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Diindolylmethane Analogs Bind NR4A1 and Are
NR4A1 Antagonists in Colon Cancer Cells

Syng-Ook Lee1, Xi Li2, Erik Hedrick3, Un-Ho Jin4, Ronald B. Tjalkens5,
Donald S. Backos6, Li Li7, Yi Zhang7, Qiao Wu7, and Stephen Safe3,4

1 Department of Food Science and Technology, Keimyung University, Daegu 704–701, Republic of
Korea; 2 College of Medicine, TX A&M Health Science Center, 1114 TAMU, College Station, TX 77843;
3 Department of Veterinary Physiology and Pharmacology, TX A&M University, College Station, TX
77843, USA; 4 Institute of Bioscience and Technology, TX A&M Health Science Center, Houston, TX
77030, USA; 5 Center for Environmental Medicine, Department of Environmental and Radiological
Health Sciences, College of Veterinary Medicine and Biomedical Sciences, CO State University, Ft Collins,
CO 80523–1680; 6 Department of Pharmaceutical Sciences, University of Colorado Anschutz Medical
Campus, Aurora, CO 80045; 7 School of Life Sciences, University of Xiamen, 422 S Siming Rd, Xiamen,
361005, Fujian, China

1,1-Bis(3!-indolyl)-1-(p-substituted phenyl)methane (C-DIM) compounds exhibit antineoplastic ac-
tivity in multiple cancer cell lines and the p-hydroxyphenyl analog (DIM-C-pPhOH) inactivates
NR4A1 in lung and pancreatic cancer cell lines. Using a series of 14 different p-substituted phenyl
C-DIMs, we show that several compounds including DIM-C-pPhOH directly interacted with the
ligand binding domain (LBD) of NR4A1. Computational-based molecular modeling studies
showed high affinity interactions of DIM-C-pPhOH and related compounds within the ligand
binding pocket of NR4A1 and these same compounds decreased NR4A1-dependent transactiva-
tion in colon cancer cells transfected with a construct containing 3 tandem Nur77 binding re-
sponse elements (NBREs) linked to a luciferase reporter gene. Moreover, we also show that
knockdown of NR4A1 by RNA interference (siNR4A1) or treatment with DIM-C-pPhOH and related
compounds decreased colon cancer cell growth, induced apoptosis, decreased expression of sur-
vivin and other Sp-regulated genes, and inhibited mTOR signaling. Thus, C-DIMs such as DIM-C-
pPhOH directly bind NR4A1 and are NR4A1 antagonists in colon cancer cells and their antineo-
plastic activity is due, in part, to their interactions with nuclear NR4A1.

The nuclear receptor (NR) superfamily are critical reg-
ulators of homeostasis at all stages of development,

and many of these receptors such as steroid hormone and
retinoid receptors are important drug targets for treating
multiple diseases including cancer (1, 2). The 48 human
NRs have been divided into three main groups, including
the endocrine receptors, adopted orphan receptors, and
orphan receptors, and endogenous ligands have been
characterized only for the former two groups of receptors.
The three members of the NR4A orphan receptor sub-
family (3, 4) include NR4A1 (Nur77, TR3, NGFI-B),
NR4A2 (Nurr1) and NR4A3 (Nor1), that were initially
identified as immediate-early response genes induced by

nerve growth factor in PC12 cells (5). The well-conserved
DNA binding and C-terminal ligand binding domains of
the NR4A receptors exhibit "91%-95% and "60% ho-
mology, respectively, whereas their N-terminal A/B do-
mains are highly divergent (6–8). NR4A receptors are
induced by multiple stimuli/stressors and play essential
roles in metabolic processes, inflammation, vascular
function, steroidogenesis, and the central nervous system
(CNS) (3, 4). NR4A1 is also overexpressed in multiple
tumors and cancer cell lines (9–11). In colon cancer pa-
tients, our initial studies showed that high NR4A1 ex-
pression was observed in 60% of colon tumors, whereas
only 10% of normal colon tissue exhibited high staining

ISSN Print 0888-8809 ISSN Online 1944-9917
Printed in U.S.A.
Copyright © 2014 by the Endocrine Society
Received April 1, 2014. Accepted July 29, 2014.

Abbreviations:

O R I G I N A L R E S E A R C H

doi: 10.1210/me.2014-1102 Mol Endocrinol mend.endojournals.org 1

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 26 August 2014. at 09:16 For personal use only. No other uses without permission. . All rights reserved.



(12) and overexpression of NR4A1 in colon tumors has
been confirmed in other studies (13, 14). RNA interfer-
ence (RNAi) and antisense oligonucleotides have been
used to investigate the role of NR4A1 in cancer cells, and
in solid tumors NR4A1 exhibits pro-oncogenic activity
and enhances both cancer cell proliferation and survival
(13, 15–21), whereas results from NR4A1/NR4A3
knockout mouse models suggest that NR4A is a tumor
suppressor for acute myelocytic leukemia (AML) (22).

The anticancer activity of several apoptosis inducing
agents is due to induced expression and nuclear export of
NR4A1 and NR4A1 interactions with bcl-2 results in a
proapoptotic complex that decreases mitochondrial
membrane potential and activates stress responses (9, 23–
25). Research in this laboratory demonstrated that
among a series of synthetic 1,1-bis(3!-indolyl)-1-(substi-
tuted phenyl)methane analogs (C-DIMs), a select group
of these compounds activated or inactivated nuclear
NR4A1-dependent transactivation in cancer cell lines and
did not induce nuclear export of NR4A1 (15, 16, 26, 27).
For example, the p-hydroxyphenyl analog [1,1-bis(3!-in-
dolyl)-1-(p-hydroxyphenyl)methane (DIM-C-pPhOH)]
inhibits NR4A1-dependent transactivation and exhibits
antineoplastic activities and effects on gene expression
similar to that observed in pancreatic cells after knock-
down of NR4A1 (by RNAi) (15, 16).

Cytosporone B (Csn-B) and structural analogs were
first identified as NR4A1 ligands and these compounds
induce NR4A1-dependent transactivation but also in-
duce expression of NR4A1 and nuclear export of the
receptor to mitochondria (28, 29). In addition, ethyl
2-[2,3,4-trimethoxy-6-(1-octanoyl)phenyl]acetate (30)
and 1-(3,4,5-trihydroxypenyl)nonan-1-one (31) also
bind NR4A1 and modulate functions of the receptor that
results in therapeutic applications. In this study, we show
structure-dependent binding of C-DIMs to the ligand
binding domain of NR4A1 and demonstrate that selected
compounds exhibit NR4A1 antagonist activity and inac-
tivate nuclear NR4A1 in colon cancer cell lines and ex-
hibit antineoplastic activities similar to that observed af-
ter receptor knockdown.

Materials and Methods

Fluorescence quenching and CD assays. Fluorescence spectra
were obtained as previously described (30). Briefly, His-LBD
and GST were expressed in E. coli strain BL21, purified and
dialyzed against PBS (pH 7.4). For analyzing the interactions
between the protein and compounds, 5 !M proteins were incu-
bated with various concentrations of compounds, and the fluo-
rescence quenching was monitored at 25°C with a slit width of
5 nm for excitation, and a slit width of 2.5 nm for emission. The

excitation wavelength was 280 nm, and the emission spectra
were recorded from 285 to 410 nm. To estimate the binding
affinity, the fluorescence intensities at 334 nm with increasing
concentrations of quencher were measured, GST was used as the
inner filter controls, and the Kd values were calculated. The
circular dichroism (CD) spectroscopy assay was used to deter-
mine the DIM-C-pPhOH-induced conformational changes in
the His-LBD and was carried out essentially as previously de-
scribed (28–31). Mutation of the NR4A1-LBD (H516W) was
also carried out (28–31) and used in the fluorescence binding
assay.

Cell lines and plasmids. RKO and SW480 human colon cancer
cell lines were obtained from the American Type Culture Col-
lection (Manassas, VA) and maintained as previously described
(27). The Flag-tagged full-length FLAG-NR4A1 and mutant
FLAG-NR4A1(A-D) and FLAG-NR4A1(C-F) expression plas-
mids were constructed by inserting PCR-amplified full-length
NR4A1 (aa 1–599) into the EcoRI/BamHI site and C-terminal
NR4A1 (aa 67–599) and N-terminal NR4A1 (aa 1–354) into
the EcoRI/KpmI site of p3XFLAG-CMV-10 expression vector
(Sigma-Aldrich, St. Louis, MO). NBREx3-luc was generously
provided by Dr. Jacques Drouin (University of Montreal, Que-
bec, Canada). All other plasmids used in this study were previ-
ously described (15, 16).

Reagents, antibodies, and Western blot analysis. NR4A1 anti-
body was purchased from Abcam (Cambridge, MA), and all
other antibodies were purchased from Cell Signaling Technol-
ogy (Beverly, MA). The p-substituted phenyl C-DIMs were syn-
thesized and purified in this laboratory as previously described
(32). The N-methyl C-DIM analogs were prepared by condens-
ing N-methylindole (Sigma-Aldrich, St. Louis, MO) with the
corresponding p-substituted benzaldehyde and the ortho- and
meta-substituted isomers were prepared from condensing indole
plus the corresponding substituted benzaldehydes as described
(32). Purities were # 95%–98% as determined by GC-MS. Re-
porter lysis buffer, luciferase reagent, and "-Galactosidase ("-
Gal) reagent were supplied by Promega (Madison, WI). Western
blot analysis was carried out as previously described (15, 16).

Transfection, siRNA oligonucleotides, cell proliferation assay,
and reporter gene assay. Cells were transfected with 100 nM of
each siRNA duplex using LipofectAMINE 2000 reagent (Invit-
rogen) following the manufacturer’s protocol. The sequences of
siNR4A1 oligonucleotides used were 5!-CAG UCC AGC CAU
GCU CCU C dTdT-3!. As a negative control, a nonspecific
scrambled small inhibitory RNA (siScr) oligonucleotide was
used (Qiagen) and all other siRNAs were purchased from Santa
Cruz Biotechnology (Canta Cruz, CA). Cell proliferation and
reporter gene assays were performed as previously described
(15, 16).

Computational-based molecular modeling. All molecular mod-
eling studies were conducted using Accelrys Discovery Studio
3.5 (Accelrys Software, Inc., San Diego, CA; http://accel-
rys.com). The crystal structure coordinates for rat orphan nu-
clear receptor NR4A1 (33) was downloaded from the protein
data bank (http://www.pdb.org; PDB ID: 1YJE). The crystal
structure was subjected to implicit solvent-based energy mini-
mization utilizing the conjugate gradient minimization protocol

2 Bis-indole derivatives bind NR4A1 Mol Endocrinol

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 26 August 2014. at 09:16 For personal use only. No other uses without permission. . All rights reserved.

http://accelrys.com




http://accelrys.com
http://www.pdb.org


(34) with a CHARMm forcefield (35) and the Generalized Born
implicit solvent model with simple switching (GBSW) (36) to an
RMS convergence of $ 0.001 kcal/mol prior to use in the mod-
eling studies. The flexible docking algorithm (37) was used to
predict the binding orientation of the 14 compounds within the
ligand binding site of NR4A1. Protein-ligand complexes under-
went energy minimization in situ (10,000 iterations of the con-
jugate gradient protocol) prior to calculating the predicted bind-
ing energies using the GBSW implicit solvent model (36).

Statistical analysis. Statistical significance of differences were
determined by ANOVA with Dunnett’s post hoc test. The re-
sults are expressed as means with error bars representing 95%
confidence intervals for three experiments for each group unless
otherwise indicated, and a P value of less than 0.05 was consid-
ered statistically significant. Correlation between predicted
binding energy and in vitro Kd was determined by calculating
the Pearson’s correlation coefficient.

Results

1. C-DIM binding and interactions with NR4A1
A panel of 14 p-substituted phenyl C-DIM analogs

(Figure 1A; Table 1) were used to investigate their binding
to the ligand binding domain (LBD) of NR4A1 using a
fluorescence assay as previously described (28–31). Fig-
ures 1B-1D illustrates the binding curves for the 8 differ-
ent C-DIMs that bound the LBD and these included the
para trifluoromethyl (CF3), bromo (Br), unsubstituted
(H), hydroxyl (OH), cyano (CN), chloro (Cl), iodo (I) and
carboxymethyl (CO2Me) analogs. KD values for these
compounds ranged from 0.1 to 0.74 !M (Table 1). Bind-
ing was not observed for the fluoro (F), t-butyl (tBu),
methoxy (OCH3) and methyl (CH3) compounds; the phe-
nyl (C6H5) analog bound to GST and dimethylamino
(N(CH3)2) compound gave abnormal fluorescent curves

that interfered with the assay (data
not shown). In addition, one of the
most active ligands (DIM-C-
pPhOH) also induced conforma-
tional changes as determined by CD
spectroscopy (Figure 1E). These re-
sults demonstrate direct binding of
C-DIMs with the LBD of NR4A1
and this was further investigated by
molecular modeling.

Previous crystallographic analy-
sis of NR4A1 ligand binding has es-
tablished that there are at least two
separate and distinct ligand binding
sites on different faces the NR4A1
LBD (30). These two sites corre-
spond to the coactivator binding site
(Figure 2A, left) and the ligand bind-
ing site (Figure 2A, right) of the clas-
sical NRs. Initial docking of a subset
of the 14 C-DIM compounds with
the LBD of NR4A1 returned very
few potential binding orientations
and scoring analysis, indicating that
the compounds had very low affinity
for the coactivator site, suggesting a
low probability that the C-DIM an-
alogs bind in this region (data not
shown). Therefore, we concentrated
our efforts on docking each of the 14
compounds into the ligand binding
site. Our results indicate that the
NR4A1 ligand binding pocket is ca-
pable of accommodating all 14 com-
pounds and the modeling studies

FIGURE 1. C-DIM structure and the receptor binding KD values. A, Composite structure of C-
DIMs (DIM-C-pPh-X). (B - D) KD values for binding to the LBD of NR4A1 using a fluorescent
binding assay as outlined in the Materials and Methods. E, CD spectroscopy. CD spectroscopy
was used to determine ligand (DIM-C-pPhOH)-induced conformational changes essentially as
described (28–31).
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predict that the majority bind in an orientation similar to
that observed for the p-hydroxyphenyl (CIM-C-pPhOH)
compound (Figure 2B). This binding involves hydrogen
bond interactions with Glu445 and His516 and #-cation
interactions with Arg515 (Figure 2C). The exceptions
were the unsubstituted (C-DIM 7) and the alkyl (C-DIMs
4 and 11), dimethylamine (C-DIM 6), and phenyl (C-
DIM 9) substituted compounds, which were predicted to
adopt a flipped binding orientation with the phenyl sub-
stitutent pointing up and away from the binding pocket
(data not shown). Despite similar predicted binding ori-
entations, there was a range of predicted binding energies
among the various compounds (Table 1) that generally
correlated with the observed ligand binding in vitro (Pear-
son’s r % 0.6467, P % .0415 (one-tailed), P % .0830
(two-tailed). We also investigated the binding of DIM-C-
pPhOH to the NR4A1 LBD mutated in His516 using the
fluorescence binding assay and observed no change in
fluorescence, thus confirming the importance of this
amino acid for binding DIM-C-pPhOH (Figure 2D).

2. C-DIMS inhibit NR4A1-dependent
transactivation

The effects of C-DIMs on NR4A1-dependent transac-
tivation were initially investigated in RKO cells trans-
fected with NBRE3-luc and NuRE3-luc constructs con-
taining 3 binding sites for NR4A1 monomer and
homodimer, respectively (38). Basal activity was low for
both constructs but significantly enhanced by cotransfec-
tion with a FLAG-TR3 expression plasmid (Suppl. Figure
S1A), and Figure 3A summarizes the effects of the p-sub-
stituted phenyl C-DIMs on luciferase activity in RKO
cells transfected with NBRE3-luc. Results of this assay

show that most of the compounds significantly inhibit
transactivation and the effects of the p-substituted C6H5

and CH3 analogs were minimal. Similar results were ob-
served in cells transfected with the NuRE3-luc construct
(Suppl. Figure S1B).

The structure-dependent effects of ortho-, meta- and
para-substituted phenyl C-DIM analogs and the impor-
tance of the free indole group on C-DIM-mediated inhi-
bition of transactivation were also investigated for se-
lected compounds in RKO cells (Figure 3B). Treatment of
RKO cells with the CN-, OH-, F- and Br-phenyl analogs
and the N-methyl (indole) derivatives of the para-substi-
tuted phenyl compounds showed that the differences in
the position of the phenyl ring substituents (ortho/meta/
para) had minimal effects on antagonism activity (de-
creased luciferase), whereas methylation of the indole
groups attenuated their NR4A1 antagonist activities in
the transactivation assay. This is consistent with results of
the modeling studies which indicated hydrogen bond in-
teractions between NR4A1 and the indole ring amine
group (Figure 2C). The requirements for different do-
mains of NR4A1 for C-DIM-dependent inhibition of
transactivation were investigated in RKO cells trans-
fected with wild-type FLAG-NR4A1 and mutants that
contain the A-D (N-terminal plus DBD) and C-F (C-ter-
minal) domains. Cells were transfected with the NBRE3-
luc construct, the wild-type and mutant NR4A1 expres-
sion plasmids and treated with the p-Br, p-OH and
p-CO2Me analogs. All three compounds decreased trans-
activation in cells transfected with wild-type NR4A1 and
mutant NR4A1 containing the C-terminal ligand binding
domain. However, we also observed decreased luciferase

Table 1. NR4A1 receptor binding affinities and binding energies of C-DIM compounds.

Kd value
(!M)

Binding Energies
(Kcal/mol)

DIM-C-pPhCF3 0.1 -54.3
DIM-C-pPhBr 0.41 -52.1
DIM-C-pPhFa NB -53.8
DIM-C-pPht-Bua NB -53
DIM-C-pPhOCH3

a NB -81.5
DIM-C-pPhN (CH3)2

b -48.7
DIM-C-pPhH 0.71 -55.9
DIM-C-pPhOH 0.11 -86.2
DIM-C-pPhC6H5

c -43.5
DIM-C-pPhCN 0.26 -75.3
DIM-C-pPhCH3

a NB -52.2
DIM-C-pPhCl 0.48 -52.8
DIM-C-pPhl 0.13 -76.9
DIM-C-pPhCO2Me 0.25 -58.0

a net binding was not observed (NB)
b more than one fluorescent binding site: gave variable data
c compound also binds GST

4 Bis-indole derivatives bind NR4A1 Mol Endocrinol

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 26 August 2014. at 09:16 For personal use only. No other uses without permission. . All rights reserved.



activity with RKO cells transfected with NR4A1 contain-
ing the N-terminal domain of the receptor, and we are
currently investigating the underlying mechanisms for an-
tagonism of N-terminal activation function-1 (AF-1) by
C-DIMs in colon cancer cells.

3. Functional effects of NR4A1 antagonists
The p-hydroxyphenyl C-DIM analog (DIM-C-

pPhOH) which exhibits high NR4A1 binding activity in
both the fluorescence binding and molecular modeling
assays exhibits activity similar to that observed after
NR4A1 knockdown (siNR4A1) in pancreatic and lung
cancer cells (15, 16) and was used as a model NR4A1
antagonist in colon cancer cells. Results in Figure 4A dem-

onstrate that DIM-C-pPhOH inhibits growth of RKO
and SW480 cells with IC50 values (48 hours) of 21.2 and
21.4 !M, respectively. Moreover, in RKO cells, the
growth inhibitory effects of DIM-C-pPhOH were atten-
uated by overexpression of NR4A1 (Figure 4B). DIM-C-
pPhOH also induced cleavage of caspases 3 and 7 and
PARP in RKO and SW480 cells (Figure 4C) indicative of
the proapoptotic effects of this NR4A1 antagonist. Sup-
plemental Figures S2A and S2B demonstrate the NR4A1
antagonist activities of the p-bromophenyl (DIM-C-
pPhBr) and p-carboxymethyl (DIM-C-pPhCO2Me)
which also inhibited RKO cell growth and induced apo-
ptosis. Treatment of RKO and SW480 cells with DMSO
or 20 !M DIM-C-pPhOH followed by staining with TR3
antibodies and DAP1 followed by merging shows that
NR4A1 is nuclear in both treatment groups (Figure 4D)
as previously observed in pancreatic cancer cells (15).

Knockdown of NR4A1 by RNAi also decreased
growth of RKO and SW480 cells (Figures 5A and 5B) and
results in Figures 5A and 5B show that the growth inhib-
itory effects of DIM-C-pPhOH were significantly de-
creased after knockdown of NR4A1, confirming a role
for NR4A1 in mediating the antiproliferative activity of
DIM-C-pPhOH. It should be noted that although the re-
sults are reported as % DMSO control (set at 100%), cells
transfected with siNR4A1 exhibited a significantly de-
creased rate of growth. Knockdown of NR4A1 in RKO
and SW480 cells also induced markers of apoptosis in-
cluding cleaved caspases 3 and 7 and PARP (Figure 5C
and 5D) and the effects of NR4A1 knockdown was sim-
ilar to the effects observed after treatment with the
C-DIM/NR4A1 antagonists (Figure 4 and Suppl. Figure
S2B). Quantitation of protein levels for results in Figures
5C and 5D are given in Figure 5E.

Previous studies show that NR4A1 expression is re-
quired for activation of Sp1-regulated genes such as sur-
vivin (15, 16). Figure 6A shows that treatment of RKO
and SW480 cells with DIM-C-pPhOH or transfection
with siNR4A1 decreased expression of three Sp-regulated
genes (survivin, Id1 and PTTG) (39–41) without affect-
ing Sp protein expression and the knockdown results are
quantitated (Suppl. Figure S2C). DIM-C-pPhBr and
DIM-C-pPhCO2Me also decreased expression of these
Sp-regulated genes (Suppl. Figure S2D); however, this
was also due, in part, to downregulation of Sp1. In RKO
cells transfected with GC-rich survivin promoter-reporter
constructs [pGL3-SVV(-269) or pGL3-SVV(-150)] (Fig-
ure 6B) or a GC-rich construct containing 3 tandem con-
census GC-rich binding sites [pGL3(GC)3-TK] (Figure
6C), DIM-C-pPhOH or siNR4A1 significantly decreased
transactivation and these effects were also observed in
SW480 cells (data not shown) demonstrating that

FIGURE 2. Predicted interactions between NR4A1 and DIM-C-
pPhOH. A, Molecular surface representation of the crystal structure of
the orphan nuclear receptor NR4A1 (PDB ID: 1YJE) colored by
interpolated charge from positive (blue) to neutral (white) to negative
(red). Asterisks indicate the locations of two different potential ligand
binding sites equivalent to the coactivator (left panel) and ligand (right
panel) binding bites of classical nuclear receptors. B, Predicted binding
orientation of DIM-C-pPhOH (C-DIM 8) within the ligand binding site.
C, Specific nonbonded interactions between C-DIM 8 (cyan) and the
residues of NR4A1 (gray). Dashed lines indicate predicted hydrogen
bonds and solid orange lines indicate predicted # interactions. D,
Binding of DIM-C-pPhOH to mutant NR4A1-LD(H516W). The mutant
NR4A1-LBD(H516W) protein was incubated with DIM-C-pPhOH and
receptor binding was determined as outlined in the Material and
Methods.
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NR4A1 coregulated Sp-dependent promoters as previ-
ously observed in lung and pancreatic cancer cells (15).
siNR4A1 and DIM-C-pPhOH decreased mTOR activa-
tion in p53-positive lung cancer cell lines reversing
NR4A1-dependent inhibition of p53; this resulted in ac-
tivation of sestrin 2 and activation of AMPK$ resulting in
inhibition of mTOR signaling (decreased phosphoryla-
tion of 70S6K and S6RP) (16). Figures 7A and 7B dem-
onstrate that DIM-C-pPhOH and siNR4A1 induced ses-
trin 2 and phosphorylation of AMPK$ and decreased
phosphorylation of mTOR-regulated p70S6K and S6RP

in p53-positive RKO but not in p53-negative SW480 cells
and the results in Figure 7A and 7B are quantitated
(Suppl. Figure S3A and S3B). Similar results were also
observed for the DIM-C-pPhBr and DIM-C-pPhCO2Me
NR4A1 antagonists in RKO cells (Suppl. Figure S3C).
DIM-C-pPhOH and siNR4A1 also activated luciferase
activity in RKO cells transfected with a p53-responsive
construct [(p53)X14-luc] (Figure 7C) and the effects of
DIM-C-pPhOH as an mTOR inhibitor in RKO cells were
attenuated after knockdown of p53 (sip53). We also
showed that the p-methylphenyl analog (DIM-C-

pPhCH3) that does not bind NR4A1
(Table 1) did not affect expression of
Sp-regulated genes or the mTOR
pathway (Suppl. Figure S3D).

These results confirm that repre-
sentative NR4A1 ligands DIM-C-
pPhOH, DIM-C-pPhBr and DIM-
C-pPhCO2Me (Table 1) decrease
NR4A1-dependent transactivation
from an NBRE3-luc and also antag-
onize two important NR4A1-regu-
lated pro-oncogenic pathways in co-
lon cancer cells as previously
observed in lung and pancreatic can-
cer cell lines (15, 16). Thus, in colon
cancer cells, C-DIMs such as DIM-
C-pPhOH, DIM-C-pPhBr and
DIM-C-pPhCO2Me that bind
NR4A1 (Table 1) act as NR4A1
antagonists.

Discussion

Endogenous ligands for the NR4A
orphan receptors have not yet been
identified; however, it is clear from
knockout and transgenic mouse
models that these receptors play a
critical role in cellular homeostasis
and disease. NR4A receptors are im-
mediate early genes induced by mul-
tiple stimuli and play essential roles
in metabolism in the liver, pancreas
and adipose tissue, neuronal and
neurobehavioral functions, inflam-
mation, cardiovascular function and
steroidogenesis (3, 4). NR4A1 is
also overexpressed and plays a pro-
oncogenic role in multiple solid tu-
mors; however, results from the

FIGURE 3. C-DIMs and NR4A1-dependent transactivation. A, Activation of an NBRE3-luc. RKO
cells were transfected with FLAG-NR4A1 (38) and NBRE3-luc, treated with DMSO or different
concentrations of 14 p-substituted phenyl C-DIMs, and luciferase activity determined as
described in the Materials and Methods. B, Cells were transfected as outlined in (A) and treated
with ortho- and meta-substituted phenyl and N-methyl p-substituted phenyl compounds, and
luciferase activity determined as outlined in the Materials and Methods. C, RKO cells were
transfected with NBRE3-luc, wild-type or truncated FLAG-NR4A1 expression plasmids, treated
with selected C-DIMs, and luciferase activity determined as outlined in the Materials and
Methods. Results are expressed as means & SE for at least 3 replicate determinations and
values $ 0.8 are significantly (P $ .05) decreased compared to control (DMSO).
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double knockout NR4A1-/-/NR4A3-/- mouse which rap-
idly develop leukemia suggesting that NR4A1 may have
tumor suppressor-like active for AML (22). Cytosporone
B (Csn-B) was the first compound characterized as an
NR4A1 agonist which directly bound the LBD of NR4A1
and Csn-B also inhibited colon tumor growth in a mouse
xenograft study and this inhibitory effect was NR4A1
dependent (28). Csn-B not only activated NR4A1-depen-
dent genes through a classical ligand-activated nuclear
receptor but also induced nuclear export of NR4A1 to the

mitochondria to induce apoptosis as previ ously described
for other apoptosis-inducing agents (9, 23–25).

Research in the laboratory initially identified C-DIMs
that activated mouse NR4A1-dependent transactivation
in both pancreatic and colon cancer cells (12, 26); how-
ever, in pancreatic cancer cells transfected with human
NR4A1-derived constructs, C-DIMs exhibited either
minimal induction or decreased transactivation (10, 11)
and similar results were observed in colon cancer cells
(Figure 3). We also previously reported that C-DIMs in-

duced NR4A1- and NR4A2-depen-
dent expression of genes in several
different cancer cell lines; however,
we also observed that C-DIMs both
increased and decreased expression
of specific genes (10, 27, 32, 38, 42)
and this is a pattern observed for
other ligands and their cognate re-
ceptors that induce and repress gene
expression. We demonstrated that
both siNR4A1 and DIM-C-pPhOH
affected common set of genes and
pathways (15, 16). For example, in
lung and pancreatic cancer cells, nu-
clear NR4A1 in combination with
p300 acts as a coregulator of Sp-reg-
ulated genes such as survivin and
transfection with siNR4A1 or treat-
ment with DIM-C-pPhOH de-
creased expression of survivin but
did not affect Sp1 expression (15).
Using a similar approach, we have
observed comparable responses in
colon cancer cells (Figure 5), demon-
strating the pro-oncogenic functions
of NR4A1 and the antineoplastic ac-
tivity of DIM-C-pPhOH and other
C-DIMs which antagonize nuclear
NR4A1 but do not induce nuclear
export of this receptor. NR4A1
binds and inactivates p53 (43) and
in lung cancer cells, both siNR4A1
and DIM-C-pPhOH activate p53
which in turn induces sestrin 2 and
activation of AMPK$ results in
mTOR inhibition (16). We used a
similar approach in colon cancer
cells and both siNR4A1 and DIM-
C-pPhOH and related compounds
inhibited mTOR signaling in p53
positive RKO but not p53-negative
SW480 cells (Figure 7 and Suppl.

FIGURE 4. DIM-C-pPhOH inhibits cell growth and induces apoptosis in colon cancer cells. A,
Cell survival. RKO and SW480 cells were treated with various concentrations of DIM-C-pPhOH or
DMSO as a control for 3 days, and the number of cells in each well was counted on days 1, 2,
and 3. B, RKO cells were transfected with FLAG-NR4A1, treated with DIM-C-pPhOH for 24
hours, and the number of cells in each well was counted. C, RKO and SW480 cells were treated
with either DMSO or various concentrations of DIM-C-pPhOH for 24 hours, and whole cell
lysates were analyzed by Western blot analysis. "-Actin was used as a loading control. D, RKO
and SW480 cells were treated with DMSO or 20 !M DIM-C-pPhOH for 12 hours and fluorescent
images after staining were determined as described (15). All data points were determined at least
3 times (A - C).
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Figure S2D) and these data suggest
that DIM-C-pPhOH and related an-
alogs function as NR4A1 antago-
nists or indirect inhibitors of
NR4A1. Results of the transactiva-
tion studies with NBRE3-luc also
show that DIM-C-pPhOH and re-
lated C-DIMs decrease luciferase ac-
tivity that is dependent on the N-ter-
minal (AF1) domain of NR4A1.

Previous studies show that the N-
terminal domain of NR4A1 con-
tains a potent activation function 1
(AF1) that interacts with multiple
coactivators (44–46). Moreover,
the AF1 domain physically associ-
ates with the C-terminal ligand
binding domain (44). Results of
transactivation studies show that C-
DIMs such as DIM-C-pPhOH that
bind NR4A1-LBD antagonize trans-
activation in cells transfected with
FLAG-NR4A1 and the N-terminal
and C-terminal deletion mutants
(Figure 3C). Moreover, C-DIM
compounds that do not bind the
LBD of NR4A1 (Table 1) also in-
hibit NR4A1 (full length)-depen-
dent transactivation (Figures 3A and
3B). These results suggest that inhi-
bition of NR4A1-dependent trans-
activation by members of the
C-DIM class of compounds used in
this study is also independent of li-
gand binding and may be due to di-
rect interactions of these com-
pounds with the A/B domain of
NR4A1 and/or with coactivators of
NR4A1. These observations are not
inconsistent with previous studies
with 6-mercapturine and C-DIMs
which modulated NR4A2- and
NR4A3- (6-mercaptorpurine only)-
dependent transactivation in cells
transfected with constructs contain-
ing N-terminal AF1 (38, 47, 48) and
not the LBD of these receptors.
However, we also observed that C-
DIMs inhibited transactivation in
cells transfected with the C-terminal
ligand binding of NR4A1 and there-
fore investigated the direct binding

FIGURE 5. Knockdown of NR4A1 inhibits cell growth and induces apoptosis in colon cancer
cells. (A, B) Cell proliferation. RKO (A) and SW480 (B) cells were transfected with a nonspecific
oligonucleotide (siCtl) or siNR4A1, treated with DMSO or 20 !M DIM-C-pPhOH, and % cell
number (rel. to DMSO) was determined in both cell lines. Results are expressed as means & SD
for 3 replicated determinations, and significant (P $ .05) inhibition by DIM-C-pPhOH is indicated
(*) and significant (P $ .05) attenuation of this response after siNR4A1 is also indicated (**). (C,
D) Induction of apoptosis. RKO (C) and SW480 (D) cells were transfected with siCtl or siNR4A1
and whole cell lysates were analyzed by western blots. E, Quantitation of the blots (3 replicates)
using "-actin as an internal control standard is shown, and significant (P $ .05) induction is
indicated (*).
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of C-DIM analogs to the ligand binding of NR4A1 using
the fluorescent assay as previously described for deter-
mining ligand binding to NR4A1 (28–31). The results
show that C-DIMs directly bind to the LBD of NR4A1
with variable KD values; not all the compounds exhibited
binding in the assay and some binding interferences were
also observed (Table 1).

In addition, we also used ligand docking studies to the
ligand binding pocket of NR4A1 and results of compu-
tational-based molecular modeling show that the
C-DIMs readily fit into the ligand binding pocket. DIM-
C-pPhOH exhibited a low KD in the direct binding assay
and based on the results of the modeling studies this high

affinity involves #-cation interactions with Arg515 and
hydrogen bond interactions with His516. In addition, ac-
tivation or inhibition of nuclear receptors also involves a
concomitant conformational change in the protein in re-
sponse to drug binding and it may be that these interac-
tions with Arg515 and His516 are necessary not only for
optimal binding affinity but also for the requisite confor-
mational changes required to inhibit transcriptional acti-
vation. This was confirmed by showing that DIM-C-
pPhOH did not bind mutant NR4A1-LBD(H516W)
(Figure 2D). It was also apparent from the molecular
docking studies with C-DIMs that the amino acid side

chains and interactions that facili-
tate C-DIM interactions with
NR4A1 are different from those pre-
viously reported for Csn-B and re-
lated compounds (28, 29) where hy-
drogen bonding to Tyr453 was an
important interactions in the ligand
binding pocket. These results are
consistent with the significantly dif-
ferent structures of C-DIMs and
other NR4A1 ligands and the exis-
tence of several potential binding
sites within the LBD of NR4A1 (30)
with occupancy of either one or mul-
tiple sites influencing cell context-
dependent agonist or antagonist ac-
tivity of C-DIMs and other NR4A1
ligands. Furthermore, differences in
the contacts between the ligands and
the receptor may also play a role in
determining whether a compound is
an NR4A1 agonist or antagonist.
Thus, both an NR4A1 agonist and
antagonist may bind the same site
but differences in specific interac-
tions in the LBD will result in differ-
ent conformational changes in the
protein that correspond to activa-
tion or inhibition of receptor
function.

In summary results of this study
demonstrate that C-DIMs which
target nuclear NR4A1 also bind the
receptor and function as antineo-
plastic agents in colon cancer cells
by acting as NR4A1 antagonists.
The results are consistent with pre-
vious studies in lung and pancreatic
cancer cells where both siNR4A1
and DIM-C-pPhOH gave responses

FIGURE 6. DIM-C-pPhOH and knockdown of NR4A1 inhibit Sp1-regulated gene expression
through downregulation of Sp1 transactivation in colon cancer cells. A, Western blot analysis.
Cells were treated with DIM-C-pPhOH for 24 hours or transfected with siNR4A1 for 72 hours,
and whole cell lysates were analyzed by Western blot analysis. "-actin was used as a loading
control. (B and C) RKO cells were transfected with 0.1 !g of either pGL3-SVV (-269), pGL3-SVV
(-150) or pGL3-(GC)3-TK for 4 hours and treated with various concentrations of DIM-C-pPhOH
for another 18 hours or transfected with siNR4A1 and siCtl. Luciferase activity (relative to "-
galactosidase activity) was determined, and the data are presented as means with SD and
significantly (P $ .05) decreased activity is indicated (*). Data are expressed as means & SD (B, C)
and results were replicated (3 times).
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similar to that observed in Figures 4–7. The designation
of specific C-DIMs such as DIM-C-pPhOH as an NR4A1
antagonist is based on the modeling and receptor binding
data and on the parallel functional effects observed for
this compound and for siNR4A1. However, C-DIMs also
modulate transactivation in cells transfected with
NR4A1-AD (Figure 3C) and NR4A2-AD (38) constructs
expressing the N-terminal region of the receptor. These
effects are independent of ligand binding and have also
been previously reported for 6-mercaptopurine (47, 48)
and there is strong evidence that activation function 1
plays an important role in NR4A-dependent regulation of
gene expression (44, 46, 49). The mechanisms of C-DIM-
dependent modulation of N-terminal activation function
1 and possible direct interactions with this domain are

currently being investigated. The interaction of C-DIM,
Csn-B analogs and other compounds within the NR4A1
ligand binding pocket suggests that NR4A1 may also
bind other structural classes of small molecules which can
be used as agonists or antagonists for treatment of cancer
and other health problems where NR4A1 plays a prom-
inent role (3, 4).
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