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ATP-binding cassette transporter Al (ABCAI1)-mediated
lipid efflux to apolipoprotein A1 (apoA-I) initiates the biogene-
sis of high density lipoprotein. Here we show that the Rho gua-
nine nucleotide exchange factors PDZ-RhoGEF and LARG
bind to the C terminus of ABCA1 by a PDZ-PDZ interaction
and prevent ABCA1 protein degradation by activating RhoA.
ABCAL1 is a protein with a short half-life, and apoA-I stabilizes
ABCALI protein; however, depletion of PDZ-RhoGEF/LARG by
RNA interference suppressed the apoA-I stabilization of
ABCALI protein in human primary fibroblasts. Exogenous PDZ-
RhoGEF expression activated RhoA and increased ABCA1 pro-
tein levels and cholesterol efflux activity. Likewise, forced
expression of a constitutively active RhoA mutant significantly
increased ABCA1 protein levels, whereas a dominant negative
RhoA mutant decreased them. The constitutively active RhoA
retarded ABCA1 degradation, thus accounting for its ability to
increase ABCA1 protein. Moreover, stimulation with apoA-I
transiently activated RhoA, and the pharmacological inhibition
of RhoA or the dominant negative RhoA blocked the ability of
apoA-I to stabilize ABCA1. Finally, depletion of RhoA or
RhoGEFs/RhoA reduces the cholesterol efflux when tran-
scriptional regulation via PPARY is eliminated. Taken together,
our results have identified a novel physical and functional inter-
action between ABCA1 and PDZ-RhoGEF/LARG, which acti-
vates RhoA, resulting in ABCAL1 stabilization and cholesterol
efflux activity.

Homeostasis of cellular cholesterol is critical for human
physiology, and disturbance of the regulatory processes that
maintain cholesterol homeostasis can cause cardiovascular dis-
ease (1, 2). In particular, high density lipoprotein (HDL)? cho-
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lesterol levels are inversely correlated with coronary heart dis-
ease risk in humans and in animal models, and HDL elevation
decreases formation and progression of foam cell lesions (3, 4).
ATP-binding cassette transporter A1 (ABCA1) mediates the
active transfer of excess cholesterol from cells to extracellular
apolipoproteins, primarily apolipoprotein A-I (apoA-I), to
form nascent HDL particles. The physiological importance of
this cholesterol efflux is clearly demonstrated in patients with
Tangier disease, a rare genetic condition caused by loss-of-
function mutations in ABCAL1 that is characterized by a near
absence of HDL and a massive deposition of cholesterol esters
in peripheral tissues (5-7).

The activity of ABCAL1 is regulated both at the transcrip-
tional level and at the post-translational level. We and others
have shown that a complex network of protein-protein interac-
tions mediates the post-translational regulation of ABCA1
(8-13). In particular, ABCA1 contains a PDZ protein-binding
motif located in the terminal four residues of the cytoplasmic
tail of the transporter, and we have previously identified that
the PDZ protein B1-syntrophin bound ABCA1 through this
motif (8). The ABCA1/B1-syntrophin interaction increased
cholesterol efflux by increasing the cell surface expression of
ABCA1 and protecting it from degradation. In addition, we also
identified that a subunit of the serine palmitoyltransferase
enzyme, SPTLC1 (serine palmitoyltransferase long chain base
subunit 1), was associated with ABCA1, and this interaction
reduced the ABCA1 activity by trapping ABCAL1 in the endo-
plasmic reticulum (9).

Here we show that PDZ-RhoGEF (Rho guanine nucleotide
exchange factor 11) and leukemia-associated RhoGEF (LARG,
Rho guanine nucleotide exchange factor 12) bind ABCA1 and
regulate ABCA1 protein levels and cholesterol efflux activity.
The RhoGEFs are known to control the activation of Rho
GTPases by stimulating the exchange of GDP for GTP (14, 15).
Members of the RhoGEF family have a Dbl homology (DH)
domain and a pleckstrin homology (PH) domain that are
responsible for the guanine nucleotide exchange factor activity.
PDZ-RhoGEF and LARG, together with p115-RhoGEF, consti-

tein A-l; PMA, phorbol 12-myristate 13-acetate; DH, Dbl homology; PH,
pleckstrin homology; IGF, insulin-like growth factor; HA, hemagglutinin;
EGFP, enhanced green fluorescent protein; RFP, red fluorescence protein;
siRNA, small interfering RNA; CA, constitutively active; DN, dominant neg-
ative; PPAR, peroxisome proliferator-activated receptor.
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tute a unique subfamily of RhoGEFs characterized by the pres-
ence of a regulator of G protein signaling domain, and their
guanine nucleotide exchange factor activity is specific for RhoA
compared with Racl and Cdc42 (16-22). PDZ-RhoGEF and
LARG, but not p115-RhoGEEF, both have an N-terminal PDZ
domain, which allows them to associate with transmembrane
proteins or receptors including Plexin-B1 (23-27), insulin-like
growth factor (IGF-1) receptor (28), lysophophatidic acid
receptor (29), and CD44 (30). Through these interactions PDZ-
RhoGEF and LARG couple extracellular signaling processes to
the activation of RhoA. Thus, the PDZ-RhoGEF and LARG
interaction to ABCA1 implies that 1) ABCA1 may act not only
as a lipid transporter but may also act as a receptor for RhoA
signaling and 2) RhoA may regulate the activity and expression
of ABCAL1 protein.

In this report, we have examined the functional significance
of the interaction of PDZ-RhoGEF/LARG to ABCAI on the
activity of cholesterol efflux and ABCA1 regulation. Our results
suggest a mechanism by which the ABCA1/PDZ-RhoGEF
complex couples the binding of apoA-I to ABCAL to the acti-
vation of RhoA and the subsequent inhibition of ABCA1 pro-
tein turnover.

EXPERIMENTAL PROCEDURES

Materials—The following reagents were purchased from
the indicated suppliers: mouse monoclonal anti-Myc anti-
body (4A6) (Upstate); rabbit anti-HA (Clontech); Alexa
Fluor 555 goat anti-mouse IgG, Lipofectamine 2000 (Invitro-
gen); M2 anti-FLAG mouse monoclonal agarose-conjugated
antibody, mouse anti-B-actin antibody, protease inhibitor mix-
ture, and cycloheximide (Sigma); mouse anti-GTRAP48 (rat
PDZ-RhoGEF) (BD Biosciences); mouse monoclonal anti-
ABCA1 (Abcam); rabbit polyclonal anti-ABCA1 antibody
(Affinity Bioreagents); mouse monoclonal anti-RhoA, cell-per-
meable C3-transferase, and Rho activation assay biochemistry
kit (Cytoskeleton Inc., Denver, CO); anti-calnexin (StressGen
Biotechnologies); SMARTpool siRNA duplexes (Dharmacon);
apoA-I (Intracell); radionucleotides (PerkinElmer Life Sciences);
human dermal fibroblast Nucleofector kit (Amaxa); and TrueBlot
anti-rabbit Ig IP beads (eBioscience).

DNA Constructs—The FLAG-tagged ABCA1 and 31-syntro-
phin constructs have been previously described (31, 32). The
c¢DNA of full-length PDZ-RhoGEF (KIAA0380) was kindly
provided by Takahiro Nagase (Kazusa DNA Research Insti-
tute). To create the ADH/PH mutant of PDZ-RhoGEF
c¢DNA, full-length PDZ-RhoGEF ¢cDNA was digested with
EcoNI (there are two cutting sites at either ends of the
sequence coding the tandem of DH and PH domain), and
the backbone vector was self-ligated. The cDNA coding for
human RhoA was amplified by reverse transcription-PCR
from total RNA isolated from HeLa cell line. The T19N
and Q63L mutants of RhoA were generated by site-directed
PCR mutagenesis. The cDNAs were subcloned into pCMV-
Tag3 (Stratagene) or pCMV-HA (Clontech) to produce
Myc- or HA-tagged versions, respectively. Enhanced green
fluorescent protein (EGFP) or red fluorescence protein
(RFP) was fused at the N terminus of ABCA1l or PDZ-
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RhoGEF in pcDNA3.1 backbone. The correct DNA sequences
of all constructs were confirmed by DNA sequencing.

Cell Culture—HEK293 cells were maintained in Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum.
The cDNA transfections were performed using Lipofectamine
2000 reagent. THP-1 cells were maintained RPMI medium con-
taining 10% fetal bovine serum. Differentiation of THP-1 cells
was induced by phorbol 12-myristate 13-acetate (PMA) for
72 h. The differentiated cells were cultured in RPMI medium
containing 0.2% bovine serum albumin for 24 h and then used
for the experiments (33). Primary human dermal fibroblasts
(NHDF-Neo, CC-2509) were purchased from Lonza (Walkers-
ville, MD). The cells were maintained in FGM-2 medium with
provided supplement (Lonza).

Overlay Assays—The interaction of the ABCA1 or ABCA7 C
terminus with the PDZ domains of PDZ-RhoGEF or LARG was
analyzed using a biotinylated peptide representing the final 20
amino acids of the ABCA1 (Bio-VDVAVLTSFLQDEKVKE-
SYV) or ABCA7 (Bio-QHPKRVSRFLEDPSSVETVI). The PDZ
array membrane (Panomics TransSignal™ PDZ Domain
Array IV) that includes affinity purified PDZ domains of PDZ-
RhoGEF (GEF11) and LARG (GEF12) spotted in duplicate
(total 34 PDZ domains from 24 proteins) were blocked over-
night in blocking buffer at 4 °C with gentle agitation. 15 ul of the
peptides (50 um) were mixed with 15 ul of NeutrAvidin-horse-
radish peroxidase (1 mg/ml; Pierce) for 30 min at 4 °C and
diluted into 5 ml of 1 X blocking buffer and incubated with the
arrays for 2 h at room temperature (final peptide concentration,
150 nm). After washing, the binding of the peptides was
detected with enhanced chemiluminescence and quantitated
using an Alpha Innotech FluorChem 8800 imager. The binding
of full-length PDZ-RhoGEF to the ABCA1 C terminus was
determined using the overlay technique as previously described
(8). In brief, equal amounts of purified His-tagged bacterial
polypeptides representing the last 185 amino acids of ABCA1,
with or without the PDZ motif (wild type, A4), were separated
by SDS-PAGE and transferred to nitrocellulose. Blocked mem-
branes (5% dried milk proteins, 1% bovine serum albumin, 1X
phosphate-buffered saline, overnight at 40 °C) were incubated
with 200 mg of a total cellular lysates diluted in 20 ml of block-
ing buffer. The lysates were obtained from 293-EBNA-T cells
transfected with cDNA of HA-tagged versions of full-length
PDZ-RhoGEF for 2 h at room temperature. After washing (1X
phosphate-buffered saline, 0.1% Tween 20), binding of the
PDZ-RhoGEF was detected using an anti-HA monoclonal anti-
body. The gels run in parallel and Coomassie-stained were used
to demonstrate equal loading of the wild type and PDZ motif-
deleted His-tagged polypeptides.

Immunoprecipitations—cDNA-transfected 293 cells or pri-
mary human fibroblasts were lysed in immunoprecipitation
buffer (1% Triton X-100, 50 mm HEPES, pH 7.0, 140 mm NaCl,
3 mm MgCl,, 10% glycerol, and 1% protease inhibitor mixture).
The lysates were clarified by centrifugation, and ABCA1 inter-
acting proteins complexes were co-precipitated with anti-
FLAG M2 monoclonal antibody agarose. For the analysis of
protein interactions in primary human fibroblasts, clarified
lysates were incubated with rabbit anti-ABCA1 antibody
(Affinity Bioreagents). Immunocomplexes were captured with
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FIGURE 1. ABCA1 and PDZ-RhoGEF interact in a cellular context in a manner that requires the ABCA1
C-terminal PDZ-binding motif. A, biotinylated peptides representing the ABCA1 or ABCA7 C termini were
used to probe against PDZ domains of PDZ-RhoGEF (GEF11), LARG (GEF12), or B1-syntrophin spotted in dupli-
cate. Binding was detected with avidin-horseradish peroxidase. B, co-precipitation of ABCA1 and PDZ-RhoGEF.
293 cells were co-transfected with FLAG-tagged ABCA1 and either vector, Myc-tagged 31-syntrophin, or PDZ-
RhoGEF. The cells were lysed and ABCA1 was immunoprecipitated with anti-FLAG antibody. Shown are West-
ern blots of lysates or immunoprecipitated samples stained with the indicated antibodies. C, the endogenous
PDZ-RhoGEF interacts with the endogenous ABCA1 in primary human fibroblasts. Cellular ABCA1 expression
was stimulated by LXR and RXR ligands. ABCA1 was immunoprecipitated with anti-ABCA1 antibody. Shown are
Western blots of lysates or immunoprecipitated samples stained with the indicated antibodies. D, co-localiza-
tion of EGFP-tagged ABCA1 and RFP-tagged PDZ-RhoGEF in 293 cells. E, purified His-tagged polypeptides
representing the wild-type ABCA1 C terminus with (WT) and without the PDZ motif (A4) were separated by
SDS-PAGE and transferred to nitrocellulose. The membrane was incubated with lysates expressing HA-tagged
PDZ-RhoGEF, and binding was detected using an anti-HA antibody. Coomassie-stained gels run in parallel
show equal loading of the ABCA1 peptides. /B, immunoblotting; IP, immunoprecipitation.

Cholesterol Efflux Assays—Cho-
lesterol efflux was measured as pre-
viously described (34). In brief, 293
cells were seeded into 24-well poly-
D-lysine-coated tissue culture plates
and were transfected in triplicate
with empty vector or the indicated
¢DNAs using LF2000. Primary hu-
man fibroblasts were transfected with
a siRNA pool of four duplex (Dhar-
macon). The siRNA transfection was
performed by nucleofection using
a human dermal fibroblast Nu-
cleofector kit (Amaxa Biosystems,
Cologne, Germany) according to
the manufacturer’s protocols. After
24 h of transfection, the cells were
incubated in culture medium con-
taining 0.5 wCi/ml [*H]cholesterol
for 24 h. The cells were equilibrated
in containing 2 mg/ml fatty acid-
free bovine serum albumin and then
incubated with or without 10 pwg/ml
apoA-Ifor20h (293) or 6 h (primary
human fibroblasts). The medium
was collected and cleared of cellular
debris by an 800 X gspin for 10 min,
the cell layers were dissolved in 0.1 N
NaOH, and the percentage of cho-
lesterol efflux was calculated by
scintillation counting.

Determination of Activated
RhoA—RhoA activation was deter-
mined using a Rho activation assay
biochemistry kit (Cytoskelton) ac-
cording to the provided protocol.
Briefly, the cells were incubated in
serum-free medium for 3 h and then
lysed, GTP-bound RhoA was pre-
cipitated with Rhotekin-RBD beads,
and immunoprecipitated RhoA was
detected by immunoblotting using
anti-HA antibody or anti-RhoA
antibody. For the experiments of the
stimulation with apoA-I, 10 pg/ml
of apoA-I was added to cells for
indicated times after the 3-h serum-
free incubation period.

ABCA1 Degradation—293 cells

TrueBlot anti-rabbit Ig beads and then analyzed by SDS-PAGE
and immunoblotting using the indicated antibodies.

Immunofluorescence—Tet-on 293 cells that inducibly ex-
pressing EGFP-tagged ABCA1l were generated (Flp-In™
T-REx™; Invitrogen). RFP-tagged PDZ-RhoGEF was tran-
siently transfected by LF2000 in cells where EGFP-ABCA1
expression was induced by doxycycline. The cells were grown
on coverslips and visualized using confocal microscopy (LSM5
510 META,; Zeiss).
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were transfected with ABCA1 and either cDNAs for wild type
RhoA, RhoA-CA, RhoA-DN, or empty vector. At 24 h after
transfection, cycloheximide (100 pg/ml) was added to block
protein synthesis. The amount of ABCAL1 in cell lysate was
measured by immunoblotting using anti-ABCA1 antibody after
the indicated times. The detected signal was directly quanti-
tated on a LAS-3000 imager (Fujifilm).

ABCA Stabilization by ApoA-I—PMA -differentiated THP-
1 cells were treated with cell-permeable C3-transferase (2 ug/
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FIGURE 2. PDZ-RhoGEF/LARG is associated with the increase of ABCA1 protein levels. A, knockdown of
RhoGEF expression by siRNA suppressed the apoA-I-mediated ABCAT1 stabilization in primary human fibro-
blast. The cells were transfected with either a nontargeting pool of siRNA duplexes (negative control), siRNA
duplex targeting PDZ-RhoGEF, or LARG, or a mixture of siRNA duplexes targeting both PDZ-RhoGEF and LARG.
After 48 h transfection, the cells were incubated with apoA-I for 1 h. The level of ABCA1 protein was quantified
using a LAS-3000 imager. B, PDZ-RhoGEF expression increased ABCA1 protein level in cells expressing wild-
type (WT) ABCA1 but in cells expressing the ABCA1-A4 mutant, which disrupts the ABCA1 PDZ-binding motif.
293 cells were transfected with wild-type or A4 mutant of ABCAT cDNA either alone or together with PDZ-

RhoGEF cDNA. The results are representatives of two or more experiments.

ml) for 4 h and then incubated with apoA-I (100 pg/ml) for 1 h.
The siRNA-transfected primary human fibroblasts were incu-
bated with 10 ug/mlapoA-Ifor 1 h. The cDNA-transfected 293
cells were incubated with cycloheximide in the presence or
absence of apoA-I for 4 h. The expression of proteins was
detected by indicated antibodies and quantitated on a LAS-
3000 imager.

RNA Extraction and Quantitative Real-time PCR—Total
RNA was isolated using the RNeasy Mini kit according to the
provided protocol (Qiagen). Quantitative real-time RT-PCR
was performed in an ABI PRISM 7000 sequence detection
system using the one-step RT-PCR Master Mix reagent kit
(Applied Biosystems). The ABCA1 primers and probe used
were: forward primer, 5'-AGGTTTGGAGATGGTTATA-
CAATAGTTG-3'; reverse primer, 5'-CTTTTAGGACA-
CTTCCCGGAAA-3'; and probe, 5'-FAM-ACGAATAG-
CAGGCTCCAACCCTGACC-TAMRA-3'. The data were
normalized for 18 S rRNA levels and were presented as fold
change compared with normalized ABCA1 message levels in
the control cells.

Statistical Analysis—Data from cholesterol efflux assays
were found to have equal variance and were further compared
by a two-tailed Student’s ¢ test. Statistical significance were
defined by a p of <0.05.

RESULTS

ABCA1 Interacts with PDZ-RhoGEF and LARG—ABCA1
has a highly conserved 46-amino acid C-terminal domain,
which resides in the cytoplasmic space and is essential for
ABCAL1 to bind and transfer lipid to its efflux acceptor
apoA-I (31). The final four residues of this domain conform
to a type I PDZ protein interaction motif, and we have used
mass spectrometry and PDZ protein arrays to screen for pro-
teins that interact with this domain (8). Along with syntro-
phins these screens indicate PDZ-RhoGEF and LARG may
also bind ABCA1 through this motif (8). To further investi-
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ABCAL1 peptide strongly interacted
with all the three PDZ domains,
whereas the ABCA7 peptide bound
PDZ domain from [B1-syntrophin
but not those from PDZ-RhoGEF
and LARG (Fig. 14), indicating the
PDZ domains of PDZ-RhoGEF and
LARG  specifically bound the
ABCAL1 C terminus. To investigate
whether ABCA1 physically inter-
acts with PDZ-RhoGEF or LARG in
a cellular context, we performed immunoprecipitations in
cDNA-transfected HEK293 cells. The PDZ-RhoGEF co-pre-
cipitated ABCA1, as did B1-syntrophin (Fig. 1B, top panel). A
similar interaction was also observed between LARG and
ABCA1 (data not shown). Significantly, in these assays PDZ-
RhoGEF showed a greater potency than [1-syntrophin to
enhance the ABCA1 protein levels (Fig. 1B, bottom panel). We
then tested whether endogenous ABCA1 interacts with endog-
enous PDZ-RhoGEF in primary human fibroblasts, which have
been extensively used in studies of ABCAL1 function in patients
with Tangier disease (39, 40). As shown in Fig. 1C, PDZ-Rho-
GEF in the primary fibroblasts co-precipitated ABCA1, indicat-
ing that ABCA1 and PDZ-RhoGEF form a complex in primary
cells at endogenous protein expression levels. Next we observed
the subcellular localization of ABCA1 and PDZ-RhoGEF by
confocal microscopy. In cells expressing EGFP-tagged ABCA1
and RFP-tagged PDZ-RhoGEEF, the proteins prominently co-
localized at the cell surface (Fig. 1D, white arrows). To examine
the role of the PDZ-binding motif in the interaction between
the ABCA1 C terminus and PDZ-RhoGEF, we performed an
overlay assay using purified His-tagged bacterial polypeptides
representing the last 185 amino acids of the wild type ABCA1 C
terminus or a truncated mutant lacking the PDZ-binding motif
(A4). After SDS-PAGE and transferring these peptides to nitro-
cellulose, the resulting membranes were incubated with a lysate
from 293-EBNA-T cells expressing the full-length HA-tagged
PDZ-RhoGEF. PDZ-RhoGEF bound the wild type ABCA1
polypeptide but not the polypeptide lacking the PDZ-binding
motif as determined by immunoblotting with anti-HA antibody
(Fig. 1E, upper panel). Gels run in parallel and stained for total
protein demonstrated the failure of PDZ-RhoGEF to bind the
ABCA1-A4 polypeptide was not due to a loading artifact (Fig.
1E, lower panel). In aggregate these experiments showed that
the ABCA1/PDZ-RhoGEF complex can be detected in primary
cells at physiological expression levels and that the PDZ domain
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FIGURE 3. RhoA activation by PDZ-RhoGEF increase the ABCA1 protein levels by blocking its degrada-
tion. A, the expression of PDZ-RhoGEF increases the amount of activated RhoA. The transfected cells were
lysed, and activated RhoA was precipitated with Rhotekin-RBD beads. Precipitates or lysates were immuno-
blotted with anti-RhoA to detect activated and total RhoA, respectively. B, the ability of PDZ-RhoGEF to
enhance ABCA1 expression was attenuated in cells expressing PDZ-RhoGEF ADH/PH mutant. 293 cells were
transfected with vector alone, ABCA1 cDNA alone, or ABCA1 cDNA together with PDZ-RhoGEF cDNA or PDZ-
RhoGEF cDNA mutant lacking the DH and PH domain (ADH/PH). C, RhoA directly regulates ABCA1 protein
expression. The cells were co-transfected with ABCA1 and either HA-tagged wild-type RhoA (WT), a dominant
negative form of RhoA (DN), a constitutively active form of RhoA (CA), or with empty vector. The results in A-C
are representative of two or more experiments. D, activated RhoA blocks, and inactivated RhoA enhances the
ABCA1 degradation. The cells were co-transfected with ABCA1 and wild-type RhoA, RhoA-CA, RhoA-DN, or
empty vector. Cycloheximide was added to block protein synthesis 24 h after transfection. The cells were lysed
after the indicated times, and the lysates were immunoblotted with anti-ABCA1 antibody. Shown are repre-
sentative images, and graphed are the average values expressed as percentage of increase of the amount of
ABCA1 quantified by LAS-3000 imager in two (mock and RhoA-DN) or three (wild type RhoA and RhoA-CA)

GEF is through a mechanism that
activates RhoA. To further investi-
gate whether RhoA activation con-
tributed to the up-regulation of
ABCAL, the ABCAL1 protein levels
were assessed in cells co-expressing
ABCAL1 and either wild-type RhoA,
constitutively active RhoA, dominant
negative RhoA, or empty vector.
Wild-type RhoA, and more promi-
nently the constitutively active

separate experiments. /B, immunoblotting; IP, immunoprecipitation.

of PDZ-RhoGEEF directly interacts with the ABCA1 C-terminal
PDZ-binding motif.

PDZ-RhoGEF/LARG Increases ABCAI Protein Levels—The
binding of apoA-I to ABCA1 increases the ABCA1 protein lev-
els by protecting it from calpain-mediated degradation (33, 41).
To study the role of PDZ-RhoGEF/LARG in the apoA-I-medi-
ated ABCAL stabilization, we experimentally down-regulated
PDZ-RhoGEF and/or LARG in primary human fibroblasts. We
found that the knockdown of these proteins disrupted the abil-
ity of apoA-I to increase ABCA1 protein expression (Fig. 24).
Conversely, co-transfection of PDZ-RhoGEF with ABCA1 in
293 cells significantly increased the ABCAL1 protein level (Fig.
2B), whereas the ability of PDZ-RhoGEF to enhance ABCA1
protein level was greatly attenuated in cells expressing the A4
mutant of ABCA1 (Fig. 2B). ABCA1 protein levels correlate
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RhoA (HA-RhoA-Q63L, CA), in-

creased the ABCA1 protein level,
whereas the dominant negative RhoA (HA-RhoA-T19N, DN)
decreased the level of ABCA1 (Fig. 3C). These data indicate that
RhoA activation is required for the up-regulation of ABCA1l
protein levels mediated by PDZ-RhoGEF.

To investigate whether the activated RhoA increases ABCA1
protein levels by reducing its degradation, ABCA1 protein
turnover was monitored. After the addition of cycloheximide to
block protein synthesis, ABCA1 protein levels were quantified
by immunoblots (Fig. 3D). In cells expressing empty vector,
ABCAL1 protein was degraded with a short half-life (~4-5 h),
indicating that ABCAL1 protein turns over rapidly in 293 cells.
In cells expressing wild-type RhoA, ABCA1 decreased by 45%
after 4 h of cycloheximide treatment, and that in RhoA-CA cells
decreased by 14%, showing that the turnover of ABCA1 was
markedly delayed in cells expressing RhoA-CA. On the other
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FIGURE 4. ApoA-I-mediated activation of RhoA is critical for ABCA1 pro-
tein stabilization. A, apoA-| transiently activates RhoA. PMA-differentiated
THP-1 cells were incubated with apoA-I for indicated times. Shown are immu-
noblots of lysates (total RhoA) or immunoprecipitated samples (activated
RhoA) stained with anti-RhoA antibody. B, RhoA selective inhibitor, exoen-
zyme C3 transferase, abolishes the apoA-lI-mediated stabilization of ABCA1.
PMA-differentiated THP-1 cells were incubated with apoA-I for 1 h. Prior to
adding apoA-, the cells were pretreated with exoenzyme C3 transferase for
4 h or not. C, the ability of apoA-I to stabilize ABCA1 protein is lost in cells
expressing RhoA-DN. The cells were co-transfected with ABCA1 and either
empty vector or RhoA-DN. The cells were incubated with cycloheximide in
the presence or absence of apoA-I for 4 h. The results are representative of
two or more experiments.

hand, ABCAL1 level in cells expressing RhoA-DN decreased by
95% at 8 h, whereas more than 40% of ABCA1 still remained in
cells expressing wild-type RhoA, thus indicating that ABCA1
turnover was facilitated in cells expressing RhoA-DN. This
result indicates that activation of RhoA prevents, and inactiva-
tion of RhoA enhances, the degradation of the ABCA1 protein.

We further investigated the role of RhoA in the apoA-I-me-
diated ABCA1 up-regulation. apoA-I caused a rapid (peak at 5
min) and transient activation of RhoA in PMA-differentiated
THP-1 macrophages (Fig. 44). In THP-1 cells, the addition of
apoA-I led to a stabilization of ABCA1 protein as previously
reported (33, 41), and this effect was impaired by pretreatment
with exoenzyme C3 transferase, a RhoA selective inhibitor (Fig.
4B). In 293 cells transfected with ABCA1, apoA-I increased the
ABCA1 expression, whereas the co-expression of RhoA-DN
abolished the ability of apoA-I to increase ABCA1 (Fig. 4C).
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Thus, apoA-I activates RhoA, and the RhoA activation is
required for the apoA-I-mediated stabilization of ABCA1. Col-
lectively, these results indicate that the apoA-I binding and sta-
bilization of ABCAL1 is associated with the activation of RhoA,
which depends upon the interaction between PDZ-RhoGEF/
LARG and ABCA1 C terminus.

Prolonged Inhibition of RhoA Induces ABCA1 mRNA
Expression—In contrast to our results that the transitory acti-
vation of RhoA by apoA-I positively regulates ABCA1 protein
expression, RhoA inactivation by inhibitors or siRNA results in
an increased expression of ABCA1 mRNA by a mechanism that
depends on the activity of the nuclear hormone receptor called
peroxisome proliferator-activated receptor y (PPARy), which
is considered to be another mechanism to regulate ABCA1
expression by the activity of RhoA (42, 43). Indeed, we con-
firmed that ABCA1 mRNA was significantly increased in PMA-
differentiated macrophages in which RhoA was inhibited by
exoenzyme C3 transferase for 24 h (Fig. 54). We also examined
whether the ABCA1 mRNA expression was increased in the
cells treated with siRNAs against RhoGEFs (PDZ-RhoGEF +
LARG) and/or RhoA. RhoGEFs siRNA transfection slightly
increased the ABCA1 mRNA level, and RhoA or RhoGEF/
RhoA (PDZ-RhoGEF + LARG + RhoA) siRNA transfection
significantly increased it (Fig. 5B, gray bars). Consistent with
the increase of ABCA1 mRNA induced by RhoA inhibition
being dependent PPARYy activity, the stimulation of ABCA1
mRNA by silencing of RhoA was attenuated when the expres-
sion of PPARy was simultaneously suppressed (Fig. 5B, black
bar). These results indicate that RhoA activation leads to
ABCA1 protein stabilization; however, prolonged RhoA inacti-
vation causes the up-regulation of the ABCA1 mRNA levels via
PPARvY, indicating two opposing mechanisms that modulate
ABCA1 expression by RhoA.

RhoGEF or RhoGEF/RhoA Silencing Decreases the Efflux
Activity in PPARYy-depleted Cells—Finally, we examined cho-
lesterol efflux activity in the cells treated with siRNA against
RhoGEFs and RhoA. Because the prolonged inactivation by
silencing RhoA results in up-regulation of ABCA1 mRNA via
PPARYy (Fig. 5B), we measured the cholesterol efflux in the cells
in which PPARYy was co-silenced to block the ABCA1 mRNA
up-regulation to deconvolute these two opposing effects on
ABCA1 expression. Consistent with the down-regulation of
ABCAL1 protein level (Fig. 2A), silencing of RhoGEFs signifi-
cantly, and co-silencing of RhoGEFs/RhoA more markedly,
reduced the cholesterol efflux mediated by ABCA1 (Fig. 6,
black bars). The reduction of cholesterol efflux activity by
silencing RhoGEFs/RhoA was not observed when PPARYy ex-
pression remained intact (Fig. 6, gray bars). This indicates that
in the absence of PPARYy activity, the loss of RhoA activation
and the subsequent stabilization of the ABCA1 protein level
significantly reduces ABCAL efflux activity to apoA-I

DISCUSSION

Accumulating evidence suggests that protein-protein interac-
tions in a network play significant roles in regulating ABCA1 activ-
ity (8 —13). Here we show that PDZ-RhoGEF physically and func-
tionally interacts with ABCAl. The C terminus of ABCAl
contains a strongly conserved type I PDZ-binding motif, and this
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FIGURE 6. RhoA or RhoGEF/RhoA silencing decreases the cholesterol
efflux when PPARY activity is eliminated. In RhoGEF- or RhoGEF/RhoA-
depleted primary human fibroblasts, cholesterol efflux was not altered
because of mMRNA compensation of ABCA1 by RhoA inhibition (gray bars).
When PPARy was simultaneously knocked down to extinguish the mRNA
compensation, RnoGEF or RhoGEF/RhoA silencing causes a significant reduc-
tion of efflux activity (black bars). The error bars denote standard deviations of
triplicate samples. *, p < 0.05.
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LARG/IGF-1 receptor complex and
thereby regulates cytoskeletal rear-
rangements (28). To our knowledge,
our results are the first to demon-
strate a RhoGEF interaction with an
ABC transporter, which is of partic-
ular interest in terms of the signal-
ing mechanism by which ABCA1
activates RhoA and which led to the
stabilization of ABCA1 protein. In
this regard, we found that PDZ-
RhoGEF activates RhoA, and this is
required for the ability of apoA-I to
block ABCAL1 protein degradation.
Together with the previous obser-
vations that the apoA-I stimulation prolongs ABCA1 protein
half-life by inhibiting a calpain-mediated degradation pathway
(33, 41), our findings indicate that the stabilization of ABCA1
protein mediated by apoA-I depends upon the RhoA activation
and the ABCA1/RhoGEF complex.

We previously reported that B1-syntrophin binds ABCA1
and enhances cholesterol efflux by increasing the expression of
ABCAL1 by protecting it from degradation (8). Syntrophins
associate with utrophin, a large scaffolding molecule that links
to actin cytoskeleton; thus cell surface ABCAL is likely stabi-
lized by being anchored to the actin cytoskeleton. We demon-
strated here that PDZ-RhoGEF or LARG, which binds to
ABCA1, mediates RhoA activation and increases the ABCA1
protein level. These results indicate that ABCA1 is stabilized by
multiple mechanisms depending upon its interacting partners.
The multiple mechanisms for stabilization could be critically
important for proteins like ABCA1, which turns over with a
short half-life. Indeed, we demonstrated that the knockdown of
PDZ-RhoGEF, LARG (Fig. 6, black bars), or B1- or B2-syntro-
phin (8) in primary human fibroblasts significantly decreased
the cholesterol efflux, indicating the importance of these fac-
tors for ABCA1 regulation under endogenous expression levels.

Our data that ABCA1 interacts with PDZ-RhoGEF and that
apoA-I induces the RhoA activation suggests ABCA1 is not
only functioning as a cholesterol transporter but also as a recep-
tor for apolipoproteins to initiate the RhoA signaling (Fig. 7A).
This model is reasonable because apoA-I can directly bind to
ABCA1 (32, 44), and apoA-I stimulates signaling of Cdc42,
another Rho GTPase, in normal fibroblasts but not in Tangier
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disease fibroblasts lacking functional ABCA1 (45). Likewise,
the cAMP-dependent protein kinase, protein kinase C, and
JAK2 kinases are also activated by apoA-Iin an ABCA1-depen-
dent manner (46-48). Thus, ABCAl may act as an apoA-I
receptor to transmit signals to the cytoplasm by associating
with RhoGEFs, which further modulates the cholesterol efflux
process in a feed forward manner by inhibiting the degradation
of ABCAL. This mechanism may suggest a model in which the
rapid degradation of ABCA1 protein is blocked by the transi-
tory and proximal activation of RhoA during the efflux process
when ABCA1 transfers lipid to the bound apoA-1.

This ABCAL1 stabilization is likely to be mediated by associ-
ating the transporter with the cytoskeletal network because it
has reported that the RhoGTPases regulate cytoskeletal
dynamics in response to apoA-Ibinding (45, 49) and agents that
disrupt the cytoskeleton (e.g. cytochalasin D) also affect choles-
terol efflux (50). RhoA was transiently activated by apoA-I with
a peak at 5 min and then declined to the basal level (Fig. 4A4),
indicating that RhoA is rapidly deactivated, presumably by the
action of RhoGAP proteins (15). Although further work will be
needed to validate such a model, these studies may be useful in
delineating the potential link between the cytoskeletal dynam-
ics and lipid homeostasis in cells.

Although RhoGEFs stabilize ABCA1 protein in the short
term (Fig. 7A), the mechanism by which the RhoGEFs and
RhoA influence ABCA1 function is complex because our
work and previous reports indicate that chronic inhibition of
RhoA can also induce ABCA1 expression at the transcrip-
tional level by a mechanism that depends upon PPARY (Fig.
7B). This transcriptional effect needs a longer time compared
with the ABCA1 stabilization and is indirect in that it occurs
through multiple signaling processes including PPARy and
LXR (42, 43). This long term response may be used by cells to
dampen inflammatory signaling pathways because ABCA1 can
reduce inflammatory cytokine expression by modifying cell
surface lipid raft domains independent of apoA-I (51-54) and
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FIGURE 7. Model for the post-translational (A) and transcriptional (B) regulation of ABCA1 by RhoA.
A, transient activation of RhoA by apoA-I through the binding to the ABCA1/RhoGEF protein complex blocks
ABCA1 protein degradation. B, chronic inhibition of RhoA induces ABCA1 transcription through PPARy/LXR

LXR agonist treatment of mice
causes an anti-inflammatory re-
sponse that is associated with the
inactivation of RhoA (55). Hence, in
the pathophysiologic conditions
such as the chronic inflammatory
environment of the atherosclerotic
plaque, RhoA could be inactivated
for a longer time frame, leading to
the transcriptional induction of
ABCAL.

In summary, our results show
that PDZ-RhoGEF binds to ABCA1
and positively regulates choles-
terol efflux via RhoA activation
and stabilization of ABCA1 pro-
tein. The binding of apoA-I to the
ABCA1/RhoGEF complex stimu-
lates RhoA activation, suggesting
that ABCA1 may be playing a recep-
tor function in this RhoA signaling
pathway. Given the broad distribu-
tion of ABCA1, PDZ-RhoGEF, and RhoA among various tis-
sues, this suggests that a wide range of cells may use this path-
way to regulate RhoA signaling and ABCA1 efflux activity.
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