 are
speculated to be necessary for the subsequent inhibition of
calpain degradation. It is possible that PDZ-containing pro-
teins such as al-syntrophin are involved in intracellular sig-
naling, which determines the stability of ABCA1.
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Verapamil Increases the Apolipoprotein-Mediated Release of
Cellular Cholesterol by Induction of ABCA1 Expression Via
Liver X Receptor-Independent Mechanism

Shogo Suzuki, Tomoko Nishimaki-Mogami, Norimasa Tamehiro, Kazuhide Inoue, Reijiro Arakawa,
Sumiko Abe-Dohmae, Arown R. Tanaka, Kazumitsu Ueda, Shinji Yokoyama

Objective—Release of cellular cholesterol and phospholipid mediated by helical apolipoprotein and ATP-binding cassette
transporter (ABC) Al is a major source of plasma HDL. We investigated the effect of calcium channel blockers on

this reaction.

Methods and Results—Expression of ABCA1, apoA-I-mediated cellular lipid release. and HDL production were enhanced
in cAMP analogue-treated RAW264 cells by verapamil, and similar effects were also observed with other caleium
channel blockers. The verapamil treatment resulted in rapid increase in ABCAI protein and its mRNA, but not the
ABCGI1 mRNA, another target gene product of the nuclear receptor liver X receptor (I.XR). By using the cells
transfected with a mouse ABCA] promoter-luciferase construct (1238 to +57bp), verapamil was shown to enhance
the transcriptional activity. However, it did not increase transeription of LXR response element-driven luciferase vector.

Conclusions—The data demonstrated that verapamil increases ABCAI expression through LXR-independent mechanism
and thereby increases apoA-I-mediated celtular lipid release and production of HDL. (Arterioscler Thromb Vasc Biol.

2004;24:519-525.)

Key Words: calcium channel blocker m verapamil m ABCA1 m HDL m cholesterol m apolipoprotein W macrophage

t ts a well-known fact that the risk of cardiovascular

disease inversely correlates with the plasma level of
high-density lipoprotein (HDL).}2 The background hypothe-
sis for this finding is that HDL functions to transport
cholesterol from somatic cells to the liver for its conversion to
bile acids; therefore, it is believed that HDL also removes
cholesterol pathologically accumulated in the cells of arterial
walls as an initial stage of atherosclerosis.? HDL removes
cellular cholesterol by two independent mechanisms: bidirec-
tional exchange of cholesterol molecules between cell surface
and HDL, in which cholesterol acyl-esterification on HDL
creates its net efflux from the cells, and the interaction of
helical apolipoproteins, perhaps dissociated from HDL with
cellular surface to generate new HDL particles with the
cellular lipid® The latter reaction, inidally described for
macrophages* and then for other types of cells,® was found
defective in the cells from the patients with genetic HDL
deficiency, Tangier disease,’® and in those treated with
HDL-lowering drug probucol.$-*® Therefore, the reaction is
assumed as a main source of plasma HDL. Mutations in

ATP-binding cassette transporter (ABC) Al, one of the ABC
superfamily members, were identified in Tangier disease and
other genetic HDL deficiencies to indicate that this mem-
brane protein is 2 key for generation of plasma HDL.11-13
Forced expression of ABCA! led to the increase of
apolipoprotein-mediated lipid release from cells, 15 and its
overexpression in mice resutied in a mild elevation of HDL
cholesterol,'$47 implicating that expression level of this
protein is a rate-limiting factor for production of plasma
HDL. Accordingly, the increase of ABCA1 expression has
been shown to protect the animals against atherosclerosis in
certain limited conditions.!819

Expression of ABCAL gene is transcriptionally regulated.
Loading of cholesterol in cells increases the ABCA1 expres-
ston and facilitates removal of excess cholesterol from cells, 20
This reaction is mediated by the oxysterol-activated nuclear
receptor, liver X receptor (LXR), which directly enhances
ABCAI gene transcription.?’-3 The ABCAl mRNA level is
also increased by differenttation of THP-1 cells by phorbol
ester? or stimulation of RAW264 cells and macrophages by
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¢AMP analogues.25-27 Transforming growth factor-82¢ and
bacterial lipopolysaccharide?® reportedly upregulate the
ABCAI1 mRNA, whereas interferon-gamma downregulates
it.30 However, the protein level of ABCA!L in the cells is
regulated by modulation of its degradation rate. Apolipopro-
teins increase the ABCAI by interfering with its proteolytic
degradation,® and unsaturated fatty acid apparently enhances
its decay.??

We previously reported that calmodulin inhibitors in-
creased the apolipoprotein A-1 (apoA-I}-mediated cellular
lipid release,® indicating that calcium-related signaling plays
a2 role in regulation of the ABCAl-mediated cellular lipid
release. Calcium channel blockers are widely used for the
treatment of hypertension and other cardiovascular problems.
In addition to their anti-hypertensive and anti-arrhythmic
effects, these drugs are implicated for. independent anti-
atherosclerotic effects,35 including improved survival rate
of patients undergoing cardiac transplantation.?® Mechanisms
for such beneficial effects, if any, are not established, but a
few reponts indicated elcvation of plasma HDL in patients
using verapamil.?”-® Verapamil reportedly reduced free and
esterified cholesterol accumulation in thoracic aorta of cho-
lesterol-fed rabbits.*® On the basis of these implications, we
investigated the effect of verapamil on the generation of HDL
by the ABCAl-apoA-I pathway. We discovered that verap-
amil increases apoA-I-mediated lipid release from the cell
and thereby produces more HDL, by increasing the levels of
ABCAl mRNA and protein. We demenstrated that ABCAL
mRNA was increased by verapamil by mechanisms distinct
from the LXR-dependent system.

Methods

Cell Culture and Measurement of Lipid Effiux to
Apolipoprotein A-I

RAW264 cells*' were obtained from Riken Gene Bank (Tsukuba,
Japan) and maintained in Dulbecco modified Eagle medium
(DMEM)/F-12 (1:1) containing 10% fetal calf serum. The lipid
efflux measurements were performed as previously described 2633
The cells were subcultured in 6-well plates and weated with
300 pmol/L. dibutyryl cAMP (dBcAMP) in DMEM/F-12 (1:1}
containing 0.1% bovine serum albumin for 18 hours, and for
additional time in the same medium in the presence or absence of
verapamil (Wako Pure Chemicals, Tokyo. Japan), and in d-verap-
amil and I-verapamil (kind gifts from Knoll AG, Ludwigshafen,
Germany), nifedipine, and nicardipine (Wako) for 6 hours. For
measurement of lipid release, the cells were incubated in (.1%
bovine serum albumin-DMEM/F-12 (1:1) containing 0 or 10 ug/ml
human apoA-I isolated from plasma HDL fraction or 0% to [.5%
2-hydroxypropyl-beta-cyciodextrin (Sigma) for 6 hours. Lipid was
extracted from the medium and the cells with chloroform/methanol
(2:1, volumefvolume [v/v]) and hexanefisopropanol (3:2, v/v), re-
spectively; cholesterol and choline-phospholipid were determined by
a specific enzymatic methed for each lipid, respectively.2632 The
medium was centrifuged at 1.64 X 10% for 24 hours, and the bottom
fraction was analyzed by density gradient ultracentrifugation as
previously described.® The lipid mass and density were determined
for each fraction collected from the bottom. Alternatively, THP-1
cells (Riken Gene Bank. Tsukuba, Japan) were maintained in
RPMI1640 containing 10% fetal bovine serum in humidified atmo-
sphere of 5% CO, and 95% air. Differentiation of THP-1 monocytes
into macrophages was induced by culturing the cells at the density of
3.0 10° cells/well in a 6-well plate in the presence of 3.2X 107" M
of phorbol 12-myristate 13-acetate (PMA) (Wako Pure Chemical)
for 72 hours.’! The cells were cultured in RPMI1640 and 0.2%

bovine scrum albumin for 24 hours. and they were used for the
cholesterol release experiments by incubating with apoA-1 (10
pg/mb) for 24 hours in the presence of verapamil (40 wmol/L).

Immunoblotting of ABCA1

Expression of ABCALI protein was examined by immunoblotting as
previously described.1%2 The cells were suspended and pelleted by
centrifugation ‘at 600g for 5 minutes, and re-suspended in cold
5 mmoV/L Tris buffer (pH 8.5} containing 1 mmol/L. benzamide and
1 mmol/L. phenylmethane sulfony! fluoride. Afier vortex mixing and
centrifugation at 400g for 5 minutes, the supemnatant was ultracen-
trifuged a1 100 000g for | hour, and the precipitant was re-suspended
in 50 mmoVL Tris-buffered saline (pH 7.4} containing the protease
inhibitors and was used as a cell membrane fraction. The membrane
fraction was treated in 360 mmol/L urea, 0.08% Triton X-100, 0.04%
dithiothreitol, and 2% lithium dodecyl suifate. Proteins were sepa-
rated by electrophoresis in polyacrylamide ge! containing 0.5%
sodium dodecylsulfate, and then electrophoretically transfemved to a
PVDF membrane (Bio-Rad Laberatory, Hercules, Calif). After being
biocked with 5% skim milk in Tris-buffered saline, the membrane
was incubated for 2 hours at room temperature with a specific rabbit
antiserum and then with an anti-rabbit 1gG conjugated with horse-
radish peroxidase (Biosouce International) for 1 hour. ABCAI was
visualized by using an ECL substrate kit (Amersham Pharmacia).

Measurement of mRNA Levels

The messenger RNA level of ABCA] was determined by real-time
quantitative reverse-transcription polymerase chain reaction (RT-
PCR). The cells were incubated in the medium containing 0.1%
bovine serum albumin in the presence or absence of 300 pwmol/L
¢BcAMP for 18 hours. To examine the effect of cellular cholesterol
synthesis, 50 wmol/L. compactin along with 50 wmol/L mevalonic
acid were added to the medium for some samples. The cells were
further incubated for 6 hours in the presence or absence of
300 pmol/L dBcAMP, 30 pmoV/L verapamil, 50 pmol/. compactin
(along with 50 umol/L. mevalonic acid). and 22(R)-hydroxycholes-
terol (2 pg/ml). Total RNA was extracted from cells by using the
Qiagen (Chatsworth, Calif) RNeasy Mini Kii, and DNAase was
reated according to the manufacturer’s protocol (Qiagen). The
TagMan one-step RT-PCR Master Mix Reagent Kit was used 10
determine relative expression levels of mRNA using the ABI Prism
7700 sequence detection system (Applied Biosystems). Primer/probe
sequences used were as follows: ABCAl forward primer, 5'-
AGGTTTGGAGATGGTTATACAATAGTTG-3', reverse primer,
5'- CTTTTAGGACACTTCCCGGAAA-3', probe, 5'FAM-
ACGAATAGCAGGCTCCAACCCTGACC-TAMRA3Z'; and
ABCG! forward primer, 5'-TTCATCGTCCTGGGCATCTT-3". re-
verse primer, 5'-CAGCCCGGATTTTGTATCTGA-3", probe,
S'FAM-ATCTCCCTGCGGCTCATCGCCTATTT-TAMRA3'. Ex-
pression data were normalized for 185 rRNA levels and were
presented as fold change in the weated cells against the untreated
cells.

Construction of Luciferase Reporter Genes

The 5'-flanking region of mouse ABCAl gene (-1238/+219,
relative to the transcription start site) was prepared by PCR using
mouse normal ES genomic DNA as a template and a forward primer
tailed with Sall (3'-GTCGACTTCTGGTGTTGGCACTCTTC-3')
and a reverse primer tailed with BamHI (5'-GGATCCT-
CTTACCTGTTTTCCACTTTGCTGTTTG-3"). The PCR product
was sub-cloned into pCR2.1 (Invitrogen). A fragment (—1238/+57)
was excised and inserted into pGL3 Basic vector (Promega) to
generate ABCA| promoter-luciferase reporier construct (pABCAL-
Luc). LXR response element (LXRE)-driven luciferase reporter
vector (pLXRE-tk-Luc) was constructed by inserting complementary
oligonucleotides containing 2 copies of LXREa and 2 copies of
LXREb from the sterol response element binding protein-1c promot-
er*? and overhangs for Kpnl and Bg/II into an upstream of the
thymidine kinase (tk) promoter. The mutant reporter vecior
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Figure 1. Verapamil enhances apoA-l-mediated lipid release in
cAMP-treated RAW 264 cells. RAW264 cells were treated with
dB¢AMP (300 pmol/L) for 18 hours and subsequently incubated
for 6 hours with 0 to 40 pmol/l. verapamil in the presence of the
same concentration of dBcAMP. The cells were further incu-
bated with apoA-1 (10 pg/mL) (A, B, D) or 8% t0 1.5%
2-hydroxypropyl-beta-cyclodextrin (C) for 6 hours. A, Effect of
verapamil on the apoA-l-mediated release of phospholipid and
cholesterol. B, Density gradient analysis of the culture medium
obtained from celis treated with or without verapamil {10 xM) in
the presence of apoA-1 {10 pg/mL). C, Cholesterol efflux to
2-hydroxypropyl-beta-cyclodextrin, D, Cellutar levels of total
cholesterol and free cholesterol in the presence of apoA-I. The
data represent the average=5D (n=3) of a typical series of the
5 experiments performed except for density gradient analysis in
which each data point represent a single assay point.

(pLXREmut-tk-Luc) was constructed with oligonucleotides contain-
ing 2 copies of mutant LXREa and LXREb (Figure 5C).

Transient Transfections and Reporter Gene Assays
RAW264 cells were co-transfected with 1.3 pg of pABCAL-Luc or
empty luciferase vector (pGL3) and (.1 pg of Renilla luciferase
vector (phRL-tk) (Promega) by SuperFect (Qiagen) in 24-well
plates. For LXR activation swdies, 0.75 pg of pLXRE-tk-Luc or
pLXREmut-tk-Luc and 0.75 pg of pSV-B-galactosidase control
vector (Promega) were used. Three hours after transfection. cells
were treated with or without 300 pmol/L. dBcAMP for 6 to 18 hours.
and subsequently with or without 30 pmol/L. verapamil and the
indicated reagents for 6 to 12 hours. Luciferase and S-galactosidase
activities were determined in cell lysate. The firefly luciferase
activity was standardized for either the Renilla luciferase or the
B-galactosidase activity in each sample.

Results

Verapamil Increases Lipid Release by ApoA-I

RAW204 cells do not react to apolipoproteins to release
cellular lipid. and dBcAMP markedly induces the apoA-I-
mediated lipid release.? When the cAMP-treated cells were
further incubated with verapamil for 6 hours, release of
cholesterol and choline-phospholipid by apoA-I increased by
4-fold and 2-fold, respectively (Figure 1A}. Density gradient
centrifugation analysis of the medium showed that this
increase was attributed to enhancement of generation of HDL
particles (Figure 1B). In contrast, diffusion-mediated choles-
terol efflux to 2-hydroxypropyl-beta-cyclodextrin was un-
changed by the verapamil treatment (Figure 1C). The increase
of the apoA-I-mediated cholesterol release was accompanied
by a reciprocal decrease in the cellular cholesterol level
(Figure 1D). The similar results were observed with human
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Figure 2. Effect of nicardipine, nifedipine (4), d-verapamil, and
f~verapamit (B) on apoA-l-mediated lipid release. RAW264 celis
were treated with dBcAMP (300 wmol/L) for 18 hours and sub-
sequently incubated for 6 hours with various concentrations of
the calcium channel blockers in the presence of dBcAMP. Cho-
lesterol and cheline-phospholipids {PL) released into the
medium during the additional 6-hour incubation with apoA-| (10
pg/mb) were analyzed. The data represent the average*SD
{n=3) of a typical series of the 3 experiments performed. -

monocylic cell line cells, THP-1, after differentiated to the
macrophage-like stage with PMA (Table I, available online at
http://atvb.ahajournals.org). The apoA-I-mediated release of
cellular cholesterol was increased by a factor of 2 or more,
Unlike RAW264, cell cholesterol also increased in this cell
line.

Calcium Channel Blockers Increase Lipid Release
The effect of other calcium channel blockers, nicardipine and
nifedipine,** was examined. Figure 2A shows that both
compounds increased release of cholesterol and phospholip-
ids mediated by apoA-I. Because the verapamil is a mixture
of its stereo isomers, the effect of I-verapamit and d-verap-
amil was examined separately. As shown in Figure 2B,
[-verapamil increased release of cholesterol and phospholip-
ids more efficiently than did d-verapamil at concentrations
lower than 10 pumol/L. Because /-verapamil is known as a
more potent calcium channel blocker than d-verapamil,* the
effect of verapamil on the cholesterol release is likely 10 be
associated with its activity of blocking calcium channels,

Verapamil Increases Lipid Release Through
Induction of ABCA1

As shown in Figure 3A, increase of lipid release reached
maximum after the 6-hour incubation with verapamil. Immu-
noblotting analysis of the cell membrane at the 6-hour
incubation demonstrated that verapamil and nifedipine in-
creased the ABCAL protein level (Figure 3B). RT-PCR
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Figure 3. Verapamil rapidiy enhances apoA-i-mediated lipid
release through an induction of ABCA1. RAW264 celis were
treated with dBcAMP (300 umol/L) for 24 hours. Verapamil

(10 pmol/L) was inciuded in the medium during the last t to 18
hours. The cells were further incubated with apoA-1 (10 pg/mL)
for 6 hours, and the lipid released into the medium was ana-
lyzed (A). The data represent the average=SD (n=3) of a typical
series of three experiments. Immunoblotting analysis of ABCA1
{B) and RT-PCR analysis of ABCA1 mRNA (C) in cells treated
with or without veraparnil {10 pmol/L} or nifedipine (30 umol/L)
for 6 hours.

analysis showed the increase of ABCAl mRNA by the
verapamil treatment (Figure 3C).

Increased ABCA1 Expression by Verapamil Is
Independent of LXR

Expression of ABCA1 has been shown to be stimulated by
LXR activation.2-22 We investigated whether increased
ABCAI mRNA by verapamil is mediated by LXR. Real-time
quantitative RT-PCR analysis showed that verapamil in-
creased ABCA] mRNA level in cAMP-treated and untreated
cells (Figure 4A). In the cAMP-untreated cells, ABCAI
mRNA was increased by an LXR ligand, 22(R)-hydroxycho-
lesterol, and diminished by compactin, which has reportedly
depleted endogenous LXR4® (Figure 4A, left). The effect of
verapamil was not diminished by compactin. and the combi-
nation of verapamil and 22(R)-hydroxycholesterol had an
additive effect. Even when cAMP markedly enhanced the
expression of ABCAl mRNA (Figure 4A, right), 22(R)-
hydroxycholesterol was still capable of potentiating induction
of ABCAI, and the combination of verapamil and 22(R)-
hydroxycholesterol had an additive effect.

ABCGI! is also known as LXR-responsive gene.*647 The
level of ABCG1 mRNA was increased by 22(R)-hydroxycho-
lesterol and diminished by compactin regardless of the
presence or absence of cAMP (Figure 4B). However, verap-
amil did not increase but rather slightly decreased the
expression of ABCGl mRNA,

In the parallel experiments, we examined the effect of
verapamil on LXRE-dependent transcriptional activity. In
cells transfected with an LXRE-driven luciferase-reporter
vector (LXRE-tk-Luc), but not in cells with a mutant LXRE-
containing reporter vector (LXREmut-tk-Luc), luciferase ac-
tivity was induced by 22(R)-hydroxycholesterol and de-
creased by depleting endogenous ligand with compactin
(Figure 5). Whereas verapamil slightly induced the reporter
gene expression in the cAMP-treated cells, similar extent of
induction was observed even when LXRE was mutated
(Figure 5B). Thus, the data clearly demonstrated that verap-
amil did not upregulate the LXR-dependent transcription.
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Figure 4. Verapamil induces ABCA1 mRNA but not that of
ABCG1 through LXR-independent mechanisms. RAW264 cells
were cultured in the presence or absence of dBcAMP

{300 pmol/L) and compactin {comp) {50 pmol/L along with

50 umol/L mevalonic acid) for 18 hours and subsequently
treated for & hours with or without verapamil (ver) (30 umol/L),
compactin, or 22{R)-hydroxycholesterol {22(R)-HC) 2 ug/mL), as
indicated. Total RNA was isolated from the cells and relative
mBNA levels of ABCA1 (A) and ABCG1 (B) were measured with
TagMan one-step RT-PCR analysis. Data were normalized to
183 rRNA levels. The values represent the average=SD relative
to the untreated cells (taken as 1) from 3 independent experi-
ments performed in duplicate.

Verapamil Increases Promoter Activity of ABCA1

To determine whether increased ABCAl mRNA level is
resulted from enhanced gene transcription. we examined the
efiect of verapamil on promoter activity of ABCAL A mouse
ABCA1 promoter-luciferase construct (-1238/+57) was
prepared and transfected into RAW264 cells, As expected by
the presence of a consensus binding site for LXR/RXR in this
promoter region,* tréatment of cells with an LXR ligand,
22(R)-hydroxycholesterol, increased luciferase activity (Fig-
ure &). This promoter region was unresponsive (o cAMP
stimulation, whereas cAMP greatly increased ABCAI
mRNA level (by 60-fold) (Figure 4A), which is consistent
with our previous report.?® Verapamil treatment markedly
enhanced luciferase activity (by 3.5-fold) in the presence but
not in the absence of cAMP, indicating increased
transcription.

Discussion
In the present study, we report that generation of HDL
mediated by apoA-I and ABCAl in RAW 264 cells is
enhanced by verapamil, which has been indicated to cause a
significant increase in plasma HDL in several previous
reports.>?-3 Because verapamil did not influence celiular
cholesterol efflux by its free diffusion represented by
2-hydroxypropyl-beta-cyclodexuin-dependent cholesterol ef-
flux, the ABCAl-mediated pathway was specifically inves-
tigated to elucidate the mechanism. We found that the rapid
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Figure 5. Verapamil {ver) does not increase LXRE-dependent
transcriptional activity. RAW264 cells were transfected with a
luciterase reporter plasmid containing 4 copies of LXREs
upstream of the thymidine kinase promoter (LXRE-tk-Lic) or a
plasmid-containing mutated LXRE complex (EXREmut-tk-Luc) in
the presence of pSv-g-galactosidase as a reference plasmid.
Cells were treated as described in Figure 4. Luciferase activity
in dBcAMP-untreated (A) and dBcAMP-treated (B) cells were
measured and normalized to the B-galactosidase activity. The
values represent the average*SD relative to untreated cells
(taken as 1) from 2 independent transfections performed in trip-
licate, C, Sequences of 2 LXREs derived from the mouse sterol
response element binding protein-1c promoter and mutated
LXREs (LXREmut). Mutated bases are underlined and the LXREs
are indicated as bold letters.

enhancement of lipid release by verapamil was accompanied
by elevation of the mRNA level and an increase in ABCALI
protein. Furthermore, a region of ABCA! promoter {— 1238/
+57) was shown to respond to verapamil treatment, demon-
straling that verapamil upregulated ABCAL at the transcrip-
tional level.

Induction of ABCAT mRNA is primarily mediated by the
activation of the nuclear receptor LXR.2-23 However, the
following findings in this article indicale that LXR is not
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Figure 6. Verapamil activates mouse ABCA1 promoter {from
—1238 to +57 bp). RAW264 cells were transfected with ABCA1
promoter-luciferase construct {pABCA1-Luc) or empty iuciferase
vector (pGL3) in the presence of a Rennila luciferase plasmid as
a reference. Cells were treated with or without dBcAMP

(300 umol/t) for 6 hours and subsequently treated for 12 hours
with or without verapamil (30 wmel/L) or 22(R)-hydroxycholester-
ol (22 {Ry-HC) (2 png/mL), as indicated, in the presence or
absence of dBcAMP. Cellular firefly luciferase activity was mea-
sured and normalized to Renilla luciferase activity. The values
represent the average=SD from 3 independent experiments
performed in triplicate.
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involved in the ABCAI induction by veraparnil. First, verap-
amil did not enhance transcription of the LXRE-driven
luciferase (Figure 5). Second, upregulation of ABCAI
mRNA by verapamil was additive 10 22(R)-hydroxycholes-
terol-elicited increase and was not diminished by depletion
of endogenous LXR ligands by compactin (Figure 4A).
Third, expression of another LXR target gene, ABCGI %546
was not influenced by verapamit (Figure 4B).

ABCGI! was shown to be capable of mediating active
release of cholesterol and phospholipid in macrophages.**
However, in the present study, we provide evidence that two
genes, ABCAI and ABCGI, are differentially regulated. We
demonsirated that treatment of RAW264 cells with cAMP
markedly increased the ABCA1 mRNA, whereas the ABCGI
mRNA was unchanged. In addition, verapamil enhanced
expression of ABCA1 but not ABCGI. These findings were
apparently coincidental with the previous report of differen-
tial regulation of ABCAl and ABCGI gene shown in the
lipopolysaccharide-stimulated THP-1 cells. 2

The effect of cAMP on the ABCA] activity is by the
increase of its gene transcription? and by altering its specific
activity through phosphorylation.5057 However, a role of
cAMP is somewhat puzziing in the present data, Verapamil
induced the transcription of the ABCAI gene in the presence
of cAMP, with respect to the increase of the ABCAl mRNA
and the results of the reporter gene assay. However, verap-
amil increased the mRNA even in the absence of cAMP,
whereas it did not enhance the reporter gene transcription in
the absence of cAMP. In addition, the reporter gene did not
respond to cAMP in the conditions given. However, the
reporter gene assay may not always give a consistent result
for the effect of cAMP. An earlier study showed limited
responsiveness of the conserved region of human ABCA1
promoter to ¢AMP stimulation,*? but another study reported
unresponsiveness of the promoter construct containing the
same region®® Thus, the effect of ¢cAMP requires more
studies to understand its underlying mechanisms. Neverthe-
less, our results with RAW264 cells without cAMP treatment
and with the differentiated THP-1 cells indicate that the effect
of calcium channel blockers can be independent of cAMP for
the endogenous ABCAI gene.

Verapamil is a well-known, widely used calcium channe]
blocker. We showed that other calcium channel blockers,
nicardipine and nifedipine, also caused enhancement in
apoA-I-mediated lipid release, so that this effect is likely to
be related to inhibition of calcium channel itself, This view
was further supported by the finding that I-verapamil, a more
potent calcium channel blocker,** was more effective in
enhancing lipid release than d-verapamil. The resulis were
also consistent with our previous findings that calmodulin
inhibitors increased the apoA-I-mediated cellular lipid re-
lease from the same cell-line cells.3* Inhibition of the
calcium-related signaling pathways was shown to downregu-
late various genes, but upregulation of a few genes was also
reported, including interleukin-65* and the LDL receptor.5*
Involvement of protein kinase C was suggested for the latter
case. Further investigation is required to clarify exact mech-
anism by which verapamil and other calcium channel block-
ers induce ABCA1 expression and potentially increase HDL.
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This should include obtaining the evidence that the reaction is
generally observed in other types of cells and identification of
specific sites of the promoter for upregulation of transcrip-
tion. The findings would open a new path to seek technology

to

enhance the HDL production and thereby prevent

atherogenesis.
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The effects on the drug efflux of 3,3',4,4",5-pentachlorobiphenyl (PCB-126), the most toxic of all coplanar polychlorinated biphenyls
(Co-PCBs), were examined in KB-3 cells expressing buman wild-type and mutant P-glycoprotein in which the 61st amino acid
was substituted for serine or phenylalanine (KB3-Phe®'). In the cells expressing P-glycoproteins, accumulations of vinblastine and
colchicine decreased form 85% to 92% and from 629% to 91%, respectively, and the drug tolerances for these chemicals were increased.
In KB3-Phe®!, the decreases in drug accumulation were inhibited by adding PCB-126 in a way similar to that with cyclosporine A: by
adding 1M PCB-126, the accumulations of vinblastine and colchicine increased up to 3.3- and 2.3-fold, respectively. It is suggested
that PCB-126 decreased the drug efflux by inhibiting the P-glycoprotein in KB3-Phe®!. Since there were various P-glycoproteins and
many congeners of Co-PCBs, this inhibition has to be considered a new cause of the toxic effects of Co-PCBs.

INTRODUCTION

Among the group of polychlorinated biphenyls
(PCBs), coplanar PCBs (Co-PCBs) are known to be highly
toxic and indestructible congeners [1, 2]. Co-PCBs had
been produced as useful artificial lubricants for the chem-
ical industry and in the manufacture of a variety of daily-
use products until their production and use were prohib-
ited, These chemicals have thoroughly polluted the envi-
ronment, and may have accumulated via the food chain
and bioaccumulation in humans and animals, especially
in their lipid-rich organs [2, 3, 4, 5]. In the environ-
ment, 3,3,4,4",5-pentachlorobiphenyl (PCB-126) which
is the most toxic congener of Co-PCBs is also highly
polluting the environment [1, 6]. Like dioxin, the mix-
ture of Co-PCBs or the metabolites of Co-PCBs seems to
produce either estrogenic or antiestrogenic effects [7, 8].
Co-PCBs were the agonists for arylhydrocarbon receptors
(AhR) [1, 9], and they inhibited the estrogenic response
via crosstalk between AhR and estrogen receptors [10, 11].
Actually, Co-PCBs have acted as environmental endocrine
disruptors, exerting adverse biological effects even at a
very low dose [6, 12]. They also disturbed normal fetal
and neonatal development, producing malformations and
the onset of cancer [4, 6, 13, 14].

Drug transport systems such as P-glycoprotein are

present on the cell membrane to exclude toxic xenobi-
otics [15] and to transport metabolites such as steroid
hormones {16]. P-glycoprotein is capable of transporting
a variety of structurally unrelated chemicals [17] and can
induce multidrug resistance during cancer chemotherapy
[18, 19]. The P-glycoprotein-mediated transport of chem-
icals was inhibited by other chemicals. Cyclosporine A, for
example, competed with vinblastine for a site to bind to
P-glycoprotein, and inhibited the transport of this sub-
strate [20]. The most hydrophobic steroid hormone, pro-
gesterone, blocked vinblastine transport, although pro-
gesterone itself was not transported. In a series of steroid
hormones, it was revealed that the maore hydrophobic the
congeners, the more potent their interference with the
transport of other chemicals [21]. One of the congeners
of Co-PCBs, 3,3 4,4’ -tetrachlorobiphenyl (PCB-77), was
not transported by human P-glycoprotein, but accumu-
lated abundantly in cells as can be expected due to its
lipophilic nature {22]. Co-PCBs easily enter cells and may
accumulate in the cell membrane due to their lipophilic-
ity. P-glycoprotein in the cell membrane may be exposed
to Co-PCBs, which may modify the transport of other
drugs and metabolites in the same way as do hydrophobic
steroid hormones and cyclosporine A, thus altering the
effects of those substances.

2004 Hindawi Publishing Corporation
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Tasie 1. Drug tolerance for vinblastine and colchicine in KB3-Vec and KB3-MDRIs, and the ratios for the tolerance of KB3-Vec to

KB3-MDR1s (KB3-MDR1s/KB3-Vec).

KB3-MDR1s _

o s KB3-Vec KB3-His® KB3-Phe® - KB3-Ser®
Vinblastine (IDso, nM) | 34 26 30 40
(KB3-MDRIs/KB3-Ved) | (1) (7.6) (8.8) (11.8)
Colchicine (IDso, iM) - - 88 . 46 859 | 43
(KB3-MDRIs/KB3-Vec) (1) (5.2) (97.6) (4.9)

Note, Inhibition dose for 50% cell growth (IDsp) by adding chemicals was expressed as the index of drug tolerance.

Though P-glycoprotein has a low specificity for sub-
strates, it was found to contain many mutations of
amino acids that modulated substrate specificity [23, 24].
Such mutations might be involved in the modification
of binding and transporting mechanisms. The toxic-
ity of drugs was reduced in the transformant cells ex-
pressing P-glycoprotein, probably due to an enhance-
ment of the drug efflux. These drug tolerances varied
among the transformant cells in which the His 61 po-
sition (His®!) in the predicted transmembrane dorhain
1 of human P-glycoprotein was replaced with a variety
of amino acids [24]. Accordingly, the effect of Co-PCBs
might differ among the mutants of P-glycoproteins. The
possibility of a modification in P-glycoprotein by bind-
ing with Co-PCBs must be examined. Here, we investi-
gated the effect of PCB-126 on the efflux of vinblastine
and colchicine in KB-3 cells transfected with multidrug
resistant (MDR1) genes which code both wild and His®!
mutant P-glycoproteins.

MATERIALS AND METHODS

Chemicals

Por radioactive tracers, we used [G->H]-vinblastine
sulphate (470 GBg/mmol). (Amersham Pharmacia Bio-
tech, NJ, USA) and [*H]-colchicine (2,830 GBg/mmol)
(Perkin Elmer Japan Co Ltd, Tokyo, Japan). As the rep-
resentative of Co-PCBs, PCB-126 (Kanto Kagaku, Tokyo,
Japan) was used, and cyclosporine A (Sigma, Mo, USA)
was used as the inhibitor of P-glycoprotein.

Cell culture

The transformant cells of human cultured cells, that is,
KB3-1 expressing with wild-type human P-glycoprotein
(KB3-His®') and the mutant P-glycoprotein, in which
His®! was substituted with serine (KB3-Ser®!) or pheny-
lalanine (KB3-Phe®!), were prepared as reported in [24].
As the control, KB3-1 transfected with the transfection
vector pHaMAIRESneo (KB3-Vec) was also used. These
cells were maintained in medium 199 supplemented with
10% fetal calf serum (FCS) in an atmosphere of 5% CO;
at 37°C, and the transformant cells were maintained in the
same medium with appropriate reagents; KB3-His®! and

KB3-Sers! were maintained with 100 kM vinblastine and
KB3-Phe®! with 60 M colchicine.

Drug tolerance of cells

The cells were seeded in 96-well microplates at a den-
sity of 10%/well in a 500-pL medium identical to that of
the maintenance culture except for varied concentrations
of vinblastine and colchicine, and then incubated for 4
days. The viability of these cells was then measured by
a colorimetric assay using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (Wako Co Ltd, Osaka,
Japan). The inhibition dose for 50% cell growth {IDsg)
was calculated as the index for drug tolerance.

Drug accumulation and its inhibition

For a determination of the cellular accumulation
of the chemicals, coverslips with a 24-well multidish
(Nalgen Nunc International, Ill, USA) were used. Cells
were seeded at a density of 5 X 108/well in a 750-uL
maintenance medium on the dish and incubated in 5%
CO, at 37°C. After 4 days, the medium was replaced
with a fresh medium without colchicine, and the cells
were incubated for 6 hours. The medium was again re-
placed with a 750-uL fresh medium containing either
11nM [*H]-vinblastine (5.16kBg/mL) or 11nM [*H]-
colchicine (31.1kBg/mL). The coverslips were removed
from the 24-well dish after a 1-, 2-, and 3-hours incu-
bation, These cells were washed 3 times with PBS, and
treated with a lysing solution {cell culture lysis reagent,
Promegd, Wis, USA) overnight. Radioactivity was then
measured by a liquid scintillation counter. The accumu-
lation was indicated as pmol/well.

To examine the effect of PCB-126 on drug accumu-
lation, PCB-126 and the inhibitor of p-glycoprotein, cy-
closparine A, were added to the incubation medium. One
hundred pM to 10 4M PCB-126 or cyclosporine A was
added to the medium, and the accumulations of vinblas-
tine and colchicine were measured,

Statistics

“The student’s #-test was employed to examine the
statistical significance of the accumulation between cell
groups.
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Ficure 1. (a) Uptake of vinblastine in KB3-1 expressing with
wild-type human P-glycoprotein {KB3-His!, filled circles), mu-
tant P-glycoprotein in which His®! was replaced with pheny-
lalanine (KB3-Phe®*, open squares) and serine (KB3-Ser!,
filled squares), and transfected with transfection vector {KB3-
Vec, open circles). {(b) The ratios between the accumula-
tions of vinblastine with and without cyclosporine A (CYA)
and {c) PCB-126 (with/without CYA or PCB-126) in KB3-
Vec (open columns), KB3-His®! (cross-hatched columns), KB3-
Phe®! (hatched columns), and KB3-Ser®! (filled columns). *,
P < .05 compared to KB3-Vec. Means and SD of 4 experiments,

RESULTS AND DISCUSSION

Table 1 indicates the drug tolerances of KB3-Vec, KB3-
His®!, KB3-Ser®!, and KB3-Phe®! in the medium with vin-
blastine or colchicine. The IDsy increased in all the cell
groups expressing P-glycoprotein (KB3-MDRIs), KB3-
Hisb!, KB3-Serf!, and KB3-PheS!, except for KB3-Vec. As
for vinblastine, the IDsq increased around 10-fold in all
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Ficure 2. (a) Uptake of colchicine in KB3-1 expressing with
wild-type human P-glycoprotein (KB3-His®!, filled circles), mu-
tant P-glycoprotein in which His® was replaced with pheny-
lalanine (KB3-Phe®!, open squares) and serine (KB3-Ser®,
filled squares), and transfected with transfection vector (KB3-
Vec, open circles). (b) The ratios between the accumula-
tions of colchicine with and without cyclosporine A (CYA)
and {c) PCB-126 (with/without CYA or PCB-126) in KB3-
Vec (open columns), KB3-HisS! (cross-hatched columns), KB3-
Phe®! (hatched columns), and KB3-Ser® (filled columns). *,
P < .05 compared to KB3-Vec. Means and SD of 4 experiments.

KB3-MDRI1s except for KB3-Vec, and the order of drug
tolerances was KB3-5er! > KB3-Phe®! > KB3-His, With
colchicine, the IDsg increased around 5-fold in KB3-Hisf!
and KB3-Ser®!, and 98-fold in KB3-Phebl. The increase
in the IDsy for colchicine in KB3-Phe® was extremely
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high, indicating a special relation between the side chain
of Phef! and the relatively smaller substrate, colchicine.
Taguchi et al showed an inverse relation between the bulk
of the side chain of the 61st amino acid in P-glycoprotein
and the molecular weight of the drug; the P-glycoprotein,
which has a large side chain in the 61st amino acid, in-
dicated less sensitivity to the smaller molecular weight of
the chemicals, and vice versa [24]. _

Figure 1a shows theé vinblastine uptake as a func-
tion of time in KB3-Vec and of reductions in the up-
take in KB3-MDR1s. The uptakes of vinblastine in KB3-
Vec hyperbolically increased during a 3-hour incubation
as reported in [22], and the accumulations after that
incubation in KB3-His?!, KB3-Se%!, and KB3-Phet! were
reduced by 85%, 88%, and 92%, respectively, compared to
KB3-Vec. Thus, under such conditions, most of the drug
might have been transported to an extracellular site by
the P-glycoproteins which were expressed by transfection
with each MDR1 gene. These excretions might contribute
to the increase in IDsp in KB3-MDRIs.

Figures 1b and lc show the effects of cyclosporine A
(b) and PCB-126 (¢} on the accumulations of vinblas-
tine after a 3-hours incubation in XB3-Vec and KB3-
MDRI1s; the ratios between the accumulations with and
without cyclosporine A or PCB-126 in each cell group
were compared. An increase in the ratios indicates an in-
creased inhibition against the drug efflux due to the ad-
dition of cyclosporine A or PCB-126, The ratios were
increased by adding more than 1uM cyclosporine A in
all KB3-MDRIs, while there was no clear increase in the
ratio in KB3-Vec. The ratios in KB3-His®, KB3-Sert!,
and KB3-Phe® increased 7.0-, 6.3-, and 7.5-fold, respec-
tively, by adding 1 uM cyclosporine A, and those accu-
mulations increased 9.2-, 9.1-, and 10.3-fold, respectively,
by adding 10uM cyclosporine A. Though the increase
in the ratio was less than 2-fold by adding 0.1uM cy-
closporine A, those in KB3-Phe®! and KB3-His®! were in-
creased significantly. The ratio in KB3-Phe®! was relatively
higher than in the other cell groups, though the differ-
ence among KB3-MDR1s was less than 20%. By adding
0.1, 1 and 10uM PCB-126, the ratio in KB3-Phe®! in-
créased 1.4-, 3.3-, and 2.8-fold, respectively, thus revealing
an inhibitioni of the drug efflux by the addition of PCB-
126. PCB-126 might have had an effect on the mutant
P-glycoprotein in KB3-Phe®!, thus inhibiting the drug ef-
flux. The ratios in KB3-His®! and KB3-Ser®! also increased
around 1.5-fold, but their effect was no different from that
in KB3-Vec. ‘

Figure 2a shows the colchicine uptake as a function of
time in KB3-Vec and of reductions in the uptakes in KB3-
MDRIs. The colchicine uptake displayed a somewhat lin-
ear function compared to the vinblastine uptake in all cell
groups. The accumulations after a 3-hours incubation in
KB3-His®!, KB3-Ser®!; and KB3-Phef! were reduced, re-
spectively, by 75, 62, and 91% compared to that in KB3-
Vec. Thus, under -those conditions, KB3-Phe®! demon-
strated the highest ability to transport colchicine, while
KB3-Ser®! showed the lowest.

Figures 2b and 2c show the effects of cyclosporine
A (b) and PCB-126 (c) on the accumulations during a
3-hours incubation in KB3-Vec and KB3-MDRIs. The
ratios between accumulations with and without these
chemicals in KB3-His®!, KB3-Ser®!, and KB3-Phe®! in-
creased 2.6-, 2.0-, and 5.8-fold by adding 1aM cy-
closporine A, and increased 3.6-, 2.9-, and 9.2-fold by
adding 10 M cyclosporine A, respectively, while there
was no such effect in KB3-Vec. The cell group which
showed the largest reduction in drug accumulation, KB3-
Phef!, also showed the largest increase in accummulation
when the inhibitor for P-glycoprotein was added. This
might be due to an inhibition of the efflux through P-
glycoprotein as reported in [21]. These effects of cy-
closporine A on drug accumulation were considered
due to a modification of P-glycoprotein by its bind-
ing [20]. By adding 1 and 10uM PCB-126, the ra-
tios in KB3-Phe® increased 2.3- and 2.1-fold, respec-
tively, indicating an inhibition of the drug efflux. The
ratios in KB3-His®! and KB3-Ser® increased shightly,
though there was no significant difference from that
in KB3-Vec. Thus, PCB-126 might have bound with
Phe®! mutant P-glycoprotein to inhibit the efflux of
colchicine.

In all KB3-MDRIs, accumulations of vinblastine were
equally reduced, and cyclosporine A inhibited these re-
ductions to almost the same degree among KB3-MDR1s.
However, the reductions and inhibitions in the accumula-
tion of colchicine varied among cell groups. Previously,
one of the present authors revealed that the cells ex-
pressing mutant P-glycoprotein which possessed a larger
61st amino acid gained a tolerance to various chemicals,
whereas, in the cells expressing the mutant P-glycoprotein
which possessed a smaller 61st amino acid, the toler-
ance for large chemicals was superior to that for small
chemicals {24}, These results were explained as being
due to the difference in the bulk of the side chain of
the 61st amino acid in P-glycoprotein, rather than to
the electron charge or hydrophilicity in the side chain.
In this experiment, KB3-Phe®! showed a superior abil-
ity for excretion in both vinblastine and colchicine, and
the excretion in KB3-Phe® was more potently inhib-
ited by cyclosporine A and PCB-126 compared to the
other cells. These results showed that the Phe®! mutant
P-glycoprotein in which the side chain of the 61st amino
acid was larger than that in the othet mutants was less
specific for substrates. Therefore, it might have reacted
to a variety of substrates with almost the same affinity.
However, the wild type, His®! P-glycoprotein, and Ser®!
mutant P-glycoprotein were somewhat specific for sub-
strates, and their affinity was predominant in the larger
substrate, vinblastine, The Phe® mutant P-glycoprotein
might have the ability to bind with a variety of chemi-
cals dissimilar to one another in structure and molecu-
lar size. Thus, PCB-126 might also bind to the PheS! mu-
tant P-glycoprotein and inhibit the efflux of vinblastine
and ¢olchicine, while being unable to react with the other
P-glycoproteins.
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The contamination Jevel of Co-PCBs and the concen-

trations used in this experiment will now be discussed.
As a result of their locations on the food chain, sev-
eral marine mammals showed high levels of contamina-
tion with PCBs, that is, up to around 5mg/kg in their
blubber {25]. In humans who consumed high levels of
fish, the total content of lipid-adjusted plasma PCBs in-
creased up to 770 ug/kg [26], and PCB-126 accumulated
up to 1.4 ug/kg in plasma lipid [4]. Among workers em-
ployed in capacitor manufacturing, the concentrations
of high- and low-chlorinated PCBs in adipose tissue in-
creased up to 165 and 414 pg/kg, respectively [27]. PCBs
are highly lipophilic and may accumulate in the lipid bi-
layers of the cell membrane, In the present experiment,
the effect of Co-PCBs was revealed at levels of 0.1 to 10 M
PCB-126, that is, 30 to 3000 ug/kg of PCB-126. There-
fore, in populations exposed to an environment highly
contaminated with PCBs, the concentrations of PCBs or
Co-PCBs in their cell membranes would probably in-
crease to around the concentrations found in this experi-
ment. :
In conclusion, it was indicated that PCB-126 inhib-
ited the drug efflux through the mutant P-glycoprotein
in KB3-Phe®!. The interaction of PCB-126 with P-
glycoprotein was modified by the mutation of the 61st
amino acid of the protein. There have been many
amino acid mutations that modulated substrate speci-
ficity in P-glycoprotein [28]. Therefore, there may be
P-glycoproteins which are affected by some congener(s)
of Co-PCBs as revealed in this experiment. Though
the precise mechanism of toxicity is still unknown, P-
glycoprotein plays a role both in the extrusion of xeno-
biotics and in the transport of steroid hormones [16, 21].
Consequently, not only the toxicities of xenobiotics but
also the effects of steroid hormones may be disturbed
by Co-PCBs. In particular, the regulation of brain dif-
ferentiation in an embryo by steroid hormones seems to
be influenced by Co-PCBs. In addition to the reported
mechanism for toxicities [1, 7, 8, 9, 10, 11, 12], the ef-
fect of Co-PCBs on P-glycoprotein has to be consid-
ered as a new cause of the toxc effects of these chemi-
cals.
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