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NR4A1 (Nur77, TR3) is overexpressed in pancreatic tumors and
activation of TR3 by 1,1-bis(3’ -indolyl)-1-(p-methoxyphenyl)me-
thane (DIM-C-pPhOCH3;) inhibits cell and tumor growth and
induces apoptosis. Microarray analysis demonstrates that in
L3.6pL pancreatic cancer cells DIM-C-pPhOCHj3; induces genes
associated with metabolism, homeostasis, signal transduction,
transcription, stress, transport, immune responses, growth
inhibition and apoptosis. Among the most highly induced growth
inhibitory and proapoptotic genes including activating transcrip-
tion factor 3 (ATF3), p21, cystathionase, dual specificity phospha-
tase 1 and growth differentiation factor 15, RNA interference
studies demonstrated that induction of all but the later gene by
DIM-C-pPhOCH; were TR3-dependent. We also observed that
DIM-C-pPhOCH; induced Fas ligand and tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL) and induction of
TRAIL was ATF3 dependent. Results of this and previous studies
demonstrate that TR3 is unique among nuclear receptors since
nuclear TR3 is activated or deactivated by diindolylmethane de-
rivatives to induce different apoptotic and growth inhibitory
pathways that inhibit pancreatic cancer cell and tumor growth.

Introduction

Pancreatic ductal adenocarcinoma is a major cause of cancer-related
deaths in developed countries, and it is estimated that in 2010, >43
140 new cases will be diagnosed in the USA (1). Pancreatic ductal
adenocarcinoma is a highly aggressive disease that invariably evades
early diagnosis (2-5) and the mean survival time for patients with
metastatic disease is only 3—6 months. Several factors are associated
with increased risk for pancreatic cancer and these include chronic
pancreatitis, prior gastric surgery, smoking, diabetes, exposure to cer-
tain classes of organic solvents and radiation (2,3). Heritable germ
line mutations in several genes are also associated with increased risks
for pancreatic cancer and these include Peutz—Jeghers, hereditary
pancreatitis, familial atypical multiple melanoma, familial breast
cancer 2 and hereditary non-polyposis colorectal cancer syndromes
(4-7). In addition to heritable mutations, several acquired gene muta-
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tions have been identified in sporadic pancreatic tumors and these
include the K-ras oncogene, the cyclin-dependent kinase inhibitor
pl6, the tumor suppressor gene p53 and SMADA4.

5-Fluorouracil and more recently gemcitabine have been exten-
sively used for treatment of advanced pancreatic cancer (8,9), and
several other drugs are being investigated and these include ‘antime-
tabolites’, taxanes, topoisomerase I inhibitors and various combina-
tions of these drugs as well as other novel mechanism-based agents
(8,9). Diindolylmethane is a metabolite of indole-3-carbinol, one of
the cancer chemopreventive agents in cruciferous vegetables (10), and
diindolylmethane inhibits pancreatic cancer growth through activa-
tion of multiple pathways (11,12). Studies in this laboratory have
synthesized a series of 1,1-bis(3’-indolyl)-1-(p-substituted phenyl)-
methane (C-DIM) analogs and the addition of the bulky substituted
phenyl group gives compounds that bind or activate multiple nuclear
receptors (NRs), including peroxisome proliferator-activated receptor
v and the orphan nuclear receptors NR4A1 (TR3, Nur77) and NR4A2
(Nurrl) (13-21). TR3 is overexpressed in human colon, pancreatic
and bladder tumors and cancer cells (16-21), and compounds such as
1,1-bis(3’-indolyl)-1-(p-methoxyphenyl)methane (DIM-C-pPhOCHj3)
activate nuclear TR3 in colon and pancreatic cancer cells and tumors
in athymic nude mouse xenograft experiments (16-20). Previous re-
ports have shown that several apoptosis-inducing agents activate cell
death pathways that involve nuclear export of TR3 which can form
a proapoptotic TR3-bcl-2 complex (22-27) and this contrasts to the
activation of nuclear TR3 by DIM-C-pPhOCHj; (16,17).

Treatment of pancreatic cancer cells with DIM-C-pPhOCHj3; indu-
ces tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)
and Fas ligand (FasL) and other induced proapoptotic genes identified
using microarrays include activating transcription factor 3 (ATF3),
p21, cystathionase (CTH), dual specificity phosphatase 1 (DUSP1)
and growth differentiation factor 15/non-steroidal anti-inflammatory
drug-activated gene 1 (GDF15/NAGT1). RNA interference studies dem-
onstrated that, with the exception of NAG1, induction of the remaining
genes was TR3 dependent and induction of TRAIL was also ATF3
dependent. DIM-C-pPhOCHj; also inhibited pancreatic tumor growth
in a xenograft (L3.6pL cells) model and induced apoptosis in these
tumors, indicating that TR3 is a novel target for pancreatic cancer
chemotherapy where activation of nuclear TR3 by DIM-C-pPhOCHj;
and deactivation of TR3 by 1,1-bis-(3'-indolyl)-1-(p-hydroxyphenyl)-
methane (DIM-C-pPhOH) (21) induce different proapoptotic genes and
pathways.

Materials and methods

Cell lines and cell culture

L3.6pL cell line was developed at the M. D. Anderson Cancer Center (Houston,
TX) and kindly provided by Dr LJ.Fidler. Pancl, Panc28 and MiaPaCa-2
human pancreatic cancer cell lines were obtained from the American Type
Culture Collection (Manassas, VA). Pancl, Panc28 and MiaPaCa-2 cells were
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) sup-
plemented with 0.22% sodium bicarbonate, 0.011% sodium pyruvate, 10%
fetal bovine serum (FBS) and 10 ml/l 100X antibiotic antimycotic solution
(Sigma—Aldrich). L3.6pL cells were maintained in RPMI-1640 medium sup-
plemented with 10% FBS and 10 ml/1 100x antibiotic antimycotic solution.
Cells were maintained at 37°C in the presence of 5% CO, and the solvent
[dimethyl sulfoxide (DMSO)] used in the experiments was <0.1%.

Antibodies and reagents

TR3/Nur77 and Spl antibodies were purchased from Imgenex (San Diego,
CA) and Upstate (Temecula, CA), respectively. ATF3, TRAIL and Fas-L anti-
bodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The
specific antibodies for cleaved poly(ADP-ribose)polymerase (PARP) (#9541),
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caspase 8 (#9490), caspase 3 (#9661) and caspase 7 (#9491) were purchased
from Cell Signaling Technology (Beverly, MA). All the small inhibitory RNAs
were prepared by Dharmacon Research (Lafayette, CO). ATF3 expression con-
struct (pCG-ATF3) was generously provided by Dr S.J.Baek (University of
Tennessee, Knoxville, TN). DIM-C-Ph and DIM-C-pPhOCHj3; were >98% pure
as determined by GC-MS. Both compounds are synthesized by condensation of
p-methoxybenzaldehyde or benzaldehyde with indole as described (13).

Cell proliferation assay and apoptosis detection

Cells (1 x 10° per well) were plated in 12-well plates and allowed to attach for
16 h. The medium was then changed to DMEM/Ham’s F-12 medium contain-
ing 2.5% charcoal-stripped FBS and either vehicle (DMSO) or different con-
centrations of the compound were added. Fresh medium and compounds were
added every 48 h, and cells were then trypsinized and counted after 24, 48, and
72 h using a Coulter Z1 cell counter (Beckman Coulter, Brea, CA). Apoptosis
was detected using 4’',6-diamidino-2-phenylindole (2 pg/ml) staining, and
fluorescent images were collected and analyzed using a Zeiss Axioplan2 fluo-
rescence microscope (Carl Zeiss, Jena, Germany).

Western blot analysis and quantitative real-time polymerase chain reaction

Cells (2 x 10°) were plated in six-well plates in DMEM/Ham’s F-12 media
containing 10% charcoal-stripped FBS for 16 h and then treated with different
concentrations of the compounds. Cellular lysates and their subsequent sepa-
ration by electrophoresis was carried out as described previously using B-actin
as a loading control (17,21) and for the high dose of DIM-C-pPhOCH;
(20 uM), combined lysates from adherent and floating cells were analyzed.
Total RNA was extracted, real-time polymerase chain reaction (PCR) was
carried out as described previously, and messenger RNA (mRNA) levels were
normalized to expression of TATA-binding protein (17,21). The sequences of
the primers used for real-time PCR were as follows: p21 sense, 5'-GGCAGA-
CCAGCATGACAGATTTC-3" and antisense 5'-CGGATTAGGGCTTCC-
TCTTGG-3" and TATA-binding protein sense, 5'-TGCACAGGAGCCAAGA
TGGAA-3' and antisense 5'-CACATCACAGCTCCCCACCA-3'. The PCR
primers for ATF3, CTH, DUSPI, NAGI, programmed cell death 6, suppres-
sor of cytokine signaling 1, TNFa-induced protein 3 and TR3 were purchased
from Qiagen (Valencia, CA).

Microarray experiments

Microarray studies focused on early induced genes, and L3.6pL cells were
treated with DMSO or 15 pM DIM-C-pPhOCH; for 2 and 6 h. RNA was
isolated as described for the PCR experiment and analyzed for gene expression
using the Codelink Whole Genome Bioarrays (300026), and three replicates
were determined for each time point and the DMSO control. The microarray
data were analyzed using GeneSpring software version 7.2 (Agilent, Palo Alto,
CA). The data were normalized in two steps. First, for each array, the expres-
sion value of each gene was divided by the median of all the values in that
array. Second, for each gene, the expression value in each array was divided by
the median value of that gene across all arrays. Genes with low quality signals
were excluded for statistical analysis. One-way analysis of variance (assume
equal variances) was carried out to identify differentially expressed genes.
A gene was said to be differentially expressed if the Benjamini and Hochberg
adjusted P-values were <0.05.

Transfection of small inhibitory RNAs

Cells (1.5 x 10° cells per well) were plated in six-well plates in DMEM/Ham’s
F-12 media supplemented with 10% charcoal-stripped FBS. After 16 h, the
cells were transfected with 100 nM of each small inhibitory RNAs duplex for
7 h using Lipofect AMINE 2000 reagent (Invitrogen, Carlsbad, CA) following
the manufacturer’s protocol. The medium was then changed to DMEM/Ham’s
F-12 medium containing 10% charcoal-stripped FBS and incubated for indi-
cated time. After incubation, cells were collected for western blot analysis and
quantitative real-time PCR assay.

Xenograft studies in athymic mice

Male athymic nude mice (FoxnI™, ages 7-8 weeks) were purchased from
Harlan (Indianapolis, IN). The mice were housed and maintained in laminar
flow cabinets under specific pathogen-free conditions. A xenograft was estab-
lished by subcutaneous injection of in vitro cultured L3.6pL cells (1 x 107
cells/150 pl) into the flanks of individual mice. Tumors were allowed to grow
for 7 days until tumors were palpable. Mice were then randomized into two
groups of five mice per group and dosed daily by oral gavage with either corn
oil or 25 mg/kg/day DIM-C-pPHOCH; for 21 days. The mice were weighed
and tumor size was measured twice a week with calipers to permit calculation
of tumor volumes, V = L x W2/2, where L and W were length and width. Final
body, organ and tumor weights were determined at the end of the dosing
regimen (on day 21), and both organ and tumor blocks were obtained for
hematoxylin and eosin staining and histopathological analysis.

TR3 as a drug target for pancreatic cancer

Immunohistochemical analysis and terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling assay

Immunohistochemical staining was performed on paraffin-embedded speci-
mens by using standard avidin—biotin complex (ABC) method described pre-
viously (17). After deparaffinization, tissue sections were subjected to antigen
retrieval with 0.1% pepsin in 0.01 N HCI at room temperature for 10 min
followed by treatment with 0.1% H,0, to block endogenous peroxidase activ-
ity. Sections were incubated with the normal rabbit IgG or rabbit polyclonal
anti-cleaved caspase-3 antibody (1:100) at 4°C overnight after blocking with
normal goat serum at room temperature for 1 h. After washing in PBS, sections
were incubated with biotinylated goat anti-rabbit IgG at room temperature for
30 min. Staining Vectastain Elite ABC kit (Vector Laboratories, Burlingame,
CA) and 3,3'-diaminobenzidine (Biogenex Laboratories, San Ramon, CA) as
the chromagen was used as described (17) following manufacturer’s protocol.
The sections were counterstained with hematoxylin and dehydrated and
mounted. There was no specific staining when secondary antibody was used
alone as a negative control. Transferase-mediated deoxyuridine triphosphate
nick end labeling (TUNEL) staining was carried out using DeadEnd Fluoro-
metric TUNEL System (Promega, Madison, WI) according to the manufac-
turer’s protocol as described previously (21).

Statistical analysis

The results are expressed as means + standard deviations and differences
between means for two groups were determined by unpaired Student’s 7-test.
A P value of <0.05 was considered statistically significant.

Results

Activation of TR3 inhibits growth and induces apoptosis

Treatment of L3.6pL pancreatic cancer cell lines with DMSO (solvent
control), DIM-C-pPhOCHj; or DIM-C-pPh (10, 15 and 20 pM) for 24,
48 and 72 h resulted in a significant decrease in cell growth at all time
points (Figure 1A). These data were comparable with previous results
using Panc28 and MiaPaca-2 pancreatic cancer cells and in
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Fig. 1. TR3-active C-DIMs inhibit growth and induce apoptosis in human
pancreatic cancer cells. (A) Growth inhibition. L3.6pL cells were treated
with different concentrations of DIM-C-pPhOCHj; and DIM-C-pPh for 3
days, and the number of cells in each well was counted on days 1, 2 and 3.
Results are presented as means + standard deviations for three replicate
determinations for each treatment group. *P < 0.005 versus DMSO;

**P < 0.001 versus DMSO for each time point. (B) 4’,6-Diamidino-2-
phenylindole staining. Cells were treated with either DMSO or 15 pM of
DIM-C-pPhOCHj; for 24 h and stained for 4’,6-diamidino-2-phenylindole as
described in the Materials and Methods. Induction of apoptosis (C) and
TRAIL/FasL (D). Cells were treated with either DMSO or different
concentrations of DIM-C-pPhOCH; for 48 h (C) or different time periods as
indicated (D). Whole cell lysates were analyzed by western blot analysis as
described in the Materials and Methods. B-Actin was used as a loading
control. Similar results were observed in duplicate experiments.

837

202 I4dy Gz uo 1senb Aq 68¥£9¥Z/9€8/9/ZE/e101ME/UIDIBD/WOD N0 OlWePEIE//:Sd)Y WOl papeojumoq



K.Yoon et al.

subsequent studies, DIM-C-pPhOCHj; is used as a prototypical
activator of TR3. The growth inhibitory effects of DIM-C-pPhOCHj3
were accompanied by induction of apoptosis as evidenced by in-
creased 4',6-diamidino-2-phenylindole staining (Figure 1B) and
induction of cleaved PARP and cleaved (activated) caspases 3, 7 and
8 (Figure 1C). After treatment of L3.6pL cells for 48 h, the concentra-
tion-dependent effects of DIM-C-pPhOCH3; on cleaved PARP and ac-
tivated caspases were observed at concentrations of 10, 15 and 20 uM.
There was a time- and concentration-dependent induction of TRAIL
and FasL in L3.6pL cells (Figure 1D). At the low concentration (10
uM), DIM-C-pPhOCHj; induced TRAIL and FasL after treatment for
32-64 h, whereas 20 uM DIM-C-pPhOCHj; induced these proteins
within 16-32 h.

Figure 2A confirms the concentration-dependent induction of both
TRAIL and FasL protein expression by DIM-C-pPhOCH3; in L3.6pL.
and Pancl cells, whereas levels of TR3 protein were unchanged.
Pancl1 cells were treated with DIM-C-pPhOCH3; and transfected with
siScr (non-specific control) or siTR3 to knockdown TR3 (Figure 2B);
loss of TR3 did not affect basal expression of TRAIL or FasL proteins
but significantly inhibited induction of these proteins by DIM-C-
pPhOCHj; (Figure 2C and D), confirming that their induction is
TR3-dependent as previously observed for TRAIL in Panc28 cells
(16).

DIM-C-pPhOCH ;-induced gene expression: microarray analysis

The effects of DIM-C-pPhOCHj; on expression of genes in pancreatic
cancer cells was investigated by treating L3.6pL cells with 15 pM
DIM-C-pPhOCHj; for 2 and 6 h and analyzing induction of mRNAs
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using an Amersham Biosciences CodeLink whole human genome
array as described previously (17,19). Supplementary Table 1, avail-
able at Carcinogenesis Online summarizes genes associated with
metabolism/homeostasis, signal transduction, transcription, stress,
transport, immune responses and miscellaneous responses that were
induced >2-fold. These include ATF3, p21, CTH, DUSPI1, growth
differentiation factor 15 (GDF15/NAGT1), programmed cell death 6,
suppressor of cytokine signaling 1 and tumor necrosis factor
a-induced protein 3 (Table I). Real-time PCR was used to confirm
induction of these genes in L3.6pL cells (Figure 3A), and we observed
that ATF3, p21, CTH, DUSPI1 and NAG1 were significantly induced
after treatment with DIM-C-pPhOCH; for 6 h. Three genes identified
in the microarray experiment (programmed cell death 6, suppressor
of cytokine signaling 1 and TNF-AIP3) were minimally induced by
DIM-C-pPhOCH; and were not further investigated. DIM-C-
pPhOCHj; induced ATF3, p21, CTH, DUSP1 and NAGI1 in Pancl
(Figure 3B) cells as observed in L3.6pL cells (Figure 3A), although
the relative magnitude of the induction responses was variable. In
Pancl cells transfected with siTR3 and treated with DIM-C-
pPhOCH3;, there was a significant decrease in induced ATF3, p21,
CTH, DUSPI1 and TR3 (positive control) mRNA level, whereas no
significant effects were observed for NAG1 mRNA levels indicating
that induction of this gene was TR3 independent. TR3 knockdown
was more efficient in Panc1 cells; the results suggest that induction of
DUSP1 and p21 by DIM-C-pPhOCH; were fully TR3-dependent,
whereas induction of ATF3 and CTH was only partially TR3 depen-
dent, and these observations were consistent with previous studies on
C-DIM compounds (28,29).
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Fig. 2. TR3-dependent induction of TRAIL and Fas-L by DIM-C-pPhOCHj; in human pancreatic cancer cells. (A) Induction of TRAIL and FasL. L3.6pL and
Pancl cells were treated with DMSO or different concentrations of DIM-C-pPhOCHj for 48 h and whole cell lysates were analyzed by western blots as described

in the Materials and Methods. (B and C) RNA interference studies. Panc1 cells we
concentrations of DIM-C-pPhOCH3; for 48 h. Whole cell lysates were analyzed by

re transfected with either siScr or siTR3, and treated with different
western blot analysis, and [-actin was used as a loading control. (D)

Quantitation of TRAIL and FasL protein expression. The intensity of protein expression was quantitated using ImagelJ software (National Institutes of Health,
Bethesda, MD) and the results are presented as means + standard deviations for three replicate determinations for each treatment group. The levels of significance

between induction and TR3 knockdown are indicated.

838

202 I4dy Gz uo 1senb Aq 68¥£9¥Z/9€8/9/ZE/e101ME/UIDIBD/WOD N0 OlWePEIE//:Sd)Y WOl papeojumoq


Supplementary Table 1

TR3 as a drug target for pancreatic cancer

Table I. Induction of growth inhibitory and proapoptotic genes by DIM-C-pPhOCHj; (15 uM) in L3.6pL cells using the Amersham Biosciences CodeLink human

whole genome array

Description Genbank Relative expression
2 h/DMSO 6 h/DMSO
Activating transcription factor 3; ATF3 NM_001674 8.11 2.04
Cyclin-dependent kinase inhibitor 1A (p21, Cipl); NM_000389 4.10 4.79
CDKNIA
Cystathionase (cystathionine gamma-lyase); CTH NM_001902 1.97 5.08
Dual specificity phosphatase 1; DUSP1 NM_004417 4.66 4.13
Growth differentiation factor 15 (NAGI); GDFI15 NM_004864 1.83 3.71
Programmed cell death 6; PDCD6 NM_013232 3.26 2.58
Suppressor of cytokine signaling 1; SOCS1 NM_003745 4.01 3.38
Tumor necrosis factor, alpha-induced protein 3; NM_006290 3.09 2.17
TNFAIP3
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Fig. 3. Induction of growth inhibitory and proapoptotic genes by DIM-C-
pPhOCHj; in human pancreatic cancer cells. (A) Induction of genes in
L3.6pL cells. L3.6pL cells were treated with DMSO or 15 uM of DIM-C-
pPhOCHj; for 6 h, and target gene and TATA-binding protein (an internal
control) mRNA expression levels were determined by real-time PCR. Results
are presented as means =+ standard deviations for three replicate
determinations for each treatment group. *P < 0.05 versus DMSO. (B) Role
of TR3 in DIM-C-pPhOCHj3-induced gene expression. Panc1 cells were
transfected with either siScr or siTR3, and treated with 15 pM of DIM-C-
pPhOCH; for 6 h and gene expression was determined by real-time PCR as
indicated above in (A). *P < 0.05 versus DMSO in siScr group; #P < 0.05
versus DIM-C-pPhOCHj3; in siScr group.

Induction of TRAIL by DIM-C-pPhOCHj is TR3 and ATF3 dependent
ATF3 is induced by DIM-C-pPhOCHj; in colon and pancreatic cancer

cells; however, in contrast to results in Pancl cells (Figure 3B), TR3

knockdown significantly enhanced ATF3 mRNA levels in RKO colon

cancer cells (17). Therefore, the role of TR3 in regulating ATF3

mRNA and protein expression in pancreatic cancer cells was further

investigated. Figure 4A shows that ATF3 protein is induced by DIM-
C-pPhOCH3; in L3.6pL, Pancl, Panc28 and MiaPaca-2 pancreatic
cancer cell lines. The role of TR3 in mediating DIM-C-pPhOCH3-

dependent induction of ATF3 protein was determined by knockdown

of TR3 by RNA interference in Pancl cells and the results indicate
that loss of TR3 significantly decreased basal and inducible ATF3
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Fig. 4. TR3-dependent induction of ATF3 by DIM-C-pPhOCH3; in human
pancreatic cancer cells. (A) Induction of ATF3 by DIM-C-pPhOCH3; in
pancreatic cancer cells. Various human pancreatic cancer cell lines were
treated with DIM-C-pPhOCHj3; for 6 h and whole cell lysates were analyzed
by western blots as described in the Materials and Methods. (B) RNA
interference. Panc1 cells were transfected with either siScr or siTR3 and
treated with different concentrations of DIM-C-pPhCHj for 6 h and whole
cell lysates were analyzed by western blots as described in the Materials and
Methods. The intensity of protein expression was quantitated using ImageJ
software (National Institutes of Health). The experiment was repeated three
times, and the results are presented as means + standard deviations.
Statistical significances between induced and knockdown are indicated. (C)
ATF3 overexpression induces apoptosis and TRAIL. Pancl cells were
transfected with ATF3 expression vector for 5 h using Lipofect AMINE 2000
reagent. Forty-eight hours after transfection, whole cell lysates were
analyzed by western blots as described in the Materials and Methods. (D)
ATF3 knockdown blocks induction of TRAIL. Pancl cells were transfected
with siCtl (non-specific oligonucleotides) or siATF3 and treated with DMSO
or DIM-C-pPhOCH3;, and after 48 h, whole cell lysates were obtained and
analyzed by western blots as described in the Materials and Methods.

pactn [

protein expression (Figure 4B). However, ATF3 was also induced
(partially) after TR3 knockdown and this was consistent with induc-
tion of ATF3 by DIM-C-pPhOCH; and other C-DIMs via a TR3-
independent pathway (28,29). Similar results were also observed in
L3.6pL cells (supplementary Figure 1 is available at Carcinogenesis
Online). The proapoptotic effects of ATF3 were further investigated in
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Panc1 cells transfected with an ATF3 expression plasmid (Figure 4C).
Overexpression of ATF3 induced cleaved PARP, activation of cas-
pases 8 and 3 (cleaved) and induction of TRAIL. Results in Figure
4D show that DIM-C-pPhOCHj;-induced TRAIL, cleaved caspase 8
and PARP were decreased in cells transfected with a small inhibitory
RNA for ATF3 (siATF3). These results demonstrate the proapoptotic
activity of ATF3 and are consistent with a report by Turchi et al. (30),
showing that ATF3 expression is proapoptotic and regulates expres-
sion of TRAIL.

DIM-C-pPhOCHj inhibits pancreatic tumor growth and induces
apoptosis

The eftect of DIM-C-pPhOCHj; (25 mg/kg/d) on tumor growth and
induction of apoptosis was examined in athymic nude mice-bearing
L3.6pL cells as xenografts. DIM-C-pPhOCHj; inhibited tumor vol-
umes and tumor weights (Figure 5A) and, at this dose, there were
no apparent changes in organ or body weights or organ histopathol-
ogy. Hematoxylin and eosin staining showed enhanced mitotic cells in
the control tumor, whereas apoptotic cells were enhanced in tumors
from animals treated with DIM-C-pPhOCH; (Figure 5B). We also
observed increased cleaved caspase-3 (Figure 5C) and TUNEL stain-
ing (Figure 5D) in tumors from treated versus control animals, dem-

A 1000 80
-e- Control
T o0 ~* DIM-C-pPhOCH, S
£ (25 mglkgl/day) E
2 600 =
N
: g
2 ]
5 5
= 200 =
0 0
0 3 7 10 14 17 21 Control DIM-C-
Day after treatment pPhOCH;,

Fig. 5. DIM-C-pPhOCHj; inhibits tumor growth in a human pancreatic
tumor mouse xenograft model. (A) Inhibition of tumor growth. Male athymic
nude mice-bearing L3.6pL cell xenografts were treated with DIM-C-
pPhOCHj; (25 mg/kg/day), and tumor volumes and weight were determined.
(B) Hematoxylin and eosin staining. Images were collected at x 100 (left
panels) and x400 (right panels) maginification. Mitotic cells (dotted arrow)
and apoptotic cells or area (solid arrow) are indicated. (C) Immunostaining
for cleaved caspase-3. Immunohistochemical staining was performed on
tumor sections as described in the Materials and Methods. Images were
collected at x200 (left panels) and x400 (right panels) maginification. (D)
TUNEL staining. TUNEL assay was used to detect apoptotic cells and
performed on tumor sections. Propidium iodide stains both apoptotic and
non-apoptotic cells red. Fluorescein-12-dUTP incorporation results in
localized green fluorescence only within the nucleus of apoptotic cells.
Fluorescent images were collected at high (x400) magnification as outlined
in the Materials and methods.
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onstrating that DIM-C-pPhOCHj; induced proapoptotic activity in
both in vivo and in vitro models for pancreatic cancer.

Discussion

TR3 (NR4A1) was initially identified along with Nurrl (NR4A2) and
Norl (NR4A3) as an immediate early gene induced by nerve growth
factor in PC12 cells (31). The precise physiological roles for TR3 are
not fully understood; however, there is evidence that TR3 regulates
muscle lipolysis and glucose metabolism (32,33) and plays a protec-
tive role in arthritis (34) and atherogenesis (35). In addition, several
studies demonstrate a role for TR3 in drug-induced apoptosis in cancer
cell lines (22-27,36-39). For example, a number of apoptosis-inducing
agents including cadmium, phorbol ester, retinoids, acetylshikonin
and related analogs, n-butylenephthalide and cytosporone B in-
duce nuclear translocation of TR3 to the mitochondria or cytosol
and interaction of TR3 with bcl-2 results in formation of a proapop-
totic complex. There are some differences between studies regarding
the induced nuclear translocation of TR3 to the mitochondria or
cytosol, and this may be due to the chemical agent, cell context or
other unknown factors. DIM-C-pPhOCHj; activates nuclear TR3 in
pancreatic, colon and bladder cancer cells, and the effects of this C-
DIM analog include inhibition of cancer cell and tumor growth (xe-
nograft mouse model) (16-20).

Microarrays were used to determine DIM-C-pPhOCHj3-induced
gene expression in colon and bladder cancer cells (17,19) and this
approach was also used to investigate DIM-C-pPhOCH;3-induced
gene expression in pancreatic cancer cells. Analysis of DIM-C-
pPhOCH;-induced gene expression using CodeLink Whole Genome
Bioarrays (30026) and GeneSpring software demonstrated that sev-
eral pathways were activated in L3.6pL cells (supplementary Table 1
is available at Carcinogenesis Online). DIM-C-pPhOCH; induced
genes associated with cellular metabolism and homeostasis, signal
transduction, transcription, stress, transport, immune responses and
apoptosis, and given the importance of the latter pathway for an
anticancer drug, we further investigated the role of TR3 in mediating
induction of proapoptotic genes. Induction of TRAIL by DIM-C-
pPhOCHj; appears to be an indirect response and not observed until
after treatment for 24 h (Figure 1D) and induction of TRAIL was not
detected in the microarray experiments due to the short (2 and 6 h)
treatment times. However, RNA interference studies (siTR3) con-
firmed that induction of TRAIL and FasL by DIM-C-pPhOCH; was
TR3 dependent (Figure 2B-D), and this was consistent with studies
on induction of TRAIL by DIM-C-pPhOCHj; in other cancer cell lines
(16,17,19).

DIM-C-pPhOCHj; also activates several other growth inhibitory
and proapoptotic genes in pancreatic cancer cells (Table I) and many
of these same genes are also induced in bladder and colon cancer cells
(17,19). Based on results of the microarray studies, we initially con-
firmed induction responses in L3.6pL cells (Table I) and real-time
PCR showed that only five genes were consistently induced (Figure
3A), and similar results were observed in Pancl cells (Figure 3B).
Previous studies showed that induction of p21 by DIM-C-pPhOCHj;
was TR3 dependent in Pancl cells (18) and induction of CTH, ATF3
and DUSP1 but not NAG1 is also TR3 dependent in Pancl cells
(Figure 3B). Some but not all of these same genes were also induced
in bladder (CTH, p21 and NAG1) (19) and colon (CTH and ATF3)
(17) cancer cells. One of the most striking differences between pan-
creatic and colon cancer cells was the effect of RNA interference
(siTR3) on the induction of ATF3 mRNA expression by DIM-C-
pPhOCH;. Loss of TR3 by RNA interference in Panc1 cells decreased
induction of ATF3 mRNA (Figure 3B), whereas in RKO cells, in-
ducibility was increased (17). Therefore, the role of TR3 in mediating
induction of ATF3 in pancreatic cancer cells was further investigated.

Figure 4A-B confirm that ATF3 was induced by DIM-C-pPhOCH3
in several pancreatic cancer cell lines and the induction response was
attenuated in Panc1 and L3.6pL cells transfected with siTR3 (Figure
4B and supplementary Figure 1 is available at Carcinogenesis Onli-
neure). ATF3 is a stress-induced gene and a member of the ATF/
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CREB transcription factor family that regulates expression of several
genes including those involved in the cell cycle and apoptosis (30,40—
42). The proapoptotic function of ATF3 was recently investigated by
both induction and knockdown and the results demonstrated that
ATF3 expression decreased cancer cell growth, activated caspase 3
and apoptosis and also regulated expression of TRAIL (30). Since
induction of TRAIL by DIM-C-pPhOCHj3 is a delayed and possibly
indirect response (Figure 1D), we further investigated the role of
ATF3 in mediating induction of TRAIL. Overexpression of ATF3 in
Pancl cells enhanced expression of cleaved caspases 3 and 8 and also
increased levels of TRAIL protein (Figure 4C) and knockdown of
ATF3 by RNA interference inhibited induction of TRAIL by DIM-
C-pPhOCH; (Figure 4D) This indicates that in pancreatic cancer
cells, activation of nuclear TR3 by DIM-C-pPhOCHj; induces ATF3
and ATF3-dependent genes/responses including TRAIL which play
arole in the growth inhibitory/proapoptotic effects of this compound.
However, C-DIM compounds including DIM-C-pPhOCHj3; also acti-
vate endoplasmic reticulum stress in pancreatic and colon cancer cells
and N-terminal jun kinase-dependent induction of death receptor 5
(DRS), and this TR3-independent pathway may also contribute
to induction of ATF3 and activation of the extrinsic apoptotic pathway
(28,29). Moreover, supplementary Figure 2A and B, available at
Carcinogenesis Online confirms that DIM-C-pPhOCH; induces
phospho-JNK and other kinases in pancreatic cancer cells and C-
DIM-dependent activation of kinases is important for the receptor-
independent anticancer activities of these compounds (28,29,43).
Thus, DIM-C-pPhOCHj3; induces apoptosis (extrinsic pathway) in can-
cer cells through nuclear TR3-dependent and -independent (kinase
activation/endoplasmic reticulum stress) pathways, which contrasts
to the TR3-dependent effects of other apoptosis-inducing agents,
which require nuclear export of TR3 (22-27,36-39). TR3 is some-
what unique among NRs since many different classes of mechanism-
based anticancer agents induce TR3-dependent apoptosis by several
pathways. For example, DIM-C-pPhOCH; and DIM-C-pPhOH acti-
vate and deactivate nuclear TR3, respectively, in transactivation as-
says and this is accompanied by modulation of different genes and
induction of apoptosis (16,17,21). In contrast, cytosporone B and re-
lated compounds directly bind TR3 and activate both nuclear TR3 and
export of nuclear TR3; however, induction of apoptosis by these
compounds is due, in part, to nuclear TR3-dependent transcriptional
repression of the antiapoptotic brain and reproductive organ-ex-
pressed protein (38,39). The observed ligand-dependent differences
with respect to activation/deactivation of TR3 suggest that these may
be due, in part, to their activity as selective receptor modulators in
which the modulation may involve direct binding to the receptor
(cytosporone B) or indirect activation/deactivation of TR3 by the C-
DIM compounds. The mechanisms associated with the differences in
modulation of TR3 are currently being investigated.

In summary, this study identifies several genes induced by DIM-C-
pPhOCHj3; in pancreatic cancer cells including TR3-dependent growth
inhibitory/proapoptotic p21, ATF3, DUSP1, TRAIL and CTH genes
and shows that induction of TRAIL was also ATF3 dependent. These
responses are consistent with the effects of DIM-C-pPhOCH; on
pancreatic cancer cell and tumor growth and the induction of apopto-
sis in cells (Figure 1) and tumors (Figure 5) in a xenograft model. At
the dose used in this and other studies, DIM-C-pPhOCH; did not
affect organ or body weights and did not exhibit evidence for toxicity
(16,17). TR3 is overexpressed in human pancreatic tumors (21), and
C-DIMs that activate (this study) or deactivate TR3 (21) induce apo-
ptosis through different pathways and inhibit pancreatic cancer cell
and tumor growth, demonstrating that the orphan NR TR3 is a unique
target for pancreatic cancer chemotherapy. Current studies are inves-
tigating the clinical potential of drugs that target TR3 alone and in
combination with other agents for treating pancreatic cancer.

Supplementary material

Supplementary Table 1 and Figures 1 and 2 can be found at http://
carcin.oxfordjournals.org/

TR3 as a drug target for pancreatic cancer
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