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CRABP-I is related to Alzheimer’s disease'* and CRABP-II is
associated with neuroblastoma,'* Wilms tumor,' and head and
neck squamous cell carcinoma (HNSCC).'® Therefore, CRABPs
could be target proteins for treatment of these diseases. However,
compounds which directly control the function(s) of CRABPs
have never been reported, and the biological/physiological roles
of these proteins remain unclear. Thus, small molecules that
suppress the function of CRABPs would be of great interest,
not only as tools for probing the biological/physiological roles
of CRABPs but also as potential therapeutic agents for Alzhe-
imer’s disease and cancer.

Herein, we describe a protein knockdown approach targeting
CRABPs focusing on (i) design and synthesis of hybrid
molecules consisting of MeBS (2) and ATRA (3) connected
via a spacer, (ii) CRABPs-degrading activity of the hybrid
molecules, (iii) the mechanism through which CRABP-degrada-
tion is induced by the hybrid miolecules, and (iv) inhibitory
activity of the hybrid molecules on tumor invasion in cell-based
assay.

Results and Discussion

Molecular Design. We speculated that the E3 ligase activity
of cIAP1 might be harnessed for targeted protein degradation.
In other words, if cIAP1 and a target protein could be induced
to form an artificial (nonphysiological) complex, the target
protein should be ubiquitinated by cIAP1, as cIAP1 ubiquitinates
proteins that are bound to it. Thus, we hypothesized that hybrid
small molecules, i.e., conjugates of ligands for target proteins
with membrane-permeable MeBS (2), might induce selective
degradation of the target proteins (Scheme Ic). Such hybrid
small molecules were expected to strictly mimic the cognate
complex for ubiquitination and to have sufficient membrane
permeability for practical application.

To test this idea, we designed the hybrid molecules 4,
consisting of MeBS (2) coupled via a spacer moiety to ATRA
(3), the specific ligand of CRABPs. The spacer was linked to
the ester position of MeBS (2) and to the C4 position of ATRA
(3). These positions were selected on the basis of our previous
studies showing that (i) introduction of a bulky substituent at
the ester moiety of MeBS (2) does not affect the binding affinity
for cIAP1,!% (ii) introduction of a substituent at the C4 position
of ATRA (3) does not affect the binding affinity for CRABP,"’
and (iii) the latter modification causes loss of ATRA’s binding
affinity for RARs (see our previous report and X-ray structure
in the Supporting Information, Figure S1).!® Observations (ii)
and (iii) suggest that 4 would selectively bind to CRABPs, but

“not to RARs. Since the length of the spacer is likely to influence
the efficiency of ubiquitination of target proteins, we designed
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Figure 1. Structures of bestatin (1), MeBS (2), ATRA (3), and comp-
ounds 4.

and synthesized three compounds 4a—c (Figure 1) with different
spacer lengths.

Synthesis. The designed compounds were synthesized as
illustrated in Scheme 2. Compound 5 was prepared from ATRA
(3) by esterification with 2-cyanoethyl alcohol, oxidation with
excess MnO,, and oximation with O-(carboxylmethylhydroxyl-
amine.'*!° Compound 6 was prepared by protection of the
amino group of bestatin (1). Condensation of compound 6 with
alcohols 7a—c® in the presence of 1-ethyl-3-(3-dimethylami-
nopropyl)carbodiimide (EDCI) and 1-hydroxybenzotriazole
hydrate (HOBt* H,0) afforded esters 8a—c. Amines 9a—c were
obtained from compounds 8a—c by removal of the Boc group
under acidic conditions. Amidation of compound § and amines

* 9a—c gave amides 10a—c in good yield. Deprotection of the

9-fluorenylmethyloxycarbonyl (Fmoc) groups and 2-cyanoethyl
groups of compounds 10a—c with tetrabutylammonium fluoride
(TBAF)?' and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)™ gave
compounds 4a—c.

Decrease of CRABPs by the Synthesized Compounds. MOLT-4
cells express cIAP1 and CRABP-I (but not CRABP-II), and
HT1080 cells express cIAP1 and CRABP-II (but not CRABP-
I), as examined by Western blotting analysis (Supporting
Information, Figure S2). Therefore, we examined the effects of
4 on the levels of CRABP-I in MOLT-4 cells and CRABP-II
in HT1080 cells by Western blot analysis. As shown in Figure
2a, compounds 4 induced a dose-dependent decrease of
CRABP-I protein in MOLT-4 cells. Compound 4b seemed to
be the most potent, and 4a seemed to be the least potent among
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Scheme 2. Synthesis of Compounds 4%
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room temperature, 18 h, 90%; (b) MnO,, CH,Cl,, room temperature, 22 h, 36%; (c) O-(carboxylmethyDhydroxylamine, pyridine, room temperature, 17 h,
100%; (d) 9-fluorenylmethyloxycarbonyl chloride (FmocCl), K,CO;, THF, H,0, room temperature, 24 h, 97%; (e) EDCI,1-hydroxybenzotriazole hydrate
(HOBt+H,0), i-Pr,NEt, CH,Cl,, room temperature, 24 h, 14—51% (from 6); (f) HCI, 1,4-dioxane, room temperature, 1 h, quant; (g) EDCI, HOBt*H,0,
Et;N, CH;Cly, room temperature, 14 h; (h) tetrabutylammonium fluoride (TBAF), MeOH, THF, room temperature, 1 h; (i) 1,8-diazabicyclo[5.4.0]undec-
7-ene (DBU), n-C1,HzsSH, CH,Cly, room temperature, 3 h, 25—46% (three steps from 5).
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Figure 2. Down-regulation of CRABP-I and CRABP-II by treatment with
compounds 4a—c: (a) Western blot detection of CRABP-1 levels in MOLT-4
cells after 16 h treatment; (b) Western blot detection of CRABP-II levels
in HT1080 cells after 6 h treatment.

the three compounds, though the differences were not large.
Compounds 4 also induced a dose-dependent decrease of
CRABP-II in HT1080 cells. In this case, 4a and 4b strongly
reduced the level of CRABP-II (4b seemed to be more potent
than 4a), while 4¢ was relatively ineffective (Figure 2b). These
results suggested that the linker with n = 2 is preferable among
those investigated. A possible interpretation of this result would
be that the structure of compound 4b is most suitable to bring
the ubiquitination sites in CRABPs and the RING domain of
cIAP1 into an appropriate spatial relationship for effective
ubiquitination to occur. The difference in CRABP-I/I selectivity

of 4a and 4c suggests that the longer linker is better for down-
regulation of CRABP-I, whereas the shorter linker is better for
down-regulation of CRABP-II. The differences between CRABP-1
and CRABP-II responses to treatment with 4a and 4¢ presum-
ably reflect the structural differences between CRABP-I and
-IL

Mechanism of Decrease in CRABPs. We next investigated
the mechanism by which CRABPs are downregulated. First,
we prepared HT1080 cells expressing FLAG-tagged cIAP1 and
examined the influence of 4 on cIAP1 level by Western blot
analysis, since esterified analogues of bestatin (1) induce
autoubiquitination of cIAP1. All the compounds 4a-c showed
a dose-dependent cIAP1-decreasing effect, but their efficacy was
lower than that of MeBS (2) (Figure 3a, Supporting Information,
Figure S3). The reason for the weaker activity of 4 compared
with MeBS (2) is not clear, but it might be due to the bulky
ester group or to competing ubiquitination activity toward
CRABP-II and cIAP1 itself. A decrease in cIAP1 level was also
seen in MOLT-4 cells (Supporting Information, Figure S4).

Next, we pretreated the cells with an excess amount of MeBS
(2) to investigate whether the reduction of CRABP-II by 4 was
mediated by cIAP1 (Figure 3b). The pretreatment with an excess
amount of MeBS (2) resulted in complete disappearance of
cIAP1 but did not influence the CRABP-II level (lane 2). Both
CRABP-II and cIAP1 levels were decreased by treatment with
4b [without pretreatment with MeBS (2)] as mentioned above
(lane 3). On the other hand, compound 4b had no effect on
CRABP-II levels in cells pretreated with 1000 uM MeBS (2)
(lane 4). These results indicate that 4b reduces the CRABP-II
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Figure 3. Western blot detection of CRABP-II and cIAP1 levels in HT1080 cells expressing FLAG-tagged cIAP1: (a) CRABP-II and cIAP1 levels after
6 h treatment with 4; (b) influence of pretreatment of MeBS (2) on CRABP-II degradation induction. The cells were treated with 1 uM 4b for 3 h. MeBS

(2) (1000 uM) was added to the culture 1 h prior to the addition of 4b.

Figure 4. Western blot detection of GST-BIR3, GST, and CRABP-1I levels
of samples prepared by pull-down assay in vitro: lane 1, CRABP-II levels;
lane 2, mixture of GST-BIR3 and CRABP-II; lane 3, mixture of GST,
CRABP-1I, and 4b; lane 4, mixture of GST-BIR3, CRABP-II, and 4b.
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Figure 5. Influence of pretreatment with proteasome inhibitors on CRABP-
11 degradation induction. Western blot detection of CRABP-II and cIAP1
levels in HT1080 cells expressing FLAG-tagged cIAP1. The cells were
treated with 1 4M 4b for 6 h. MG132 (10 #M) and lactacystin (10 ug/mL)
were added to the culture 30 min prior to the addition of 4b.

level in cIAP1-expressing cells but not in cIAP1-depleted cells,
suggesting that cIAP1 mediates the ubiquitination of CRABP-
1I protein for proteasomal degradation in these cells.

We next examined the formation of a ternary complex
consisting of 4b, cIAP1, and CRABP-II by means of GST pull-
down assay using the GST-tagged BIR3 domain of cIAP1, to
which MeBS (2) binds. As shown in Figure 4, GST-BIR3
coprecipitated CRABP-II in the presence of 4b (lane 4) but not
in the absence of 4b (lane 2). GST did not pull down CRABP-
II even in the presence of 4b (lane 3). This result indicates that
CRABP-II is held in proximity to cIAP1 by 4b, as we had
hoped.

Next, we investigated the influence of proteasome inhibitors
on the CRABP-II level in 4b-treated cells. (Figure 5). The
reduction of CRABP-II by 4b was blocked by proteasome
inhibitors MG132 and lactacystin. Thus, the decrease of
CRABP-II induced by 4b can be attributed to proteasomal
degradation.

In addition, we confirmed that the decrease in CRABPs was
not caused by a partial structure of 4 or by a mere mixture of
MeBS (2) and ATRA (3) (Figure 6). Compound 4b induced a
decrease of CRABP-II, whereas the mixture of MeBS (2) and
ATRA (3) did not. The treatments with 1 uM MeBS (2), and
the combination of 1 M MeBS (2) and 1 uM ATRA (3)
decreased the cIAP1 level but did not affect the CRABPs level
in HT1080. ATRA (3) at 1 4M did not cause any decrease of
cIAP1 or CRABP. Similar results were obtained when HT1080
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Figure 6. Influence of combination of MeBS (2) and ATRA (3). Western
blot detection of CRABP-II and cIAP1 levels in HT1080 cells expressing
FLAG-tagged cIAP1. The cells were treated with 1 4M MeBS (2), 1 uM
ATRA (3), or 1 M 4b for 6 h.

or MOLT-4 cells were treated with 10 4uM MeBS (2) and ATRA
(3) (Supporting Information, Figure S5). Thus, conjunction of
MeBS (2) and ATRA (3) within a single molecule is essential
for CRABP degradation-inducing activity.

It was reported that ATRA (3) influences CRABPs levels by
transactivation of RAR? or that ATRA (3) shows effects on
HL-60 cell differentiation.”* However, 4b did not show agonistic
activity toward RARs in reporter gene assay (Supporting
Information, Figure $6). Compound 4b did not show effects
on HL-60 cell differentiation or did not enhance cell differentia-
tion induced by ATRA (3) (data not shown). Addtionally, 4b
did not induce degradation of RARa. (Supporting Information,
Figure S7) and did not bind to RARs (Supporting Information,
Figure S8). Thus, 4b showed selective degradation-inducing
activity for CRABPs, but not RARa or S-actin, as judged from

Western blot experiments with equal loadings of total protein.

These results indicated that 4b has high specificity for degrada-
tion of CRABPs. All the results are consistent with our
hypothesis that the hybrid molecules 4 form an artificial ternary
complex with cIAP1 and CRABP, in which cIAP1 ubiquinates”
CRABP, leading to its degradation by proteasome.

These small molecules 4 have sufficient membrane permeability

» and stability to be used in cell systems and are effective in low

concentration. Therefore, they might be suitable for a variety of
studies in cells and/or animals. In addition, this protein knockdown
strategy might be generally adaptable to a wide range of proteins
by replacing ATRA (3) with a specific ligand for the target protein.
Therefore, protein knockdown could be a simple and easy technique
to complement genetic ablation at the DNA level (gene knockout)
or the mRNA level (gene knockdown).
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Figure 7. Suppression of cell migration by compound 4b and degradation of CRABP-II in IMR-32 cells. (a) Relative IMR-32 cell migration. Results are
presented as means = SEM (performed in triplicate). (b) Western blot detection of CRABP-II and cIAP1 levels in IMR-32 cells after 24 h treatment with

each reagent.

Inhibitory Activity on Tumor Invasion in Cell-Based Assay.
Finally, we tested the effect of 4b on neuroblastoma cells to
explore the potential clinical usefulness of CRABP-II degrada-
tion inducers. It has been reported that CRABP-II is closely
associated with development of neuroblastoma, Wilms tumor
and HNSCC, and a reduction of CRABP-II level suppresses
the migration of tumor cells.”>'¢ Therefore, we evaluated the
migration-suppressing activity of 4b toward human neuroblas-
toma IMR-32 cells (Figure 7). Treatment of the IMR-32 cells
with 30 uM MeBS (2) slightly reduced the cell migration by
approximately 30%, in agreement with previous reports that
MeBS (2) shows antitumor activity.'***" Interestingly, treatment
of the cells with ATRA (3) alone or the combination of MeBS
(2) and ATRA (3) enhanced the cell migration by 30—40%,
possibly as a result of up-regulation of CRABP-II expression
by ATRA (3). As expected, treatment of the cells with 10 and
30 uM 4b remarkably reduced the cell migration by ap-
proximately 75% and 95%, respectively. Moreover, the extent
of migration inhibition was well correlated with the CRABP-II
level in the cells. MeBS (2) did not affect CRABP-II levels in
IMR-32 cells, while ATRA (3) or the combination of MeBS
(2) and ATRA (3) up-regulated CRABP-II levels. Since
compound 4b induced degradation of CRABP-II, it might be a
useful tool for studying the function(s) of CRABP-II.

Targeted cancer therapy blocks the growth of cancer cells
by interfering with specific molecules required for carcinogen-
esis and tumor growth, rather than by simply interfering with
rapid cell division, as is done with traditional chemotherapy.2®
Targeted cancer therapies may be more effective than traditional
chemotherapy and less harmful to normal cells. Many kinds of
target proteins related to cancer have been identified so far.
Further, small-molecular inhibitors for target enzymes or
modulators for target receptors have been discovered, and some
of them are used for targeted cancer therapy. But many cancer-
related proteins, including CRABP-II, can not currently be
functionally regulated with small molecules. CRABP-II is
expressed in several cancers, including breast cancer,?” Wilms
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tumor,?® HNSCC,’® ovarian cancer,?® gastric cancer,® uterine
leiomyoma,®' and melphalan- or phorbol-ester-resistant cell
lines,>? suggesting that it may play a role in cancer development.
In Wilms tumor, CRABP-II overexpression has been reported
to correlate with poor clinical outcome.!* Here, we found that
the small-molecular CRABP-II degradation inducer 4b inhibited
migration of neuroblastoma cells. Thus, CRABP-II degradation
inducers may be effective for therapy of neuroblastoma and
other CRABP-II-overexpressing cancers. Further studies on
various types of cancer cells, including cell proliferation assay,
are in progress.

The strategy described in this paper might also be adaptable
to a range of cancer-related proteins by replacing ATRA (3)
with specific ligands for the target proteins. In addition,
suppression of cIAP1 function is thought to be favorable for
cancer treatment,> and disruption of the cIAP1 gene in mice
results in no obvious abnormality.3* Therefore, suppression or
degradation of cIAP1, which is overexpressed in several human
cancers,” should not vitiate the anticancer effect. On the other
hand, protacs have utilized peptides recognized by two kinds
of E3 ligase complex, von Hippel—Lindau tumor suppressor
(VHL), which is deficient or mutated in several cancer,> and
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B-transducin repeat-containing protein (3-TRCP) Skp1-Cullin-F
box (SCF) complex (SCF#TRCP), which plays important roles
in many tissues.*® Those peptide-based protacs, especially those
utilizing SCF?TRCP 428 seem best suited to cell-free systems and
might be difficult to use in cancer treatment due to stability
issues. Evaluation of our protein degradation inducers, MeBS
(2)—ligand hybrid molecules, for targeted cancer therapy seems
warranted.

Conclusion

We designed and synthesized CRABPs degradation inducers
4, in which a ligand for CRABPs is conjugated with MeBS (2)
via a spacer, aiming to make use of the ubiquitin E3 ligase
‘activity of cIAP1. Compounds 4 induced down-regulation of
CRABPs in cells. Our results indicate that these small molecules
induce the formation of an artificial (nonphysiological) ternary
complex of cIAP1 and CRABPs, leading to degradation of
CRABPs via the ubiquitin-proteasome pathway. Compound 4b
has sufficient activity, permeability, and stability for use in
cellular systems, and we confirmed that it inhibited migration
of neuroblastoma IMR-32 cells.

(36) Deshaies, R. J. Annu. Rev. Cell Dev. Biol. 1999, 15, 435-467.
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This strategy for protein knockdown should be widely
applicable by replacing ATRA (3) with specific ligands for other
target proteins and should provide a methodology to complement
gene knockout and gene knockdown techniques. It is expected
to be useful for probing biological functions of proteins and
might also be applicable for targeted cancer therapy using MeBS
(2) conjugated with ligands for cancer-related proteins.
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ATP-binding cassette transporter Al (ABCAl)-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 ABCAI1 protein degradation by activating RhoA.
ABCALl is a protein with a short half-life, and apoA-I stabilizes
ABCAL1 protein; however, depletion of PDZ-RhoGEF/LARG by
RNA interference suppressed the apoA-I stabilization of
ABCAL1 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 ABCAL1 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 s 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 ABCA1 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 ABCA1 that is characterized by a near
absence of HDL and a massive deposition of cholesterol esters
in peripheral tissues (5-7).

The activity of ABCAL 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 ABCA1l
(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
ABCAI 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 fiuorescence 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-RhoGEF, 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 ABCAL protein.

In this report, we have examined the functional significance
of the interaction of PDZ-RhoGEF/LARG to ABCA1 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 ABCAL1 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-ABCA1l 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 B1-syntro-
phin constructs have been previously described (31, 32). The
¢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
¢cDNA, 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 ABCAl 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
(NHDE-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 pl of the
peptides (50 um) were mixed with 15 pl of NeutrAvidin-horse-
radish peroxidase (1 mg/ml; Pierce) for 30 min at 4°C and
diluted into 5 ml of 1X 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 ABCA1l 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 mum NaCl,
3 mm MgCl,, 10% glycerol, and 1% protease inhibitor mixture).
The lysates were clarified by centrifugation, and ABCAL 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-ABCA1l 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 B1-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 L XRand 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 paralle!
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
c¢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 uCi/ml [*H]cholesterol
for 24 h. The cells were equilibrated
in containing 2 mg/ml fatty acid-
free bovine serum albuminand then
incubated with or without 10 ug/ml
apoA-Ifor 20 h (293) or 6 h (primary
human fibroblasts). The medium
was collected and cleared of cellular
debris by an 800 X g spin 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 hand 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 ug/ml
of apoA-I was added to cells for
indicated times after the 3-h serum-
free incubation period.

ABCAI Degradation—293 cells

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

Immunofiuorescence—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 ABCALI 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).

ABCA1 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-l-mediated ABCA1 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) ABCAT 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 ABCA1 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 ug/ml) for 1 h.

. The siRNA-transfected primary human fibroblasts were incu-
bated with 10 ug/mlapoA-I for 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

ABCAI Interacts with PDZ-RhoGEF and LARG—ABCALl
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-1 (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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ABCAL peptide strongly interacted
with all the three PDZ domains,
whereas the ABCA?7 peptide bound
PDZ domain from PB1-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 ABCAL, 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 Bl-syntrophin to
enhance the ABCA1 protein levels (Fig. 1B, bottom panel). We
then tested whether endogenous ABCAL interacts with endog-
enous PDZ-RhoGEF in primary human fibroblasts, which have
been extensively used in studies of ABCALI 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-RhoGEF, 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 ABCAl
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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well with cholesterol efflux activity
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sults in increased ABCA1 protein
levels.
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PDZ-RhoGEF facilitates the GDP/
GTP exchange to activate RhoA
(14, 15). Therefore, we tested
whether RhoA was activated in
PDZ-RhoGEF-transfected cells. As
shown in Fig. 34, PDZ-RhoGEF
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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 celis were co-transfected with ABCA1 and either HA-tagged wild-type RhoA (W7), 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)

separate experiments. I8, immunoblotting; IP, immunoprecipitation,

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

PDZ-RhoGEF/LARG Increases ABCA1 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 ABCA1 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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DH and PH domain (ADH/PH),
which does not have GEF activity.
The ability of PDZ-RhoGEF to
enhance ABCA1l expression was
greatly attenuated in cells express-
ing the PDZ-RhoGEF mutant (Fig.
3B, ADH/PH). The efflux activity
was reduced as well (supplemental
Fig. S1B, ADH/PH). This suggests
that the enhancement of the
ABCAL1 protein level by PDZ-Rho-
GEF is through a mechanism that
activates RhoA. To further investi-
gate whether RhoA activation con-
tributed to the up-regulation of
ABCALl, the ABCA1 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
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 ABCAl
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, .
ABCALI protein was degraded with a short half-life (~4-5 h),
indicating that ABCA1 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

Time (h)
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FIGURE 4. ApoA-l-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--mediated stabilization of ABCAT.
PMA-differentiated THP-1 cells were incubated with apoA-l for 1 h. Prior to
adding apoA-l, 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-| 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 ABCAL1 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 ABCAL 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 ABCAL. 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 ABCAI 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 7y (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. 5A). 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 PPARY 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
ABCAL1 protein stabilization; however, prolonged RhoA inacti-
vation causes the up-regulation of the ABCA1 mRNA levels via
PPARY, indicating two opposing mechanisms that modulate
ABCAL1 expression by RhoA.

RhoGEF or RhoGEF/RhoA Silencing Decreases the Efflux
Activity in PPARy-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
PPARY (Fig. 5B), we measured the cholesterol efflux in the cells
in which PPARy 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
ABCAL protein level (Fig. 2A), silencing of RhoGEFs signifi-
cantly, and co-silencing of RhoGEFs/RhoA more markedly,
reduced the cholesterol efflux mediated by ABCAL1 (Fig. 6,
black bars). The reduction of cholesterol efflux activity by
silencing RhoGEFs/RhoA was not observed when PPARy ex-
pression remained intact (Fig. 6, gray bars). This indicates that
in the absence of PPARY activity, the loss of RhoA activation
and the subsequent stabilization of the ABCA1 protein level
significantly reduces ABCAL1 efflux activity to apoA-L

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 5. Inhibition of RhoA signaling causes an increase in ABCAT mRNA. A, RhoA inhibition by
exoenzyme C3 transferase increased the ABCAT mRNA in PMA-differentiated THP-1 macrophages. The
cells were treated with exoenzyme C3 transferase for 24 h. mRNA was extracted and measured by the
quantitative reverse transcription-PCR. Ratios of the ABCA1 to 18 S transcripts are expressed as percent-
ages of the control treated cells. B, primary human fibroblasts were transfected with either a nontargeting
pool of siRNA duplexes (control) or with siRNA duplexes targeting RhoGEFs (PDZ-RhoGEF + LARG), RhoA,
RhoGEFs/RhoA (PDZ-RhoGEF + LARG + RhoA), or RhoA/PPARy. RhoA or RhoGEF/RhoA silencing signifi-
cantly increase the ABCA1 mRNA (gray bars). The simultaneous knockdown of PPARy with RhoA attenu-
ated the enhancement of ABCA1 mRNA (black bar). The error bars denote standard deviations of triplicate

samples. *, p < 0.05.

1 - + PPARy siRNA

% apoA-i dependent cholesterol efflux

siRNA

FIGURE 6. RhoA or RhoGEF/RhoA silencing decreases the cholesterol
efflux when PPARYy activity is eliminated. In RhoGEF- or RhoGEF/RhoA-
depleted primary human fibroblasts, cholesterol efflux was not altered
because of mRNA compensation of ABCA1 by RhoA inhibition (gray -bars).
When PPARy was simultaneously knocked down to extinguish the mRNA
compensation, RhoGEF 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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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 ABCA1 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 ABCAl
and enhances cholesterol efflux by increasing the expression of
ABCAL by protecting it from degradation (8). Syntrophins
associate with utrophin, a large scaffolding molecule that links
to actin cytoskeleton; thus cell surface ABCAL1 is likely stabi-
lized by being anchored to the actin cytoskeleton. We demon-
strated here that PDZ-RhoGEF or LARG, which binds to
ABCALl, mediates RhoA activation and increases the ABCA1
protein level. These results indicate that ABCAL 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 2-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 ABCAL1 interacts with PDZ-RhoGEF and that
apoA-I induces the RhoA activation suggests ABCALI is not
only functioning as a cholesterol transporter but also as a recep-
tor for apolipoproteins to initiate the RhoA signaling (Fig. 74).
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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FIGURE 7. Model for the post-translational (4) and transcriptional (B) regulation of ABCA1 by RhoA.
A, transient activation of RhoA by apoA-l through the binding to the ABCA1/RhoGEF protein complex blocks
ABCA1 protein degradation. B, chronic inhibition of RhoA induces ABCA1 transcription through PPARY/LXR

pathway.

disease fibroblasts lacking functional ABCA1 (45). Likewise,
the cCAMP-dependent protein kinase, protein kinase C, and
JAK2 kinases are also activated by apoA-Iin an ABCAl-depen-
dent manner (46-48). Thus, ABCA1 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 ABCA1, This mechanism may suggest a model in which the
rapid degradation of ABCAL1 protein is blocked by the transi-
tory and proximal activation of RhoA during the efflux process
when ABCAL1 transfers lipid to the bound apoA-L

This ABCA1 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-I binding (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. 44),
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 ABCAL1 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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’

LXR agonist treatment of mice
causes an anti-inflammatory re-

Statins / LXR agonists  sponse that is associated with the

Inhibitors / RNAi ,' inactivation of RhoA (55). Hence, in

1
!
~

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 ABCAL efflux activity.

=]

chronic inhibition
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We designed and synthesized estrogen receptor (ER) degradation inducers 5, 6, and 7, which crosslink the
ER and the cellular inhibitor of apoptosis protein 1 (cIAP1). Compounds 5, 6, and 7 induced cIAP1-med-
iated ubiquitylation of ERa resulting in its proteasomal degradation.

© 2012 Published by Elsevier Ltd.

Breast cancer is the most common form of cancer in women,
and its incidence is increasing year by year. Estrogen receptors
(ERs) are often overexpressed in the tissues of breast cancer pa-
tients, which promotes the estrogen-dependent proliferation of
cancer cells.'3 Therefore, ER antagonistic drugs, such as tamoxifen,
a non-steroidal selective estrogen receptor modulator, are effective
at treating breast cancer.*> Tamoxifen is metabolized by CYP2D6
and CYP3A4 into 4-hydroxytamoxifen, which has 30-100 times
more affinity for the estrogen receptor than tamoxifen itself.®
Tamoxifen is the most frequently prescribed drug for the treatment
of all stages of breast cancer,” and it is also used to prevent the dis-
ease in women who are at high risk of developing breast cancer.?
However, tamoxifen has agonistic effects on ER in uterus cancer
cells and increases the risk of endometrial cancer.®'® Furthermore,
tamoxifen activates the protein kinase B (Akt) signaling pathway
by binding to a particular ER variant, resulting in the inhibition
of apoptosis in cancer cells.'!1?

Recently, we reported a protein knockdown strategy for inducing
the degradation of a target protein using the ubiquitin-proteasome
system (UPS).'*-® To degrade proteins of interest, we developed
SNIPER (Specific and Non-genetic JAP-dependent Protein Erasers),
hybrid molecules composed of bestatin (BS), an inhibitor of the
cellular apoptosis protein 1 (cIAP1), and a ligand for the target
protein.’>~'° These molecules cross-link cIAP1 and the target protein

* Corresponding authors. Tel.: +81 3 3700 1141; fax: +81 3 3707 6950.
E-mail addresses: miki-naito@nihs.go.jp (M. Naito), masaaki@nihs.go.jp (M.
Kurihara).
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to induce ubiquitylation and subsequent proteasomal degradation
of the target protein.

In this study, we applied this methodology to the selective
degradation of ERa in breast cancer cells. We designed SNIPER(ER)
hybrid molecules 5, 6, and 7, which induce the selective poly-ubig-
uitylation of the ER to cause proteasomal degradation. Molecules 5,
6, and 7 contain two biologically active scaffolds: one is a tamoxi-
fen derivative, which is used to bind to the ER, and the other is a BS

- moiety, which binds to cIAP1 to induce the ubiquitylation and sub-

sequent proteasomal degradation of the target protein (Fig. 1).
Molecules with different length linkers 5, 6, and 7 were designed
based on the X-ray structure (PDB ID: 3ERT) of the complex formed
between 4-hydroxytamoxifen and ERa,'® and BS was ligated to the
dimethylamino moiety of 4-hydroxytamoxifen (red circle in
Fig. 2a) via an alkyl linker (Fig. 2b).

The ligated molecules 5, 6, and 7 were synthesized as follows
(Scheme 1). First, (E/Z)-endoxifen (1)*%?! was condensed with sev-
eral acids to afford amides 2, 3, and 4. After deprotection of one of
the N-Boc protecting groups of 2, 3, and 4, the generated amines
were reacted with N-Boc bestatin,!” and the subsequent deprotec-
tion of another of the molecules’ N-Boc protecting groups gave
ligated compounds 5, 6, and 7, respectively.??

Then, we evaluated the effects of compounds 5, 6, and 7 on ERa
protein degradation in MCF-7 breast cancer cells by examining the
treatment dose (Fig. 3).2% The protein expression of ERa was in-
creased by treatment with (E/Z)-endoxifen (lane 3), which was
consistent with the findings of a previous report demonstrating
that (E/Z)-endoxifen induced the accumulation of ERa protein in
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Figure 3. Dose-dependent ERo degradation responses induced by compounds 5, 6, and 7 and the effects of a protease inhibitor on these responses.

MCF-7 cells.?* Compared with (E/Z)-endoxifen (lane 3), a reduced
level of ERa was observed in the cells treated with 10 or 30 pM
of compound 5, 6, or 7 (lanes 5, 6, and 7, respectively), and no
apparent differences in the activities of them were observed during
‘the 6 h study period. On the other hand, the ERa level was not al-
tered by the combined use of (E/Z)-endoxifen and methyl bestatin

- (MeBS)?® (lane 4). These results suggest that (E/Z)-endoxifen con-
jugated with BS as a single molecule (at a concentration of greater
than 10 uM) is required for the efficient degradation of the ERa
protein. Furthermore, the suppressive effects of compounds 5, 6,
and 7 on ERa were blocked by the addition of a proteasome inhib-
itor, MG132, indicating that compounds 5, 6, and 7 induced the
proteasomal degradation of ERa..

In summary, we used a protein knockdown method for the
selective degradation of ERa and synthesized ERa degradation
inducers 5, 6, and 7, which form crosslinks between ERo and cIAP1.
Compounds 5, 6, and 7 were able to induce cIAP1-mediated ubig-
uitylation and hence induce the proteasomal degradation of ERc.
These molecules are novel candidates for therapeutic agents
against breast cancer, and further derivatization of these molecules
is currently underway.
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Manipulation of protein stability with small molecules is a challenge in the field of drug discovery.
Here we show that cellular retinoic acid binding protein-II (CRABP-II) can be specifically degraded
by a novel compound, SNIPER-4, consisting of (-)-N-[(2S,3R)-3-amino-2-hydroxy-4-phenyl-
butyryl]-i-leucine methyl ester and all-trans retinoic acid that are ligands for cellular inhibitor of
apoptosis protein 1 (clAP1) and CRABP-I1, respectively. Mechanistic analysis revealed that SNIPER-
4 induces clAP1-mediated ubiquitylation of CRABP-II, resulting in the proteasomal degradation.
The protein knockdown strategy employing the structure of SNIPER-4 could be applicable to other

© 2011 Federation of Etiropean Biochemical Societies. Published by Elsevier B.V. All rights reserved.

\

1. Introduction

The ubiquitin-proteasome system (UPS) plays a crucial role in
selective degradation of proteins, which is involved in the regula-
tion of cell cycle, proliferation, differentiation and cell death [1-
3]. In the UPS, the target protein is poly-ubiquitylated by the
sequential action of ubiquitin-activating enzyme (E1), ubiquitin-
conjugating enzyme (E2) and ubiquitin-ligase (E3), where E3
determines the specificity for the target protein in many cases.
The poly-ubiquitylated proteins are degraded by proteasome. Inap-
propriate regulation of the UPS results in an accumulation or
depletion of certain proteins, which results in a variety of diseases
such as cancer, cachexia, neurodegenerative disorders and malfor-
mation [4-8]. To reduce a pathogenic protein in cells, it is useful to
take advantage of the UPS since it is a highly specific system to

Abbreviations: clAP1, cellular inhibitor of apoptosis protein 1; MeBS, {(~)-N-
1(25,3R )-3-amino-2-hydroxy-4-phenyl-butyryl}-L-leucine methyl ester; ATRA, all-
trans retinoic acid; CRABP, cellular retinoic acid binding protein

* Corresponding author. Address: Division of Biochemistry and Molecular Biol-
ogy, National Institute of Health Sciences, 1-18-1, Kamiyoga, Setagaya-ku, Tokyo
158-8501, Japan. Fax: +81 3 3707 6950,

E-mail address: miki-naito@nihs.go.jp (M. Naito).

target a certain protein for degradation, and the degradation occurs
very quickly. However, few studies have been reported so far on
the specific degradation of target proteins utilizing the UPS [9].
We previously reported that a class of small molecules, repre-
sented by (—)-N-[(2S,3R)-3-amino-2-hydroxy-4-phenyl-butyryl]-
1-leucine methyl ester (MeBS), destabilize cellular inhibitor of
apoptosis protein 1 (cIAP1), a ubiquitin-ligase (E3) belonging to
IAP (inhibitor of apoptosis protein) family [10-12], and sensitize
cancer cells to apoptosis induced by anti-cancer drugs and death
receptor ligation [13-16]. MeBS directly interacts with cIAP1 at
its BIR3 domain and induces auto-ubiquitylation of cIAP1 depend-
ing on its RING domain, resulting in the proteasomal degradation
of cIAP1. Structure-activity relationship study indicated that ana-
logs with a carboxyl-ester reduce the amount of cIAP1 even though
the methyl group is substituted to other residues, and other mod-
ifications of MeBS seriously affected the activity [13]. Based on
these observations, we hypothesized that the methyl group can
be substituted to a ligand for a target protein without ablating
the ubiquitin ligase activity of cIAP1. The hybrid molecule consist-
ing of MeBS and the ligand would be able to cross-link clAP1 and
the target protein, to induce ubiquitylation and proteasomal degra-
dation of the target protein. As a proof-of-concept study, we de-
signed and synthesized a series of hybrid compounds consisting
of MeBS and all-trans retinoic acid (ATRA), and found that they

0014-5793/$36.00 © 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Structure and protein knockdown activity of SNIPERs, (A) Structures of MeBS (top), SNIPER-2 (middle) and SNIPER-4 (bottom). (B) Reduction of endogenous CRABP-1I
and clAP1 by SNIPER-2. (C) SNIPER-4 reduces endogenous CRABP-II but not clAP1. (D) Inhibition of the SNIPER-mediated protein knockdown by a proteasome inhibitor,
MG132, Human primary fibroblasts (B), HT1080 (C) or HT1080 cells expressing FLAG-CRABP-1I (D) were incubated with 10 uM of indicated compounds for 6 h. Cells were pre-
treated with 10 pM of MG132 for 30 min in (D). Shown are immunoblots of cell lysates stained with indicated antibodies,

induce the proteasomal degradation of CRABP-II, an ATRA-binding
protein [17]. Thus, selective degradation of target protein (protein
knockdown) can be attained by the hybrid molecules that cross-
link the target protein and cIAP1.

The hybrid molecule we have developed previously [17], which
we named SNIPER (Specific and Non-genetic IAP-dependent Pro-
tein ERaser)-2 in this study, however, has two major downsides
that would be unfavorable for protein knockdown: (1) SNIPER-2
causes a simultaneous degradation of cIAP1 with the target protein
CRABP-II, which may make the protein knockdown unsustainable,
and (2) SNIPER-2 contains an ester-bond which is vulnerable to
hydrolysis. To overcome these issues, we here developed SNIPER-
4, in which the ester-bond is substituted to amide-bond, and found
that the SNIPER-4 induces specific and sustained degradation of
CRABP-II without inducing cIAP1 degradation. We also investi-
gated biochemical mechanisms by which SNIPERs target CRABP-
1l for degradation, and demonstrate that SNIPERs induce the ubig-
uitylation of CRABP-II, which is mediated by cIAP1 but not by XIAP,

2. Materials and methods
2.1. Reagents and plasmids

MeBS was kindly provided by Nippon Kayaku Co. Ltd. (Tokyo,
Japan). SNIPER-2 was synthesized as described previously [17].
The synthesis and structural analysis of SNIPER-4 would be re-
ported elsewhere (Itoh et al., manuscript in preparation). cDNA
encoding human CRABP-II were amplified by PCR from JHH-5
c¢DNA library and cloned into a p3xFLAG-CMV-10 expression
vector (SIGMA). The correct DNA sequence was confirmed. The

following reagents were purchased from indicated supplier: M2
anti-FLAG mouse monoclonal antibody, M2 anti-FLAG agarose-
conjugated antibody, mouse anti-B-actin antibody (SIGMA);
Fugene HD, anti-HA rat monoclonal antibody (Roche); CRABP-II
antibody (Abcam); anti-human cIAP1 goat polyclonal antibody
(R&D systemns); anti-human XIAP mouse monoclonal antibody
(MBL); Lipofectamine RNAi MAX transfection reagent; Stealth Se-
lect RNAi (Invitrogen). The target sequences for clAP1 and XIAP
RNAi were as follows: cIAP1-#1 (5-TCTAGAGCAGTTGAAGA-
CATCTCTT-3); clAP1-#2 (5'-GGAAATGCTGCGGCCAACATCTTCA-
3); XIAP-#1 (5-ACACTGGCACGAGCAGGGTTTCTTT-3'); XIAP-#2
(5'~-CCAGAATGGTCAGTACAAAGTTGAA-3').

2.2, Cell culture, transfection and treatment with compounds

Human fibrosarcoma HT1080 were maintained in RPMI 1640
medium containing 10% fetal bovine serum and 100 pg/ml of kana-
mycin. Transient transfections were carried out using Fugene HD
according to the manufacturer's instructions. siRNA transfections
were carried out by reverse transfection method with Lipofect-
amine RNAi MAX according to the manufacturer’s instructions. In
brief, 60 pmol siRNA and 3 pl of Lipofectamine RNAi MAX were
incubated in 200 pl Opti-MEM medium for 20 min at room tem-
perature in 12-well plates, and then 1ml of cell suspension
(1.5 x 10° cells) was added to the siRNA-RNAi MAX complex.
HT1080 cells constitutively expressing FLAG-CRABP-II were gener-
ated and maintained in RPMI 1640 medium containing 10% fetal
bovine serum and 100 pg/ml of kanamycin and 500 pg/ml of
Geneticin (G418). The cells were treated with 10 uM SNIPERs or
vehicle (DMSO) for 6 h unless otherwise indicated, and lysed in



