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a b s t r a c t

As a model compound for the transcription factor hijacking mechanism of action of DNA damaging agent
that simultaneously bind to the nuclear receptor, we designed and synthesized a chimeric molecule, RA-
mustard, which can bind with both retinoic acid receptor a (RARa) and DNA. The interaction between
RA-mustard with RARa was confirmed by binding assay using RARa-overexpressing cell extract. RA-
mustard-modified DNA diminished the RARa-dependent luciferase expression in the RARa-abundant cells.

� 2011 Elsevier Ltd. All rights reserved.
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The development of small molecule regulators has attracted
considerable attention in the context of expanding our under-
standing of complicated biological processes. Chemical genetic ap-
proaches have proven to be extremely useful in studies of protein
function without any genetic manipulation. The design and devel-
opment of small molecules capable of inducing the selective loss of
a targeted protein is one of the major goals of chemical genetics.
Meanwhile, the design and development of chimeric small
molecules with two functional moieties capable of interacting
simultaneously with two molecular targets is also receiving great
attention.1 Several chimeric small molecules that regulate biologi-
cal events have been reported. STF1 (a hairpin polyamide-
wrenchnolol)2 and FkCsA (FK506-cyclosporin A)3 were designed
as transcription activators, whereas PROTACs4 were designed to
degrade target proteins.

Cisplatin reacts with DNA to form 1,2-intrastrand cross-links,
and it is generally accepted to be responsible for its anticancer
activity. Interestingly, the ribosomal RNA transcription factor hUBF
binds preferentially to cisplatin-DNA adducts, thus reducing the
hUBF binding to its native DNA regulatory site and abolishing
hUBF-dependent transcription. It is evident that this hijacking of
a transcription factor could lead to functional inhibition.5 Based
All rights reserved.
on this notion, bifunctional ligands that alkylate DNA and bind to
specific nuclear transcription factors have been designed. Exam-
ples of such ligands include estradiol-linked genotoxicants6,7 and
11b-dichloro,8,9 which disrupt gene expression by hijacking estro-
gen receptor (ER) and androgen receptor (AR), respectively. These
activities eventually manifest as selective toxicity against cancer
cells over-expressing corresponding nuclear receptors, ER-positive
MCF6,7 and AR-positive LNCaP8,9 cells.

Our research interests include the design and development of
chimeric small molecules that regulate proteins of interest, and
verifying the transcription factor hijacking model. We chose to
target the retinoic acid receptor (RARa), a nuclear receptor
Cl

Figure 1. Structure of RA-mustard, a simple chimeric molecule that consists of an
all trans-retinoic acid moiety for RARa and chlorambucil for DNA alkylation.
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Figure 2. (a) A docking model of RA-mustard in the ligand-binding site of RARa. Bound antagonist BMS614 (orange) in the X-ray structure (PDB id: 1DKF) is shown for
comparison. The retinoic acid moiety of RA-mustard occupies the binding site of BMS614, whereas its nitrogen mustard moiety is exposed outside the binding pocket. (b)
Lipophilic potential surface map of the ligand-binding pocket of RARa is displayed in the docking model. Lipophilicity increases from blue (hydrophilic) to brown (lipophilic).
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Scheme 1. Synthesis of RA-mustard.
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transcription factor, which is an attractive target because it plays
essential roles in cell proliferation and differentiation.10,11

The present study, in which a hybrid molecule of an endoge-
nous ligand (retinoic acid) and a DNA alkylating agent (chlorambu-
cil) is used as a probe molecule, aims to demonstrate that a
transcription factor hijacking mechanism works in the RARa-
abundant cells.

As an initial step, we designed a simple chimeric molecule (RA-
mustard) to hijack RARa (Fig. 1). All trans-retinoic acid (ATRA) is
an endogenous ligand for RARa, and nitrogen mustard chlorambu-
cil can form a covalent bond with DNA. ATRA (a RARa binding
moiety) and nitrogen mustard (a DNA binding moiety) are linked
to form a hetero-bifunctional molecule. We expected that RA-
mustard would inhibit the function of RARa by driving RARa to
ligand-modified DNA sites rather than to specific promoter
sequences.

RA-mustard was subjected to docking analysis to determine
whether it can access the binding site of RARa. RA-mustard was
docked into the X-ray structure of RARa (PDB ID: 1DKF)12 using
the FlexX program. The docking model showed that the retinoic
acid moiety can access the binding pocket for antagonist (BMS-
614), whereas the nitrogen mustard moiety protrudes outside
the binding site and can interact with DNA (Fig. 2). Therefore, we
synthesized the chimeric molecule, RA-mustard (Scheme 1).
Chlorambucil was readily converted to an amine using the Curtis
rearrangement. EDCI-mediated coupling of the amine with all
trans-retinoic acid gave RA-mustard (see Supplementary data for
detailed information about syntheses and spectroscopic character-
ization of the compounds).

We carried out the competitive binding assay in which RA-
mustard competes for [3H]-labeled ATRA in the reaction with RARa
over-expressing COS cell extract. RA-mustard inhibited the binding
of ATRA to RARa in a dose-dependent manner (see Supplementary
data).

Next, we explored whether the DNA adduct of RA-mustard
could be formed. Accordingly, RA-mustard was incubated with
[c-32P]-50-end labeled duplex oligonucleotide DNA. As shown in
Figure 3a, RA-mustard formed cross-linked and monoalkylated
DNA adducts, indicating that RA-mustard maintains the ability to
alkylate DNA. The major alkylation site of DNA by chlorambucil
is the N7 positions of guanine base.13 The DNA alkylation sites were
confirmed by strand breakage assays, in which piperidine treat-
ment generates strand breaks at the drug-modified sites.13 As com-
pared with chlorambucil, the sequence selectivity of RA-mustard
alkylation was also unchanged (Fig. 3b).

To verify the interaction between RARa and RA-mustard modi-
fied DNA, electrophoretic mobility shift assay (EMSA)14 was con-
ducted (Fig. 4). The reaction product obtained from the binding
reaction of RARa-overexpressed cell extract with RA-mustard/
DNA adduct migrated more slowly than the corresponding RARa-
free RA-mustard/DNA adduct, whereas no shifted band was ob-
served with the chlorambucil/DNA adduct, indicating that the
RA-mustard/DNA adduct can hijack RARa.

Taken together, these findings demonstrate that RA-mustard is
a bifunctional agent that interacts with both RARa and guanine
bases in duplex DNA.

The ability of RA-mustard to abolish the transcriptional activity
of RARa by hijacking was evaluated in COS cells using a reporter
construct in which transcription of the reporter gene was con-
trolled by retinoic acid response element (RARE) (Fig. 5a).15 ATRA
responsive luciferase reporter gene (RARE-luc) was found to be
activated by ATRA in the presence of RARa. Cotransfection of RA-
mustard modified plasmid DNA into COS cells with RARE-luc and
plasmid expressing RARa was found to suppress the transcription
of the reporter gene in a dose-dependent manner (Fig. 5b).

In summary, we describe a transcription factor hijack system
based on the use of a chimeric small molecule that interacts with
both DNA and RARa (a nuclear receptor transcription factor). The
design of this compound by molecular modeling resulted in the
development of a bifunctional agent retaining both good affinity
for RARa and the capacity to covalently modify DNA. We found
that the hybrid molecule forms cross-linked DNA adducts and hi-
jacks RARa, and that this potentially leads to the specific inhibition
of RARa-dependent gene expression. We believe that the nitrogen
mustard moiety could be replaced with other useful functional
molecules, such as, sequence specific DNA binder polyamides or



Figure 3. DNA Alkylation with RA-mustard. (a)Autoradiogram of a 20% denaturing
polyacrylamide gel showing the drug-modified and non-modified species. After the
reaction of 50-end-labeled 16-base-pair duplex oligomers ([c-32P]-50-AATTATGGC-
CATATTA-30/50-TAATATGGCCATAATT-30) with RA-mustard and chlorambucil,
respectively. CO is without drug treatment and CO0 is from the reaction with
DMSO. The numbered bands were excised and the DNA was extracted by 10%
annealing buffer. (b)Autoradiogram of 12% denaturing polyacrylamide gels showing
the DNA strand-breakage patterns of the oligonucleotides (1–4 and 10–30) excised
from the gel in (a). AG and TC represent the purine and pyrimidine specific chemical
cleavage reaction. Asterisks indicate the drug-modified bases.

Figure 4. Electrophoretic mobility shift assay.14 A 50-end-labeled DNA fragment
and RA-mustard complex was incubated with RARa-overexpressing cell extract,
and the then reaction mixture was subjected to electrophoresis using a 5% low salt
nondenaturing gel.

Figure 5. (a) A schematic of the ATRA responsive reporter gene assay. RA-mustard
modified plasmid DNA was co-transfected with an ATRA-responsive luciferase
reporter gene (RARE-luc reporter plasmid) into COS cells. (b) Mixtures of various
ratios of RA-mustard modified to non-modified plasmid DNA were then co-
transfected with RAR vector and RARE-Luc reporter plasmid into COS cell. All cells
were pre-treated with ATRA except for CO (control). After incubation for 24 h,
luciferase activities were measured.15 ⁄p <0.05 versus the sample with 0:4.
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other alkylating agents. Furthermore, we believe that our results
provide potentially useful information for the design of program-
mable transcription inactivator.
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