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A B S T R A C T

NR4A2 (Nurr1) is an orphan nuclear receptor with no known endogenous ligands and is highly expressed

in many cancer cell lines including Panc1 and Panc28 pancreatic cancer cells. Structure-dependent

activation of NR4A2 by a series of 1,1-bis(30-indolyl)-1-(aromatic)methane (C-DIM) analogs was

determined in pancreatic cancer cells transfected with yeast GAL4-Nurr1 chimeras and a UASx5-luc

reporter gene or constructs containing response elements that bind NR4A2. Among 23 different

structural analogs, phenyl groups containing p-substituted trifluoromethyl, t-butyl, cyano, bromo, iodo

and trifluoromethoxy groups were the most active compounds in transactivation assay. The p-

bromophenyl analog (DIM-C-pPhBr) was used as a model for structure–activity studies among a series of

ortho-, meta- and para-bromophenyl isomers and the corresponding indole 2- and N-methyl analogs.

Results show that NR4A2 activation was maximal with the p-bromophenyl analog and methylation of

the indole NH group abrogated activity. Moreover, using GAL4-Nurr1 (full length) or GAL-Nurr1-A/B and

GAL4-Nurr1-(C-F) chimeras expressing N- and C-terminal domains of Nurr1, respectively, DIM-C-pPhBr

activated all three constructs and these responses were differentially affected by kinase inhibitors. DIM-

C-pPhBr also modulated expression of several Nurr1-regulated genes in pancreatic cancer cells including

vasoactive intestinal peptide (VIP), and the immunohistochemical and western blot analyses indicated

that DIM-C-pPhBr activates nuclear NR4A2.

� 2012 Elsevier Inc. All rights reserved.
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1. Introduction

The nuclear receptor (NR) superfamily of transcription factors
are characterized by their structural homology which includes N-
and C-terminal domains (A/B and E/F, respectively), a DNA binding
domain (C), and an adjacent hinge region (D) [1–3]. Both N- and C-
terminal regions may contain activation functions (AFs), and the
ligand binding domain (LBD) resides in the C-terminus of NRs [1–
4]. The 48 members of the NR superfamily can be subdivided into
three broad categories, namely, the endocrine nuclear receptors,
adopted orphan receptors, and orphan receptors such as NR4A for
which cognate ligands have not yet been identified [1–4]. The
NR4A orphan receptor subfamily includes NR4A1 (Nur77, NGFI-B,
TR3), NR4A2 (Nurr1, NOT), and NR4A3 (Nor-1, MINOR) [5–8], and it
has been suggested that the failure to identify an endogenous
ligand may be due to the lack of a typical NR ligand binding pocket
in the LBD domain of NR4A receptors [9].
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NR4A receptors are immediate-early genes that are induced by
diverse stimuli in multiple tissues, and there is increasing evidence
that these receptors play important roles in maintaining tissue
homeostasis and in pathophysiological processes including cancer
[5–8]. NR4A receptors have specific functions in the brain, T-cells/
thymocytes, adipose tissue, steroidgenesis, muscle, blood vessels,
macrophages, and cardiovascular system; however, the role of
NR4A receptors in carcinogenesis is less well understood [7,8].
Knockdown of NR4A1 by RNA interference in cancer cell lines
induced apoptosis or inhibited growth in multiple cell lines
(reviewed in [8]) and NR4A2 knockdown also induced apoptosis
and decreased metastasis in cancer cells lines [10–12].

The effects and mechanisms of action of drug-induced
activation or deactivation of NR4A receptors are complex and
dependent on both cell context and structure. Studies with phorbol
esters, retinoids and other apoptosis-inducing agents have
unraveled a novel NR4A1-dependent proapoptotic pathway that
involves nuclear export of the receptor which in some cell lines
form a mitochondrial proapoptotic bcl-2–NR4A1 complex [13,14].
Studies in this laboratory have demonstrated that among
1,1-bis(30-indolyl)-1-(p-substituted phenyl)methanes (C-DIMs),
the p-methoxy (DIM-C-pPhOCH3) and p-hydroxy (DIM-C-pPhOH)
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derivatives induce nuclear NR4A1-dependent apoptosis and
growth inhibition of colon, pancreatic and bladder cancer cells
through activation or deactivation of the receptor [15–18].
Cytosporone B and related compounds bind directly the receptor
and appear to activate nuclear NR4A1-mediated transcription;
these receptor agonists also induce nuclear NR4A1 export [19,20].

6-Mercaptopurine (6-MP) activates NR4A2 in CV1 and HEK293
cells through the N-terminal A/B domain and this pathway
involves metabolic activation of 6-MP [21]. Several benzimidazoles
also induce NR4A2-dependent transactivation, and a p-chloro-
substituted C-DIM analog (DIM-C-pPhCI) also activates Nurr1 in
bladder cancer cells [22,23]. In this study, we have investigated the
structure-dependent activation of NR4A2 in pancreatic cancer cells
by twenty-three C-DIM analogs containing various p-substituted
phenyl and heteroaromatic substituents and their activity was
compared to 6-MP. Among the most active compounds were the p-
trifluoromethyl (DIM-C-pPhCF3), p-bromo (DIM-C-pPhBr), p-t-
butyl (DIM-C-pPhtBu), p-cyano (DIM-C-pPhCN), p-iodo (DIM-C-
pPhI), and p-trifluoromethoxy (DIM-C-phOCF3) analogs. Using one
or more NR4A2-active C-DIMs as models, these compounds also
induced transactivation in cells transfected with constructs
containing three copies of an NGFI-B response element (NBRE3-
luc) and three copies of a Nur response element (NuREx3-luc).
Nurr1-active C-DIMs also activated a wild-type GAL4-Nurr1
variant and GAL4-Nurr1-(A/B) and GAL4-Nurr1-(C-F) chimeras
containing N- and C-terminal regions of NR4A2, respectively, and
the prototypical model NR4A2 activator DIM-C-pPhBr induced
expression of several NR4A2-dependent genes in Panc1 and
Panc28 that were confirmed by RNA interference. These studies
demonstrate that the C-DIM structure is an excellent scaffold for
developing NR4A2-active compounds.

2. Materials and methods

2.1. Cell lines and cell culture

Panc1 and Panc28 pancreatic cancer cell lines were obtained
from the American Type Culture Collection (Manassas, VA) and
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
nutrient mixture with Ham’s F-12 (DMEM/Ham’s F-12; Sigma–
Aldrich, St Louis, MO) supplemented with 5% fetal bovine serum
(FBS), 0.22% sodium bicarbonate and 10 mL/L 100� antibiotic
antimycotic solution (Invitrogen, Carlsbad, CA). Cells were main-
tained at 37 8C in the presence of 5% CO2 and the solvent [dimethyl
sulfoxide (DMSO)] used in the experiments was �0.15%.

2.2. Plasmids

The GAL4-Nurr1 chimeras GAL4-Nurr1 (full length, amino acids
1–598), GAL4-Nurr1-AB (amino acids 1–259), and GAL4-Nurr1-(C-
F) (amino acids 260–598) were constructed by inserting PCR-
amplified each fragment into the BamHI/HindIII site of pM vector
(Clontech, Mountain View, CA). The FLAG-tagged full-length Nurr1
(FLAG-Nurr1) was constructed by inserting PCR-amplified full-
length Nurr1 fragment into the HindIII/BamHI site of p3XFLAG-
CMV-10 expression vector (Sigma–Aldrich). The NBREx3-Luc was
generously provided by Dr. Jacques Drouin (University of Montreal,
Quebec, Canada). All other reporter constructs have been
previously described [15].

2.3. Antibodies, chemicals, reagents, siRNA oligonucleotides and

primers

The NR4A2 antibody (sc-991) was purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). The TR3/Nur77 antibody
(IMG-528) was purchased from Imgenex (San Diego, CA). The FLAG
(F3165) and b-actin antibodies were purchased from Sigma–
Aldrich. The methylene-substituted diindolylmethanes were
synthesized in this laboratory by condensation of indole or
substituted indoles with corresponding aromatic aldehyde (2:1
indole/aldehydes) at 80 8C in a pH 5 buffer essentially as described
[16,24,25]. Compounds were crystallized from benzene/hexane
(�1 time) and purities were >97% as determined by gas
chromatography or gas chromatography–mass spectrometry
[16,24,25]. Indole was purchased from Sigma–Aldrich and the
following benzaldehyde derivatives were used to make a series of
DIM-C-pPhX analogs where X represents the para-substituent:
p-trifluoromethylbenzaldehyde, p-bromobenzaldehyde, p-fluoro-
benzaldehyde, p-t-butylbenzaldehyde, p-N-dimethylamino, benz-
aldehyde (no substituent), p-hydroxybenzaldehyde, p-
phenylbenzaldehyde, p-cyanobenzaldehyde, p-tolualdehyde, p-
chlorobenzaldehyde, p-iodobenzaldehyde, p-carboxymethylben-
zaldehyde, p-methoxybenzaldehyde, p-butoxybenzaldehyde, and
p-trifluromethoxybenzaldehyde. The meta- and ortho-bromo
substituted isomers were prepared by condensing indole with
meta- and ortho-bromobenzaldehye, respectively. The N-methyl
and 2-methyl analogs of DIM-C-pPhBr were prepared by condens-
ing p-bromobenzaldehyde with N-methylindole and 2-methylin-
dole, respectively as described [25]. The C-DIM analogs containing
heteroaromatic substituents were synthesized by condensing
indole with the following aldehydes: 2-furaldehyde, 2-thio-
phene-carboxaldehyde, 3-thiophenecarboxaldehyde, pyrrole-2-
carboxaldehyde, piperonal, 4-pyridine-carboxyaldehyde, N-O-4-
pyridine-carboxaldehyde, and indole-3-carboxaldehyde. All indole
derivatives, aldehydes and 6-mercaptopurine (MP) were pur-
chased from Sigma–Aldrich. Reporter lysis buffer, luciferase and b-
galactosidase (b-gal) reagents were purchased from Promega
(Madison, WI) and Tropix (Applied Biosystems). Plasmid and total-
RNA extraction kits were purchased from Qiagen (Valencia, CA).
SYBR Green (Applied Biosystems, Foster City, CA) was used for
triplicate real-time PCR reaction. All the primers and the small
inhibitory RNAs were prepared by Sigma–Aldrich. Two siRNA
oligonucleotides were used in combination to target NR4A2
(Nurr1): 50-CAG UUA CCA CUC UUC GGG A dTdT-30 and 50-CGU
GUG UUU AGC AAA UAA A dTdT-30. The sequences of the primers
used for real-time PCR were as follows: NR4A2 sense 50-AGT CTG
ATC AGT GCC CTC GT-30, antisense 50-TAT GCT GGG TGT CAT CTC
CA-30; VIP sense 50-TCA GGT TCA TTT GCT CCC TC-30, antisense 50-
TCT TCT CAC AGA CTT CGG CA-30. SPP1 (osteopontin) sense 50-TTG
CAG TGA TTT GCT TTT GC-30, antisense 50-GCC ACA GCA TCT GGG
TAT TT-30; NRP1 sense 50-AAG GTT TCT CAG CAA ACT ACA GTG-30,
antisense 50-GGG AAG AAG CTG TGA TCT GGT C-30. NRP2 sense 50-
GAT TCG GGA TGG GGA CAG TGA-30, antisense 50-GGT GAA CTT
GAT GTA GAG CAT GGA-30.

2.4. Transfection, luciferase assay and quantitative real-time PCR

Cells were plated on 12-well plates at 7 � 104/well in DMEM/F-
12 supplemented with 2.5% charcoal-stripped FBS and 0.22%
sodium bicarbonate. After 24 h growth, various amounts of DNA
[i.e., UASx5-Luc (400 ng), GAL4-Nurr1 (40 ng) and b-gal (40 ng)]
were cotransfected into each well by Lipofectamine 2000 reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer’s proto-
col. After 5–6 h of transfection, cells were treated with plating
media (as above) containing either solvent (DMSO) or the indicated
concentration of compound for 18 h. Cells were then lysed using a
freeze–thaw protocol and 30 mL of cell extract was used for
luciferase and b-gal assays. LumiCount (Packard, Meriden, CT) was
used to quantify luciferase and b-gal activities. Luciferase activity
values were normalized against corresponding b-gal activity
values as well as protein concentrations determined by Bradford
assay. For RNA interference experiment, cells were transfected
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with equal amount of both siRNA duplex (i.e., 75 pmol each/well
for 6-well plate) using Lipofectamine 2000 reagent for 24 h prior to
treatment. Total RNA was extracted, reverse transcription and real-
time PCR were carried out as described previously [15], and
messenger RNA (mRNA) levels were normalized to the expression
of TATA-binding protein (TBP).

2.5. Subcellular localization assay and western blot analysis

Cells were seeded on cover glass and transfected with
adenovirus expressing FLAG-Nurr1 (5 MOI) for 4 h. At 18 h after
transfection, cells were treated with DIM-C-pPhBr for 12 h and
immunostained with anti-FLAG antibody. Cells were then
mounted in mounting medium including DAPI (Vector Laboratory,
CA) and the fluorescent images were obtained using a Zeiss
Axioplan2 fluorescence microscope (Carl Zeiss, Jena, Germany). For
western blotting, cells (2 � 105) were plated on six-well plates in
DMEM/Ham’s F-12 media containing 10% charcoal-stripped FBS
for 16 h and then treated with indicated concentrations of
compounds. Cellular lysates and their subsequent separation by
electrophoresis were carried out as described previously using b-
actin as a loading control [15] and Sp1 as a representative nuclear
protein [16].

2.6. Statistical analysis

Statistical significance of differences in luciferase activities and
gene expression levels between groups was analyzed using
unpaired Student’s t-test. A P value of <0.05 was considered
statistically significant. Results are expressed as means � standard
deviations for at least three independent determinations for each
treatment group.

3. Results

Panc1 and Panc28 pancreatic cancer cell lines were used in
these studies for screening a series of C-DIM compounds as
activators of NR4A2. Transfection of Panc28 cells with a UASx5-luc
construct containing 5 tandem GAL4 response elements gave
relatively low basal luciferase activity compared to Panc1 cells. For
the C-DIM screening assay, Panc28 cells were transfected with
UASx5-luc and the GAL4-Nurr1 chimera (containing the yeast GAL4
DNA binding domain fused to wild type NR4A2) and treated with
DMSO, 7.5 or 15 mM concentrations of various C-DIMs which
contained p-substituted phenyl or heteroaromatic groups (Fig. 1A
and B). Compounds containing p-substituted CF3, Br, t-Bu, CN, I and
OCF3 groups induced the highest activity at the 15 mM concentra-
tion. Among the heteroaromatics, only 1,1-bis(30-indolyl)-1-[2,4-
(methylendioxy)benzaldehyde]methane (C-DIM-pip), the pipero-
nal condensation product, induced activity >5-fold. A similar
approach was used in Panc1 cells and the fold-induction of
luciferase activity by C-DIMs was significantly lower than observed
in Panc28 cells (Fig. 1C and D) and this may be due, in part, to the
relatively high basal luciferase activity in this cell line transfected
with UASx5-luc. Despite the compression of induced luciferase
activities, most of the p-substituted phenyl and heteroaromatic
compounds that activated GAL4-Nurr1 in Panc28 cells were also
active in Panc1 cells.

The subcellular location of NR4A2 was determined in Panc1 cells
transfected with FLAG-Nurr1 (Fig. 2A). Immunostaining showed
only nuclear FLAG, and treatment with 15 mM DIM-C-pPhBr for 12 h
did not induce any changes in nuclear NR4A2 staining. Immuno-
staining with NR4A2 antibodies also gave a nuclear signal which was
weak (data not shown) and this necessitated the use of FLAG-tagged
NR4A2. A similar immunostaining pattern was observed in Panc28
cells treated with solvent control (DMSO) or 15 mM DIM-C-pPhBr for
12 h (Fig. 2B), and the western blot in Fig. 2C shows that both NR4A2
and NR4A1 proteins were expressed in Panc1 and Panc28 cells.
Moreover, after treatment of Panc1 cells with DMSO or 15 mM DIM-
C-pPhBr for 24 h, Nurr1 protein was isolated in nuclear (NE) but not
cytosolic (CE) extracts, and expression was not changed by the
treatment (Fig. 2D). Sp1 protein served as a nuclear protein control
for this experiment. Preliminary studies showed that transfection of
Panc1 and Panc28 cells with NBREx3-luc or NuREx3-luc constructs
resulted in low basal activity and inducibility; however, higher
activities and inducibility were observed only after transfection with
FLAG-Nurr1 expression plasmid (data not shown), suggesting
endogenous levels of NR4A2 were limiting in cells transfected with
the response element constructs. Based on these results, 10 ng FLAG-
Nurr1 construct was transfected for the structure–activity studies in
Panc1 and Panc28 cells. Results in Fig. 3A and B show that in Panc28
cells transfected with NBREX3-luc or NurREx3-luc constructs,
respectively, the most active C-DIM compounds identified in the
GAL4-Nurr1/UASx5-luc screening assays were also active in Panc28
cells, and similar results were observed in Panc1 cells (Fig. 3C and D).
The compounds exhibited similar potencies and some cell context-
and construct (NBREx3-luc vs. NuREx3-luc)-dependent differences.

Among the Nurr1-active C-DIMs, previous studies showed that
DIM-C-pPhBr exhibited minimal activation of PPARg or TR3
[16,24]. Therefore, this compound was used as a model for further
investigating the structure-dependent activation of NR4A2, and
results obtained for the C-DIM analogs were compared to 6-MP, an
activator of Nurr1 in CV-1 and HEK293 cells [21]. Results
summarized in Fig. 4A–C compare the activity of DIM-C-pPhBr
with the corresponding ortho- and meta-bromo-substituted
analogs (DIM-C-oPhBr and DIM-C-mPhBr) on activation of
GAL4-Nurr1/UASx5-luc, NRBEx3-luc and NuREx3-luc (cotransfected
with 10 ng FLAG-Nurr1), respectively, and the results show that
the order of potency was para- � meta- > ortho-bromo-substituted
analogs for all three reporter constructs. The 2-methylindole-
substituted derivative of DIM-C-pPhBr was also active; however,
the 1-N-methyl indole analog was inactive in both cell lines. In
contrast, 6-MP activated NBREX3-luc and NuREx3-luc in Panc28
cells but not Panc1 cells (Fig. 4C). The structure–activity study for
activation of Nurr1 showed that among the bromophenyl analogs,
DIM-C-pPhBr was the most potent compound and a free indole
group was necessary for activation.

Activation of Nurr1 by 6-MP in CV-1 and HEK293 cells was
dependent on the N-terminal A/B domain of the receptor [26] and
therefore, we further investigated activation of wild-type GAL4-
Nurr1 and truncated GAL4-Nurr1 (A/B) and GAL4-Nurr1 (C-F)
chimeras expressing the N- and C-terminal regions of the receptor,
respectively. In Panc28 and Panc1 cells (Fig. 5A and B), DIM-C-
pPhBr and the p-iodo, p-trifluoromethyl and p-trifluoromethoxy
analogs significantly induced transactivation in cells transfected
with wild-type or variant GAL4-Nurr1 constructs. Similar results
were observed for 6-MP (Fig. 5C and D); however, the fold
induction in Panc1 cells was <2-fold and this was consistent with
the failure of 6-MP to activate NBREx3-luc or NuREx3-luc in this cell
line. Previous studies showed that multiple kinase inhibitors block
activation of NR4A2 in different cell lines [26–28], and preliminary
inhibitor screening studies (Supplemental Fig. 1) in pancreatic
cancer cells showed that inhibition of mitogen-activated protein
kinase (MAPK) (PD98059) and phosphatidylinositol-3-kinase (PI3-
K) (LY294002) were among the most active and least active
inhibitors, respectively, using wild-type GAL4-Nurr1/UASx5-luc. In
Panc28 cells transfected with wild-type or variant GAL4-Nurr1
chimeras, PD but not LY inhibited DIM-C-pPhBr-induced transac-
tivation and, in cells transfected GAL4-Nurr1-(C-F), PD also
decreased DIM-C-pPhBr-induced transactivation (Fig. 5E). The
inhibitors alone had minimal effects on luciferase activity
compared to DMSO (control). The pattern of inhibition by PD



Fig. 1. Activation of GAL4-Nurr1 chimeras by C-DIMs. UASx5-Luc (400 ng) and GAL4-Nurr1 (40 ng) were cotransfected into Panc28 (A and B) and Panc1 (C and D) cells for 6 h

and then treated with 7.5 and 15 mM phenyl-substituted C-DIMs including trifluoromethyl (CF3), bromo (Br), fluoro (F), tert-butyl (t-Bu), dimethylamino (N(CH3)2), hydrogen

(H), hydroxy (OH), phenyl (C6H5), cyano (CN), methyl (CH3), chloro (Cl), iodo (I), carboxymethyl (CO2Me) (A and C), methoxy (OCH3), tert-butoxy (OBu) or trifluoromethoxy

(OCF3) (B and D) group on the para position, or the heterocyclic C-DIMs including 2-furan, 3-thiophene, 3-pyrrole, piperonal, 4-pyridine, 4-pyridine-N-oxide or indole ring (B

and D) for 18 h. Luciferase activity was determined as described in Section 2. Results are expressed as means � SD for at least three separate determinations for each treatment.

*P < 0.05, high concentration treatment (15 mM) vs. solvent control (DMSO).
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Fig. 2. Expression and subcellular localization of NR4A2 in Panc28 and Panc1 cells. Panc28 (A) and Panc1 (B) cells were transfected with adenovirus expressing FLAG-Nurr1 for

4 h; media was changed and after 18 h, cells were treated with 15 mM of DIM-C-pPhBr for 12 h and immunostained with anti-FLAG antibody. Fluorescent images were

obtained as described in Section 2. (C) Whole cell lysates from Panc1 and Panc28 cells were analyzed by western blotting and b-actin was used as a loading control. (D) Cells

were treated with DMSO or 15 mM DIM-C-pPhBr for 24 h, and cytosolic (CE) or nuclear (NE) extracts were analyzed by western blots (Sp1 was a nuclear protein control).
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was similar in Panc1 cells (Fig. 5F); however, LY slightly inhibited
and enhanced DIM-C-pPhBr-induced transactivation in cells
transfected with GAL4-Nurr1 and GAL4-Nurr-(C-F), respectively,
but exhibited inhibitory activity comparable to PD in cells
transfected with GAL4-Nurr-AB. These results clearly demonstrate
the complex effects of just two kinase inhibitors on activation of
NR4A2 by DIM-C-pPhBr, suggesting that multiple phosphorylation
sites in different domains of NR4A2 are involved.

Previous studies have identified several NR4A2-regulated genes
in different cell lines and these include vasoactive intestinal
peptide (VIP), osteopontin (OPN) and neuropilin 1 (NRP1)
[23,24,26–31]. The effects of DIM-C-pPhBr on NR4A2-dependent
expression of these genes was investigated in Panc28 and Panc1
cells treated with 12 mM DIM-C-pPhBr and transfected with
iNurr1 or iCTL (non-specific) oligonucleotides for RNA knockdown.
Fig. 6A summarizes the effects of iNurr1 vs. iCTL on knockdown of
NR4A2 which was highly efficient in both cell lines. Treatment
with DIM-C-pPhBr for 18 or 24 h induced VIP in both Panc28 and
Panc1 cells, and knockdown of NR4A2 significantly decreased both
basal and induced activity (Fig. 6B). OPN induction after treatment
of Panc28 (18 h) or Panc1 (18 and 24 h) cells with DIM-C-pPhBr
was also Nurr1-dependent (Fig. 6C), whereas neuropilin 1 (NRP1)
was induced by DIM-C-pPhBr in Panc28 but not in Panc1 cells
(Fig. 6D). NRP2 is also coexpressed with NRP1 in pancreatic cancer
cells [32,33], and Fig. 6E shows that DIM-C-pPhBr decreased NRP2
expression in Panc28 and Panc1 cells; however, based on
knockdown studies, the effects were NRR4A2-dependent and -
independent, respectively. Supplemental Fig. 2 shows the effec-
tiveness of NR4A2 knockdown on the expression of Nurr1 protein
in Panc1 cells, and the results also show that VIP protein was
induced by DIM-C-pPhBr (NR4A2-dependent). These results
demonstrate that DIM-C-pPhBr not only activates NR4A2 in
pancreatic cancer cells but also induces NR4A2-dependent genes,
and current studies are focused on the functional role of activated
NR4A2 in mediating gene/protein expression and the anticancer
activities of NR4A2-active C-DIMs.

4. Discussion

Although endogenous ligands for the NR4A orphan receptors
have not been identified, there is increasing evidence that several
agents can modulate nuclear NR4A-dependent transactivation



Fig. 3. Selected NR4A2 activators increase activities of Nur response elements containing NBREx3-Luc and NurREx3-Luc luciferase genes. NBREx3-Luc (200 ng) (A and C) or

NurREx3-Luc (200 ng) (B and D) was cotransfected with FLAG-Nurr1 (10 ng) into Panc28 (A and B) or Panc1 (C and D) cells for 6 h and then treated with 7.5 and 15 mM p-

substituted phenyl-C-DIMs DIM-C-pPhI, -pPhBr, -pPhCF3, and -pPhOCF3 for 18 h. Luciferase activity was determined as described in Section 2. Results are expressed as

means � SD for at least three separate determinations for each treatment. *P < 0.05, high concentration treatment (15 mM) vs. solvent control (DMSO).
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[8,9,11–20]. Cytosporone B and related analogs have been
extensively investigated as NR4A1 (TR3) agonists and they activate
nuclear NR4A1 and induce nuclear export of this receptor which
acts directly on mitochondria to induced apoptosis [14,20]. The
cytosporone B analogs activate both wild-type and the LBD of
NR4A1 (using GAL4-receptor chimeras), and direct binding of
cytosporone B and related compounds to NR4A1 was confirmed
using a BIAcore surface plasmon resonance-based instrument.
DIM-C-pPhOCH3 was initially identified as a NR4A1-active
compound that induces apoptosis and inhibits cancer cell growth
through activation of nuclear NR4A1, and this has been linked to
induction of several genes associated with these cellular responses
[9,15–18]. However, the effects of DIM-C-pPhOCH3 were due to
activation of nuclear NR4A1 and nuclear export of NR4A1 was not
induced.

Another C-DIM analog, namely DIM-C-pPhCI, was characterized
as an activator of Nurr1 in bladder cancer cells, and knockdown of
NR4A2 by RNA interference inhibited DIM-C-pPhCI-induced
apoptosis [22]. In this study, we investigated the structure–
activity relationships among a series of triarylmethane C-DIM
analogs that contain a bis(30-indolyl) moiety and either p-
substituted phenyl or heteroaromatic groups in Panc28 and Panc1
pancreatic cell lines. Several p-substituted phenyl (CF3, Br, t-Bu,
CN, I and OCF3) and the piperonal (heteroaromatic) compounds
were potent activators of wild-type GAL4-Nurr1 in Panc28 and
Panc1 cells with fold-inducibility higher in the former cell line.
Interestingly, DIM-C-pPhCI which was characterized as a Nurr1
activator in bladder cancer cells [29] was also active in pancreatic
cancer cells but was much less active than several other C-DIM
analogs.

Previous studies show that DIM-C-pPhBr did not activate
PPARg or NR4A1 [16,24] and this compound was used as a model
to determine the role of ortho-, meta- and para-bromophenyl ring
substitution and the free indole NH group on activation of NR4A2
(Fig. 4). There were some cell context-dependent differences in
Panc28 and Panc1 cells; however, DIM-C-pPhBr (p-bromo substit-
uent) was more active that the corresponding ortho- and meta-
bromo isomers and methylation of the indole NH group resulted in
complete loss of activity, and similar results were observed for
activation of TR3 [16]. In contrast, the N-methyl derivative of DIM-
C-pPhCI activated GAL4-NR4A2 in bladder cancer cells [22];
however, most other reports demonstrate the importance of a free
NH group for induction of apoptosis or for activation of other
nuclear receptors by C-DIM compounds [16,24].

6-MP was previously identified as an activator of NR4A2 and
NR4A3 (but not NR4A1) in CV1 and HEK293 cells [21,26] and, using
various GAL4-chimeras, it was shown that activation of NR4A2 by
6-MP in these cells was dependent on the N-terminal A/B domain
of the receptor. In this study, 6-MP induced transactivation in
Panc28 cells but exhibited minimal to non-detectable activation of



Fig. 4. Differential NR4A2 activation by DIM-C-PhBr analogs and 6-mercaptopurine. UASx5-Luc (400 ng) (A) was cotransfected with GAL4-Nurr1 (40 ng); NBREx3-Luc (200 ng)

(B) or NurREx3-Luc (200 ng) (C) was cotransfected with FLAG-Nurr1 (10 ng) into Panc28 or Panc1 cells for 6 h and then treated with 7.5 and 15 mM ortho-, meta-, para-

substituted or indole ring-substituted bromo-phenyl-C-DIMs for 18 h. A gradient of 15 mM, 50 mM and 100 mM 6-mercaptopurine was included in the treatment and

compared with the DIM-C-PhBr analogs (B and C). Luciferase activity was determined as described in Section 2. Results are expressed as means � SD for at least three separate

determinations for each treatment. *P < 0.05, high concentration treatment (15 mM or 100 mM) vs. solvent control (DMSO).
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Fig. 5. Activation of NR4A2 and different domains of NR4A2 by C-DIMs and 6-MP. Full length (GAL4-Nurr1, 20 ng) or truncated GAL4-Nurr1 containing the A/B domain (GAL4-

Nurr1-AB, 20 ng) or C–F domains [GAL4-Nurr1-(C-F), 20 ng] was cotransfected with UASx5-Luc (200 ng) into Panc28 (A and C) or Panc1 (B and D) cells for 6 h and then treated

with 10 mM DIM-C-pPhI, -pPhBr, -pPhCF3, -pPhOCF3 or 50 mM 6-mercaptopurine (C and D) for 18 h. Panc28 (E) or Panc1 (F) cells were transfected with 10 ng full/truncated

GAL4-Nurr1 and 200 ng UASx5-Luc for 6 h and pre-incubated with 20 mM kinase inhibitors PD98059 or LY294002 for 45 min and treated with 10 mM DIM-C-pPhBr for 18 h.

Luciferase activity was determined as described in Section 2. Results are expressed as means � SD for at least three separate determinations for each treatment. *P < 0.05,

treatment vs. solvent control (DMSO). **P < 0.05, kinase inhibitor and DIM-C-pPhBr cotreatment vs. DIM-C-pPhBr treatment.
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Fig. 6. Effects of DIM-C-pPhBr on expression of several genes with or without NR4A2 knockdown. Panc28 and Panc1 cells were transfected with siRNAs targeting NR4A2

transcripts (iNurr1) or non-specific control oligonucleotides (iCTL). At 24 h after transfection, cells were treated with 12 mM DIM-C-pPhBr for 18 and 24 h. Relative expression

levels of NR4A2 (A) and NR4A2-dependent genes vasoactive intestinal peptide (B), osteopontin (C), neuropilin-1 (D) and -2 (E) were determined by real-time PCR analysis as

described in Section 2. Results are expressed as means � SD for at least three separate determinations for each treatment. *P < 0.05, treatment vs. solvent control (DMSO).

**P < 0.05, iNurr1 vs. iCTL. #P < 0.05, knockdown and treatment combination vs. treatment only.
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NuREx3-luc or NBREx3-luc in Panc1 cells (Fig. 4B and C). 6-MP also
activated all domains of NR4A2 using the GAL-Nurr1, GAL4-Nurr1-
(AB) and GAL4-Nurr-(C-F) constructs in Panc28 cells and only
exhibited minimal (but significant) activity in Panc1 cells (Fig. 5C).
These data indicate that, in contrast to previous results indicating
that 6-MP activates Nurr1 through the N-terminal domain, the
effects of this compound on Nurr1 and domains of Nurr1 are more
complex and highly dependent on cell context. DIM-C-pPhBr also
induced transactivation in cells transfected wild-type and variant
Gal4-Nurr1 constructs, indicating that both N- and C-terminal
domains of NR4A2 were activated by DIM-C-pPhBr. Preliminary
studies showed that several kinase inhibitors blocked activation of
Nurr1 by DIM-C-pPhBr (Supplemental Fig. 1); however, a direct
comparison of MAPK and PI3-K inhibitors shows that MAPK played
an important role in DIM-C-pPhBr-dependent activation of NR4A2
through multiple domains (Fig. 5C and D). Ongoing studies are
investigating specific regions and amino acids that are important
for kinase-mediated activation of NR4A2.

NR4A2-regulated genes are variable among different cell lines
but include OPN and NRP1 in cancer cell lines and VIP in
dopaminergic cells [29–31]. We also observed induction of VIP,
NRP1 and OPN mRNA levels in Panc28 cells and VIP and OPN in
Panc1 cells treated with DIM-C-pPhBr, and induction was
abrogated after knockdown of NR4A2 by RNA interference
(Fig. 6). In contrast, DIM-C-pPhBr decreased NRP2 mRNA levels
both cell lines (Fig. 6E) and, since NRP1 and NRP2 may be involved
in the pathogenesis of pancreatic cancer [32,33], it is possible that
differential modulation of NRP1 and NRP2 by DIM-C-pPhBr may be
important for the anti-carcinogenic activity of this compound and
is currently being investigated.

In summary, this study shows that specific C-DIMs activate
NR4A2, and using DIM-C-pPhBr as a model, it was shown that
activation of NR4A2 was enhanced using a p-bromo substituent
and a free indole NH group was required for activity. DIM-C-pPhBr
and related compounds activated nuclear NR4A2 and both N- and
C-terminal domains of the receptor were involved. The identifica-
tion of NR4A2-active C-DIMs that activate the nuclear receptor will
be important for future studies on identification of specific NR4A2
sites and pathways required for receptor activation and for
determining the role of NR4A2 in mediating the anticancer
activities of these agents. Previous studies also reported that
DIM-C-pPhBr induces apoptosis and endoplasmic reticulum stress
in pancreatic and colon cancer cells [34,35], and these and other
Nurr1-independent responses also contribute to the activity of this
compound. Relative contributions of receptor-mediated and -
independent activities are being investigated.
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