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PRECLINICAL STUDY

1,1-Bis(3’-indolyl)-1-(p-substituted phenyl)methanes inhibit
proliferation of estrogen receptor-negative breast cancer cells

by activation of multiple pathways

Kathy Vanderlaag - Yunpeng Su - Arthur E. Frankel -
Henry Grage * Roger Smith III - Shaheen Khan -
Stephen Safe

Received: 13 February 2007 / Accepted: 7 June 2007
© Springer Science+Business Media B.V. 2007

Abstract 1,1-Bis(3’-indolyl)-1-(p-substituted phenyl)meth-
anes containing para-trifluoromethyl (DIM-C-pPhCF;), -butyl
(DIM-C-pPhtBu), and phenyl (DIM-C-pPhC¢Hs) groups are
methylene-substituted diindolylmetyhanes (C-DIMs) that
activate peroxisome proliferator-activated receptor y (PPARY)
in estrogen receptor a-negative MDA-MB-231 and MDA-MB-
453 breast cancer cells. C-DIMs inhibit breast cancer cell pro-
liferation; however, inhibition of G¢/G; to S phase progression
and cyclin D1 downregulation was observed in MDA-MB-231
but not MDA-MB-453 cells. Nonsteroidal anti-inflammatory
drug-activated gene 1 (NAG-1), a transforming growth factor
f-like peptide, was also induced by these compounds, and the
response was dependent on cell-context dependent activation of
kinase pathways. However, inhibition of cell growth, induction
of NAG-1 and activation of kinases by C-DIMs were not
inhibited by PPARy antagonists. Despite the induction of NAG-
1 and downregulation of the antiapoptotic protein survivin by
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C-DIMs in both MDA-MB-231 and MDA-MB-453 cells,
apoptotic cell death was not observed. Nevertheless, the cyto-
toxicity of C-DIMs in vitro was complemented by inhibition of
tumor growth in athymic nude mice bearing MDA-MB-231
cells as xenografts and treated with DIM-C-pPhC¢Hs (40 mg/
kg/day). The growth inhibition of tumors derived from highly
aggressive MDA-MB-231 cells suggests a potential role for the
C-DIM compounds in the clinical treatment of ER-negative
breast cancer.
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Introduction

Peroxisome proliferator-activated receptor y (PPARY) is a
member of the nuclear receptor superfamily of transcrip-
tion factors [1-3]. The PPAR subfamily includes o, f(J)
and y sub-types that bind fatty acids and lipids, and the
receptors play a role in lipid metabolism and metabolic
diseases that include insulin-resistance, coronary artery
disease and hyperlipidemia [3—6]. PPARs are differentially
expressed in various tissues and exhibit some overlapping
or interconnected activities such as in cholesterol transport,
metabolism and function [5]. PPAR« regulates genes in-
volved in fatty acid utilization during fasting and PPAR«
agonists are drugs used for treating patients with hyper-
lipidemia. Thiazolidinediones (TZDs) such as rosiglitazone
and pioglitazone are PPARYy agonists which are insulin-
sensitizing agents used extensively for treatment of type II
diabetes [3-06].

PPARy is overexpressed in multiple tumor types and
their derived cancer cell lines [7, 8] and is considered a
potential target for development of anticancer drugs. Not
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surprisingly, several different structural classes of PPARYy
agonists have been identified and their anticancer activities
have been investigated. These include TZDs, 15-deoxy-
A" _prostaglandin J2 (PGJ2), 2-cyano-3,12-dioxooleana-
1,9-dien-28-oic acid (CDDO) and related compounds, 1,1-
bis(3’-indolyl)-1-(p-substituted phenyl)methanes [methy-
lene-substituted diindolylmethanes (C-DIMs)], and several
other chemical classes [1-3, 9-16]. All PPARy agonists
typically induce fat cell differentiation and, using RNA
interference and PPARy antagonists, several PPARy-
dependent responses have been characterized in various
cancer cell lines. For example, CDDO induces the tumor
suppressor gene caveolin 1 in colon cancer cells and this
response is inhibited by the PPARy antagonist GW9662.
However, many other CDDO-induced responses are
receptor-independent or the role of PPARy has not been
investigated [17-23].

Research in this laboratory has identified 1,1-bis(3’-
indolyl)-1-(p-trifluoromethylphenyl)methane (DIM-C-
pPhCF3), 1,1-bis(3’-indolyl)-1-(p-t-butylphenyl)methane
(DIM-C-pPhtBu), 1,1-bis(3’-indolyl)-1-(p-biphenyl)meth-
ane (DIM-C-pPhC¢Hs) as PPARy agonists in several dif-
ferent cancer cell lines [13, 24-32]. The PPARy-active C-
DIMs induce PPARy-dependent transactivation in several
different cancer cells transfected with receptor-responsive
constructs and their induction of caveolin-1 and p21 is also
PPARy-dependent but varied with cell context [25, 30]. C-
DIM compounds also induce receptor-independent re-
sponses including endoplasmic reticulum (ER) stress,
activation of multiple kinases, induction of non-steroidal
anti-inflammatory drug activated gene-1 (NAG-1), and
proteasome-dependent downregulation of cyclin D1. A
previous study shows that PPARy-active C-DIMs inhibits
growth of ER-positive MCF-7 breast cancer cells, induces
apoptosis, and downregulates expression of estrogen
receptor o and cyclin D1 proteins [13]. In this study, we
show that DIM-C-pPhCF;, DIM-C-pPhtBu, DIM-C-
pPhCgHs inhibited growth of MDA-MB-231 and MDA-
MB-453 cells and induced transactivation in cells trans-
fected with a PPAR¢y-responsive construct. The C-DIM
compounds differentially affected cell cycle progression
and modulation of p21, p27 and cyclin DI expression in
both cell lines and induced NAG-1 in MDA-MB-231 and
MDA-MB-453 cells through activation of different kinas-
es. These responses were not inhibited after cotreatment
with the PPARy antagonist 2-chloro-5-nitro-N-phenylben-
zamide (GW9662). In addition, C-DIMs also decreased
expression of the anti-apoptotic protein survivin in these
cells; however, this was not accompanied by apoptosis. In
athymic nude mice bearing MDA-MB-231 cells as xeno-
grafts, treatment with 40 mg/kg/day of DIM-C-pPhC¢Hs
significantly inhibited tumor growth, confirming the anti-

carcinogenic activity of C-DIMs both in vivo and in vitro.
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Materials and methods
Cells, chemicals and other materials

MG132 was obtained from Sigma Chemical Co. (St.
Louis, MO). The human breast cancer cell lines MDA-
MB-231 and MDA-MB-453 were obtained from American
Type Culture Collection (ATCC, Manassas, VA). MDA-
MB-231 cells were maintained in DMEM:F-12 supple-
mented with 0.22% sodium bicarbonate, 10% fetal bovine
serum (FBS), and 2 ml/l antibiotic/antimycotic solution
(Sigma Chemical Co., St. Louis, MO). MDA-MB-453
cells were maintained in RPMI supplemented with 0.15%
sodium bicarbonate, 0.12% HEPES, 10% FBS, and 2 ml/I
antibiotic/antimycotic solution (Sigma Chemical Co., St.
Louis, MO). Cells were grown in 150 cm? culture plates in
an air/CO, (95:5) atmosphere at 37°C and passaged
approximately every 5 days. p21 (C-19), p27 (C-19), cy-
clin D1 (M-20), cyclin D3 (C-16), caveolin-1 (N-20),
caveolin-2 (N-20), p-Erk (K-23), Erk (E-4), p-Akt
(Serd73), Akt (H-136), p-c-Jun (KM-1), c-Jun (D), Grp78
(H-129), ATF-3 (C-19), survivin (FL-142) antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). The NAG-1 antibody was purchased from Upstate
(Lake Placid, NY). Horseradish peroxidase substrate for
Western blot analysis was purchased from NEN Life
Science Products (Boston, MA). 2-Chloro-5-nitro-N-phe-
nylbenzamide (GW9662) was prepared in this laboratory
(>98% pure).

Cell proliferation assays

Cells were plated at a density of 3-5 x 10%well in 12-well
plates and media was replaced the next day with DMEM:-
Ham’s F-12 media containing 2.5% charcoal-stripped FBS
and either vehicle (DMSO) or the indicated ligand and
concentration. Similar cytostatic responses were observed
for stripped and non-stripped serum; however, in this study,
experiments were carried out using stripped serum which
would minimize the endogenous effects of ERf which is
expressed in MDA-MB-231 cells. Fresh media and com-
pounds were added every 48 h. Cells were counted at the
indicated times using a Coulter Z1 cell counter. Each
experiment was completed in triplicate and results are ex-
pressed as means = SE for each determination.

Transient transfection assays

Breast cancer cells were plated in 12-well plates at 1.5 x 10°
cells/well in DME-F12 media supplemented with 2.5%
charcoal-stripped FBS. PPARy-Gal4 (0.2 pg/well), Gal4-
LUC (0.5 pg/well) and pCDNA3.1-His-LacZ (0.04 ng/
well, Invitrogen, Carlsbad, CA) expression plasmid (for
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normalization of transfection efficiency) were transiently
cotransfected into MDA-MB-231 and MDA-MB-453 cells
using Lipofectamine according to the manufacturer’s pro-
tocol. After 5-6 h, cells were treated for 24 h with fresh
2.5% stripped bovine medium containing 1, 5, or 10 uM
DIM-C-pPhCF;, DIM-C-pPhtBu, DIM-C-pPhCg¢Hs dis-
solved in DMSO, or DMSO alone as a solvent control. After
24 h of treatment, cells were then lysed with 150 pl of 1 x
reporter lysis buffer from Promega (Madison, WI) and 30 pl
of cell extract were used for luciferase and f-gal assays.
Significance was determined by SuperANOVA (P < 0.05).

Fluorescence-activated cell-sorting assays (FACS)

MDA-MB-231 cells and MDA-MB-453 cells were treated
with either the vehicle (DMSO) or the indicated com-
pounds for 48 h. Cell were trypsinized, centrifuged and
resuspended in staining solution containing 50 mg/ml
propidium iodide, 4 mM sodium citrate, 30 units/ml
RNase, and 0.1% Triton X-100. After incubation at 37°C
for 10 min, sodium chloride was added to give a final
concentration of 0.15 M. Cells were analyzed on a FACS
Calibur flow cytometer using CellQuest acquisition soft-
ware. PI fluorescence was collected through a 585/42 nm
bandpass filter, and list mode data were acquired on a
minimum of 20,000 single cells defined by a dot plot of PI
width versus PI area. Data analysis was performed in
ModFit LT using PI width versus PI to exclude cell
aggregates.

Western blots assays

MDA-MB-231 and MDA-MB-453 cells were seeded in
DMEM:Ham’s F-12 media containing 2.5% charcoal-
stripped FBS for 24 h and then treated with either the
vehicle (DMSO) or the indicated compounds. Whole cell
lysates were obtained using high salt buffer [SO mM HE-
PES, 500 mM NaCl, 1.5 mM MgCl,, 1 mM EGTA, 10%
glycerol and 1% Triton X-100 pH 7.5 and 5 pl/ml of Pro-
tease Inhibitor Cocktail]. Protein samples were incubated at
100°C for 2 min, separated on 10% SDS-PAGE at 120 V
for 34 h in 1 X running buffer [25 mM Tris-base,
192 mM glycine, and 0.1% SDS (pH 8.3)] and transferred
to polyvinylidene difluoride membrane at 0.2 V for 16 h at
4°C in 1 x transfer buffer (48 mM Tris—HCI, 39 mM
glycine, and 0.025% SDS). The PVDF membrane was
blocked in 5% TBST-Blotto [10 mM Tris—=HCI, 150 mM
NaCl (pH 8.0), and 0.05% Triton X-100 and 5% non-fat dry
milk] with gentle shaking for 30 min and incubated in fresh
5% TBST-Blotto at 1:200-1:1,000 with primary antibody
overnight at 4°C with gentle shaking. After washing with
TBST for 10 min, the PVDF membrane was incubated with
secondary antibody (1:5,000) in 5%TBST-Blotto for 2 h.

The membrane was washed with TBST for 10 min and
incubated with 10 ml of chemiluminescence substrate for
1.0 min and exposed to Kodak X-OMAT AR autoradiog-
raphy film.

Anti-tumor efficacy studies

Female Balb/c athymic nude mice (Nu™), 4-6 weeks old,
were purchased from Charles River Laboratories (Wil-
minton, MA) and maintained in a ventilated rack system.
Irradiated chow and autoclaved water were provided ad
libitum. The mice were acclimated for 7 days prior to
beginning the experiments. Athymic nude mice (Nu™)
were injected i.p. with 75 pg of a rat anti-mouse asialo
GM1 antibody (Wako Chemical Company, Richmond,
VA) to reduce natural killer cells. Injections were done on
days 4 and 2 prior to the injection of MDA-MB-231 cells.
At day 0, mice were injected subcutaneously in the left
flank with 10" MDA-MB-231 cells in 100-200 pl serum-
free medium. Three groups of mice (12 mice/group) were
then treated i.p. with 40 mg/kg DIM-C-pPhC¢Hs in 50 pl
placebo, 50 pl placebo or 50 pl PBS, every day for 35 total
injections starting at day 4 post-tumor inoculations. Tumor
size was measured with calipers, based on the formula
L x W* where L is the length and W is the width of the
tumor. Moribund mice and mice whose tumor burdens
exceeded 20% of their body weight were euthanized fol-
lowing institutional regulation.

Results

DIM-C-pPhCF;, DIM-C-pPhtBu and DIM-C-pPhC¢Hs are
PPARYy agonists and inhibit growth of breast, bladder, co-
lon, ovarian and pancreatic cancer cells [13, 24-32]. Re-
sults in Fig. 1A and B shows that these PPARy-active C-
DIMs significantly induced transactivation in ER-negative
MDA-MB-231 and MDA-MB-453 cells transfected with
PPARy-GALA4/pGALA4. Rosiglitazone, a thiazolidinedione
PPARy agonist, also induced transactivation in both cell
lines. GW9662 is a PPARY antagonist, and the induction of
transactivation by DIM-C-pPhCF;, DIM-C-pPhtBu and
DIM-C-pPhC¢Hs in MDA-MB-231 (Fig. 1C) and MDA-
MB-453 cells (Fig. 1D) transfected with PPARy-GAL4/
pGAL4 was inhibited after cotreatment with GW9662.
These results demonstrate that the PPARy-active C-DIMs
activate PPARy in ER-negative breast cancer cell lines, and
these results were similar to those previously reported for
the same compounds in MCF-7 cells [13].

Results illustrated in Fig. 2 show that DIM-C-pPhCF;,
DIM-C-pPhtBu and DIM-C-pPhCgHs inhibit proliferation
of ER-negative MDA-MB-231 and MDA-MB-453 breast
cancer cells and ICsq values were generally between 1 and
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Fig. 1 Ligand-induced activation of PPARy and effects of PPARy
antagonists. Ligand-dependent activation of PPARy-GAL4/pGAL4 in
MDA-MB-231 (A) and MDA-MB-453 (B) cells. Cells were
transfected with PPARy-GAL4/pGALA4, treated with 1, 5, or 10 uM
of DIM-C-pPhCF;, DIM-C-pPhtBu, DIM-C-pPhC¢H;s and rosiglitaz-
one (positive control), and luciferase activity was determined as
described in Materials and methods. Results of all transactivation
studies in this figure are presented as means + SE for at least three
separate determinations for each treatment group, and significant

5 uM. The only exception was the decreased potency of
DIM-C-pPhtBu in MDA-MB-453 cells where the ICsy was
slightly greater than 5 pM. MDA-MB-231 and MDA-MB-
453 cells were treated with C-DIMs alone for 24 or48 horin
combination with 10 pM GW9662 (PPARy antagonist).
GW9662 did not significantly block growth inhibition by C-
DIMs (data not shown). C-DIMs also affected the % dis-
tribution of MDA-MB-231 cells in Go/Gy, S and G/M phase
of the cell cycle (Fig. 2C). Even at concentrations as low as 1
or 5 uM, the C-DIM compounds consistently increased the
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(P < 0.05) induction compared with solvent (DMSO) control is
indicated (*). Inhibition of transactivation in MDA-MB-231 (C) and
MDA-MB-453 (D) cells by PPARy antagonist GW9662. Cells were
transfected with PPARy-GAL4/pGALA4, treated with 10 pM rosiglit-
azone or C-substituted DIMs alone or in combination with 7.5 uM
GW9662, and luciferase activities were determined as described in
(A). Significant (P < 0.05) inhibition of induced transactivation by
GW9662 is indicated (**)

% of cells in Go/G and decreased the % of cells in S phase of
the cell cycle. In contrast, these same concentrations had
minimal effects on the % distribution of MDA-MB-453 cells
in Go/Gy, S or Go/M phase of the cell cycle (Fig. 2D),
indicating some cell context-dependent differences in the
effects of C-DIMs on cell cycle progression.

C-DIMs modulate p21, p27 (induction), and decrease
cyclin D1 expression in breast, colon and pancreatic cancer
cells [13, 25, 30]. Results in Fig. 3A show that after
treating MDA-MB-231 cells for 12 h with 10 pM C-DIMs,
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Fig. 2 Growth inhibition
studies and fluorescence-
activated cell sorting (FACS)
analysis. MDA-MB-231 (A)
and MDA-MB-453 (B) breast
cancer cells were treated with
1-10 uM DIM-C-pPhCF;,
DIM-C-pPhtBu, and DIM-C-
pPhCgHj; for 6 days, and cell
numbers were determined using
a Coulter Counter as described
in the Materials and methods.
Results are expressed as
means + SE for three separate
determinations at each time
point. MDA-MB-231 (C) and
MDA-MB-453 (D) cells were
treated for 48 h with 1-5 uM
DIM-C-pPhCF;, DIM-C-
pPhtBu and DIM-C-pPhC¢Hs,
and analyzed by FACS analysis
as described in the Materials
and methods. Experiments were
carried out in 2.5% charcoal-
stripped serum and DMSO
served as the solvent control.
Results are expressed as
means + SE for three separate
determinations for each
treatment group and
significance (P < 0.05) is
indicated (*)
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there was decreased expression of cyclin DI and slightly
increased levels of p21 or p27 proteins and similar results
were observed after treatment for 24 h (data not shown).
Cotreatment of both cell lines with C-DIMs plus GW9662
did not alter the effects of C-DIMs on p21, p27 or cyclin
D1 expression (data not shown). In contrast, the PPARy-
active C-DIMs did not affect cyclin D1, p21 or p27 levels
in MDA-MB-453 cells after treatment for 12 h (Fig. 3B) or
24 h (data not shown). The C-DIM-induced downregula-
tion of cyclin D1 in MDA-MB-231 cells was inhibited in
cells cotreated with the proteasome inhibitor MG132
(Fig. 3C) and this PPARy-independent response was pre-
viously observed with these compounds in MCF-7 cells
[13]. Thus, the major effects of the PPARy-active C-DIMs
was induction of proteasome-dependent degradation of
cyclin D1 (Fig. 3C) which correlates with the inhibition of
Gy¢/G; to S phase progression in MDA-MB-231 cells
(Fig. 2D). However, results of inhibition studies indicate
that these responses were PPARy-independent.

A MDA-MB-231
Cyclin D1 | — | ——— | —
p27 o i B I —
p21 —
Loading control — ——
Conc. (uM) 5 10 5 10 5 10

DMSO DIM-C-pPhCF; DIM-C-pPhtBu  DIM-C-pPhC¢H;

C MDA-MB-231

* *k * *% * *k

1.0 1.32 047 1.22 0.11 0.98 035 1.48

Cyclin D1

Loading control

MG132 (10 uM) = +

DMSO

(10 uM) (10 uM) (10 uM)

Fig. 3 Modulation of cell cycle, ER stress and caveolin proteins.
MDA-MB-231 (A) or MDA-MB-453 (B) cells were treated with 5 or
10 pM DIM-C-pPhCF; or DIM-C-pPhCg¢Hs for 12 h, and whole cell
lysates were analyzed by Western blot analysis as described in
Materials and methods. MDA-MB-231 (C) cells were pre-treated for
30 min with 10 uM proteasome inhibitor MG132 or vehicle control
and subsequently treated for 12 h with DMSO, 10 uM DIM-C-
pPhCF;, or DIM-C-pPhCgHs for 12 h, and whole cell lysates were
analyzed by Western blot analysis as described in Materials and
methods. Experiments were done in triplicate and results shown are
typical of cyclin DI, p21, and p27 protein levels for treatment
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C-DIMs induce several growth inhibitory factors or
pathways in cancer cell lines including receptor-dependent
induction of caveolin-1 and receptor-independent induction
of ER stress and NAG-1 [24, 26, 28]. In contrast, C-DIM
compounds did not affect expression of the stress protein
GRP78 in MDA-MB-231 or MDA-MB-453 cells (data not
shown). Figure 3D shows that caveolin 1 expression is not
induced in MDA-MB-453 cells by the C-DIM compounds,
whereas in MDA-MB-231 cells, concentration-independent
effects on caveolin-1 expression were observed. In con-
trast, the same compounds induced caveolin 1 in colon
cancer cells and cotreatment with PPARy antagonists
blocked caveolin-1 induction [25].

NAG-1 is a proapoptotic and growth inhibitory protein
induced in cancer cell lines by diverse agents including
C-DIM compounds [26, 33—-37], and results in Fig. 4A and
B shows that NAG-1 is induced in MDA-MB-453 and
MDA-MB-231 cells after treatment with 10 uM DIM-C-
pPhCF;, DIM-C-pPhtBu and DIM-C-pPhCcHs. ATF3,

B MDA-MB-453
Cyclin D1 pr—
p27 |
p21

Loading control
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DMSO DIM-C-pPhCF; DIM-C-pPhtBu  DIM-C-pPhCgH;
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T T T
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Loading control  qup ey - = E—-J
Conc.u) | 5 10 | 5 10 | 5 10
T
DMSO DIM-C- DIM-C- DIM-C-
pPhCF, pPhtBu pPhCgH,

replicates. (D) MDA-MB-231 and MDA-MB-453 cells were treated
with DIM-C-pPhCF;, DIM-C-pPhtBu and DIM-C-pPhC¢Hs for 72 h,
and whole cell lysates were analyzed by Western blot analysis as
described in the Materials and methods. Experiments were done in
triplicate and results shown are typical of treatment replicates. These
compounds did not induce GRP78, a marker of ER stress, whereas
thapsigargin, an ER stress inducer, significantly increased GRP78
expression (data not shown). Significant (P < 0.05) induction or
inhibition by C-DIMs is indicated (*) and the effects of MG132 on
cyclin D1 downregulation are indicated (**)
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which is often co-induced with NAG-1, was also elevated
in the ER-negative breast cancer cells treated with PPARy-
active C-DIMs. Using DIM-C-pPhCcHs as a model, we
showed that NAG-1 induction was not inhibited by the
PPAR?y antagonist GW9662 (Fig. 4A, B). Similar results
were observed for PPARy-active C-DIMs in colon cancer
cells where induction of NAG-1 was also PI3-K dependent
[26]. NAG-1 is induced through multiple pathways
including activation of kinases in colon cancer cells where
PPARy-active C-DIMs induced NAG-1 through PI3-K
dependent activation of Egr-1 which binds the proximal
region of the NAG-1 promoter [26]. The induction of
NAG-1 by DIM-C-pPhCgHs in the absence or presence of
inhibitors of p38 MAPK (SB203580), JNK (SP600125),
PKC (GF109203X), p44/42 MAPK (PD98059), and PI3-K
(LY294002) is summarized in Fig. 4C. In MDA-MB-453
cells, inhibition of NAG-1 induction by DIM-C-pPhC¢Hj5
was observed in cells cotreated with p44/42 MAPK, PI3-K
and JNK inhibitors with the latter inhibitor being the most
effective. In contrast, only LY294002 (PI3-K inhibitor)
blocked induction of NAG-1 by DIM-C-pPhC¢Hs in MDA-
MB-231 cells, and the JNK inhibitor actually enhanced
induction of NAG-1 by the C-DIM compound (Fig. 4C).
Results in Fig. 4D show that DIM-C-pPhCg¢Hjs induces PI3-
K-dependent phosphorylation of Akt in MDA-MB-231
cells and phosphorylation of MAPK, Akt and c-Jun in
MDA-MB-453 cells (Fig. 4E), and these induced kinases
play a role in the induction of NAG-1 in the same cell lines.
Both cell lines were also cotreated with DIM-C-pPhC¢Hs
plus the PPARy antagonist GW9662, and the latter com-
pound did not inhibit activation of kinases by DIM-C-
pPhC¢Hs (data not shown).

Previous studies showed that DIM, ring-substituted
DIMs, and C-DIMs induced caspase-dependent apoptosis
in ER-positive MCF-7 cells, whereas apoptosis was not
observed in MDA-MB-231 cells [13, 38]. The effects of the
PPARy-active C-DIM compounds on induction of apop-
tosis were investigated in both MDA-MB-231 and MDA-
MB-453 cells by determining caspase-dependent PARP
cleavage, bax/bcl-2 expression (Fig. 5A, B), and effects on
the antiapoptotic protein survivin (Fig. 5C, D). There was
an increase in bax and a decrease in bcl-2 expression ob-
served after treatment of MDA-MB-231 and MDA-MB-
453 cells with C-DIMs; however, activation of the intrinsic
pathway for apoptosis as evidenced by caspase-dependent
PARP cleavage was not observed. The antiapoptotic pro-
tein survivin was expressed in MDA-MB-231 and MDA-
MB-453 cells, and treatment with PPARy-active C-DIM
compounds decreased survivin protein expression (Fig. 5C,
D); however, this response was insufficient for activation
of caspase-dependent apoptotic pathways.

Results in Fig. 6 show that treatment with DIM-
C-pPhCeHs (40 mg/kg/day) decreased tumor growth in

athymic nude mice bearing MDA-MB-231 cells as xeno-
grafts. These results, coupled with the cancer cell growth
inhibition studies (Fig. 2), clearly show that PPARy-active
C-DIMs effectively inhibited growth of ER-negative breast
cancer cells, and this was comparable to inhibition of colon
and bladder tumor growth in mouse xenograft models
[28, 31].

Discussion

Several different structural classes of PPARY) agonists have
been identified and many of these, including PGJ2, thia-
zolidinediones and CDDO, inhibit proliferation of breast
and other cancer cell lines through multiple receptor-
dependent and -independent pathways [17-23, 39-46]. For
example, in one study 10 uM PGJ2 induced rapid mor-
phological changes associated with apoptosis in MDA-
MB-231 cells, whereas 100 uM troglitazone induced
minimal apoptosis after prolonged (50 h) treatment [39].
CDDO alone did not induce apoptosis in ER-positive T47D
or ER-negative MDA-MB-453 cells [41]; however CDDO
enhanced TRAIL-induced apoptosis in both cell lines.
PPARy-active C-DIM compounds have been identified in
this laboratory as a new class of PPARy agonists and
several receptor-dependent and -independent responses
have been characterized. Results of transactivation studies
(Fig. 1) clearly demonstrate that the three C-DIMs induced
PPARy-dependent activity in MDA-MB-231 and MDA-
MB-453 cells transfected with PPARy-GAL4/pGAL4
constructs as previously reported in other cancer cell lines
[13, 25-32].

PPARy-active C-DIMs inhibit growth of ER-negative
MDA-MB-231 and MDA-MB-453 cells (Fig. 2) but in-
duced only a modest increase in cells in G¢/G; and de-
crease in cells in S-phase in MDA-MB-231 but not in
MDA-MB-453 cells (Fig. 2C, D). p21 and p27 were only
slightly induced in MDA-MB-231 cells but not in MDA-
MB-453 cells, and 5-10 uM C-DIMs induced cyclin D1
downregulation in MDA-MB-231 but not MDA-MB-453
cells (Fig. 3A-C). This was most pronounced after treat-
ment for 12 h and was reversed by the proteasome inhibitor
MG132 (Fig. 3C), whereas the PPARy antagonist GW9662
did not affect either the growth inhibitory effects of C-
DIMs or the decreased expression of cyclin D1 in MGA-
MB-231 cells (data not shown). The results suggest that
inhibition of MDA-MB-231 cell proliferation by C-DIMs
is primarily due to decreased cyclin D1 expression,
whereas other factors must be involved for inhibition of
MDA-MB-453 cell proliferation and these effects were
PPARy-independent.

C-DIMs induce receptor-dependent caveolin 1 expres-
sion and receptor-independent ER stress in pancreatic,
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colon, bladder and ovarian cancer cells [24-28, 30-34, 35];
however, neither caveolin (Fig. 3D) or GRP78 (an ER
stress marker) (data not shown) were induced in MDA-
MB-231 or MDA-MB-453 cells. In contrast, the TGFf-like
peptide NAG-1 was induced by 10 pM C-DIMs in both
cell lines and was accompanied by a slight induction of

@ Springer

<«Fig. 4 Induction of NAG-1 proteins (A, left and B, left). MDA-MB-

231 (A, left) and MDA-MB-453 (B, left) cells were treated with
DMSO or 5-10 pM DIM-C-pPhCF;, DIM-C-pPhtBu and DIM-C-
pPhCcHs or 0.3 pM thapsigargin (Tg) for 24 h, and whole cell lysates
were analyzed by Western blot analysis for NAG-1 and ATF3. 15%
represents whole cell lysate sample isolated from SW480 cells and
treated with 15 uM DIM-C-pPhtBu and, based on previous published
data, served as a positive control for NAG-1 and ATF3 induction.
PPARy-independent activation of NAG-1 (A, right and B, right).
MDA-MB-231 (A, right) or MDA-MB-453 cells (B, right) were
treated for 24 h with DMSO or 10 uM DIM-C-pPhCgHs, and with or
without co-treatment with 10 uM PPARy inhibitor GW9662. Whole
cell lysates were analyzed by Western blot analysis and probed for
NAG-1. Role of kinases in NAG-1 induction (C). MDA-MB-231 and
MDA-MB-453 cells were treated with DMSO or 10 uM DIM-C-
pPhCgHs and with or without co-treatment of the following kinase
inhibitors: 20 uM p38 MAPK (SB203580), 20 uM JNK (SP600125),
5 uM PKC (GF109203X), 20 uM p44/42 MAPK (PD98059) and
20 uM PI3-K (LY294002) for 24 h. Whole cell lysates were probed
for NAG-1. Activation of kinases in 0—120 min treatment with 10 uM
DIM-C-pPhCgHs (D, E). Whole cell lysates isolated from MDA-MB-
231 (D) cells were analyzed by Western blot analysis and probed for
p-Akt and Akt. MDA-MB-453 (E) cells were analyzed by Western
blot analysis for p-Akt, Akt, p-Erk, Erk, p-c-Jun, c-Jun. Experiments
were carried out in triplicate. Results shown are typical of treatment
replicates, and values given in the figure demonstrate the magnitude
of each treatment relative to that observed for DMSO (set at 1.0).
Significant (P < 0.05) induction of NAG-1 or kinase activity (¥) or
inhibition of these responses by kinase inhibitors (**) are indicated

ATF3 (Fig. 4A, B) which is often co-regulated with NAG-
1 [26, 36]. NAG-1 is induced by several proapoptotic and
growth inhibitory agents including PPARy agonists such as
the C-DIMs, troglitazone and PGJ2; however, the mecha-
nisms of induction are variable. Baek and coworkers [39,
40] showed that induction of NAG-1 in HCT116 colon
cancer cells by troglitazone and PGJ2 was PPARy-inde-
pendent and -dependent, respectively, whereas induction of
NAG-1 by C-DIMs was PPARy-independent [26]. Both
troglitazone and C-DIMs induced NAG-1 through activa-
tion of PI3K. In ER-negative MDA-MB-453 cells activa-
tion of NAG-1 by DIM-C-pPhC¢Hs was decreased in cells
cotreated with the JNK inhibitor SP600125, the MAPK and
PI3K inhibitors PD98059 and LY294002, respectively
(Fig. 4C). These results correlated with DIM-C-pPhC¢Hs-
dependent enhancement of all three kinase pathways in the
same cell line (Fig. 4E) and these responses were receptor-
independent (data not shown). However, in MDA-MB-231
cells, only the PI3-K inhibitor LY294002 blocked induc-
tion of NAG-1 by DIM-C-pPhC¢Hs in MDA-MB-231 cells
(Fig. 4C) and only this kinase was induced by the C-DIM
compound in this cell line (Fig. 4D). Thus, induction of
NAG-1 by DIM-C-pPhC¢H;5 in ER-negative breast cancer
cells was due to cell context-dependent activation of kin-
ases, and current studies in this laboratory are investigating
upstream targets that are activated by C-DIMs and mediate
selective activation of kinase pathways in different cell
lines.
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Fig. 5 Effects of PPARy agonists on apoptosis. MDA-MB-231 (A)
and MDA-MB-453 cells (B) were treated with DMSO or 5-10 uM
DIM-C-pPhCF;, DIM-C-pPhtBu and DIM-C-pPhC¢Hs, or 10 uM
MG132 for 24 h. Whole cell lysates were analyzed by Western blot
analysis for PARP112/85, bcl-2 and bax. Time-dependent activation
of survivin. MDA-MB-231 (C) and MDA-MB-453 cells (D) were
treated for 12-36 h or 2448 h with DMSO or 10 uM DIM-C-
pPhCF;, DIM-C-pPhtBu and DIM-C-pPhC¢Hs. Whole cell lysates
were analyzed by Western blot analysis and probed for survivin.
Experiments were done in triplicate and results shown are typical of
treatment replicates

Although NAG-1 is associated with apoptotic activity,
we did not observe caspase-dependent PARP cleavage after
treatment of MDA-MB-453 and MDA-MB-231 cells with
PPARy-active C-DIM compounds, whereas the proteasome
inhibitor MG132 (positive control) induced PARP cleavage
(Fig. 5A, B). Bax/bcl-2 ratios were increased in MDA-MB-
453 cells treated with 5 or 10 uM PPARy-active C-DIMs.
However, increased bax/bcl-2 ratios combined with
C-DIM-dependent downregulation of the antiapoptotic
protein survivin in both cell lines (Fig. 5C, D) was not
accompanied by activation of caspase-mediated apoptosis.
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Fig. 6 In vivo antitumorigenic activity of DIM-C-pPhC¢Hs. MDA-
MB-231 s.c. tumor size (mean = SE) in athymic mice treated i.p.
daily starting at day 4 post-tumor inoculation for 35 total doses with
PBS (50 pl), placebo (50 pl) and DIM-C-pPhCeHs (40 mg/kg in
50 pl placebo). The tumor sizes were measured on day 35 and day 39.
On day 32, the tumor sizes were 446.1 + 138.3 mm?> (placebo
treated), 454.3 + 97.5 mm?> (PBS treated), 83.3 + 25.1 mm?> (DIM-C-
pPhCeHs treated) (#-test, P = 0.001 versus PBS treated group). On
day 39, the tumor sizes were 909.9 + 342.6 mm?> (placebo treated),
1129 + 371.9 mm® (PBS treated), 124.7 = 54.8 mm® (DIM-C-
pPhC¢Hjs treated) (r-test, P = 0.01 versus PBS treated group)

The failure to induce apoptosis was not unprecedented
since other studies also show that ER-negative breast
cancer cells are somewhat resistant to PPARy agonist-in-
duced apoptosis [38, 39, 41]. Treatment of MDA-MB-231
cells with high concentrations of troglitazone (100 pM) for
50 h induced apoptosis in only 30% of the cells [39], and
CDDO did not cause caspase-dependent PARP cleavage in
ER-negative MDA-MB-468 cells [41]. High concentrations
of troglitazone (50 pM) were cytotoxic to ER-negative
MDA-MB-435 cells and decreased survivin expression
[47], and similar results were observed for the C-DIM
compounds (Figs. 2, 5C, D). Moreover, like the C-DIM
compounds, troglitazone also did not induce apoptosis in
MDA-MB-435 cells. However, the lack of induction of
apoptosis by PPARy-active C-DIMs did not affect their
in vitro cytotoxicity or their inhibition of tumor growth in
athymic nude mice bearing MDA-MB-231 cells as xeno-
grafts (Fig. 6).

Although C-DIMs activate transfected PPARy-GAL4/
pGAL4 in ER-negative breast cancer cells (Fig. 1), their
effects as inhibitors of cell proliferation and cell cycle
progression (Fig. 2) and activators of other growth inhibi-
tory responses were receptor independent. Despite the po-
tent antiproliferative effects of these compounds in vitro
and in vivo, their downregulation of the antiapoptotic
survivin protein, and induction of the proapoptotic NAG-1
protein in both cell lines, we did not observe caspase-
dependent PARP cleavage (Fig. 5) or other indicators of
apoptosis such as positive Annexin V staining (data not
shown). In ongoing studies, we are investigating the
potential role of other cell death pathways in breast cancer
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cells and tumors in order to delineate critical markers
associated with the anticarcinogenic activity of C-DIMs.
The cytotoxicity of C-DIMs which is not accompanied by
apoptosis is comparable to the effects reported for TZDs
and CDDO in ER-negative cancer cell lines [41, 47], and
similarities and differences in the effects of these com-
pounds and C-DIMs are also being investigated.

Acknowledgements

The financial assistance of the National Insti-

tutes of Health (CA108178 and ES09106) and the Texas Agricultural
Experiment Station is gratefully acknowledged.

References

10.

11.

12.

. Desvergne B, Wahli W (1999) Peroxisome proliferator-activated

receptors: nuclear control of metabolism. Endocr Rev 20:649-688

. Escher P, Wahli W (2000) Peroxisome proliferator-activated

receptors: insight into multiple cellular functions. Mutat Res
448:121-138

. Willson TM, Lambert MH, Kliewer SA (2001) Peroxisome

proliferator-activated receptor g and metabolic disease. Annu Rev
Biochem 70:341-367

. Fajas L, Debril MB, Auwerx J (2001) Peroxisome proliferator-

activated receptor-g: from adipogenesis to carcinogenesis. J Mol
Endocrinol 27:1-9

. Lee CH, Olson P, Evans RM (2003) Minireview: lipid metabo-

lism, metabolic diseases, and peroxisome proliferator-activated
receptors. Endocrinology 144:2201-2207

. Rosen ED, Spiegelman BM (2001) PPARg: a nuclear regulator of

metabolism, differentiation, and cell growth. J Biol Chem
276:37731-37734

. Ikezoe T, Miller CW, Kawano S, Heaney A, Williamson EA,

Hisatake J, Green E, Hofmann W, Taguchi H, Koeffler HP (2001)
Mutational analysis of the peroxisome proliferator-activated
receptor g gene in human malignancies. Cancer Res 61:5307-5310

. Posch MG, Zang C, Mueller W, Lass U, von DA, Elstner E

(2004) Somatic mutations in peroxisome proliferator-activated
receptor-g are rare events in human cancer cells. Med Sci Monit
10:BR250-BR254

. Acton JJ III, Black RM, Jones AB, Moller DE, Colwell L, Do-

ebber TW, Macnaul KL, Berger J, Wood HB (2005) Benzoyl 2-
methyl indoles as selective PPARg modulators. Bioorg Med
Chem Lett 15:357-362

Berger JP, Petro AE, Macnaul KL, Kelly LJ, Zhang BB, Richards
K, Elbrecht A, Johnson BA, Zhou G, Doebber TW, Biswas C,
Parikh M, Sharma N, Tanen MR, Thompson GM, Ventre J, Adams
AD, Mosley R, Surwit RS, Moller DE (2003) Distinct properties
and advantages of a novel peroxisome proliferator-activated pro-
tein g selective modulator. Mol Endocrinol 17:662-676

Koyama H, Miller DJ, Boueres JK, Desai RC, Jones AB, Berger
JP, Macnaul KL, Kelly LJ, Doebber TW, Wu MS, Zhou G, Wang
PR, Ippolito MC, Chao YS, Agrawal AK, Franklin R, Heck JV,
Wright SD, Moller DE, Sahoo SP (2004) (2R)-2-ethylchromane-
2-carboxylic acids: discovery of novel PPARa/g dual agonists as
antihyperglycemic and hypolipidemic agents. J Med Chem
47:3255-3263

Liu K, Black RM, Acton III JJ, Mosley R, Debenham S, Abola R,
Yang M, Tschirret-Guth R, Colwell L, Liu C, Wu M, Wang CF,
Macnaul KL, McCann ME, Moller DE, Berger JP, Meinke PT,
Jones AB, Wood HB (2005) Selective PPARg modulators with
improved pharmacological profiles. Bioorg Med Chem Lett
15:2437-2440

@ Springer

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

Qin C, Morrow D, Stewart J, Spencer K, Porter W, Smith III R,
Phillips T, Abdelrahim M, Samudio I, Safe S (2004) A new class
of peroxisome proliferator-activated receptor g (PPARg) agonists
that inhibit growth of breast cancer cells: 1,1-bis(3’-indolyl)-1-(p-
substitutedphenyl)methanes. Mol Cancer Therap 3:247-259
Rieusset J, Touri F, Michalik L, Escher P, Desvergne B, Niesor E,
Wahli W (2002) A new selective peroxisome proliferator-acti-
vated receptor g antagonist with antiobesity and antidiabetic
activity. Mol Endocrinol 16:2628-2644

Schopfer FJ, Lin Y, Baker PR, Cui T, Garcia-Barrio M, Zhang J,
Chen K, Chen YE, Freeman BA (2005) Nitrolinoleic acid: an
endogenous peroxisome proliferator-activated receptor g ligand.
Proc Natl Acad Sci USA 102:2340-2345

Suh N, Wang Y, Honda T, Gribble GW, Dmitrovsky E, Hickey
WF, Maue RA, Place AE, Porter DM, Spinella MJ, Williams CR,
Wu G, Dannenberg AJ, Flanders KC, Letterio JJ, Mangelsdorf
DJ, Nathan CF, Nguyen L, Porter WW, Ren RF, Roberts AB,
Roche NS, Subbaramaiah K, Sporn MB (1999) A novel synthetic
oleanane triterpenoid, 2-cyano-3,12-dioxoolean-1,9-dien-28-oic
acid, with potent differentiating, antiproliferative, and anti-
inflammatory activity. Cancer Res 59:336-341

Chintharlapalli S, Papineni S, Konopleva M, Andreef M, Samu-
dio I, Safe S (2005c) 2-Cyano-3,12-dioxoolean-1,9-dien-28-oic
acid and related compounds inhibit growth of colon cancer cells
through peroxisome proliferator-activated receptor g-dependent
and -independent pathways. Mol Pharmacol 68:119-128

. Ikeda T, Sporn M, Honda T, Gribble GW, Kufe D (2003) The novel

triterpenoid CDDO and its derivatives induce apoptosis by dis-
ruption of intracellular redox balance. Cancer Res 63:5551-5558
Ito Y, Pandey P, Place A, Sporn MB, Gribble GW, Honda T,
Kharbanda S, Kufe D (2000) The novel triterpenoid 2-cyano-
3,12-dioxoolean-1,9-dien-28-oic acid induces apoptosis of human
myeloid leukemia cells by a caspase-8-dependent mechanism.
Cell Growth Differ 11:261-267

Konopleva M, Tsao T, Estrov Z, Lee RM, Wang RY, Jackson
CE, McQueen T, Monaco G, Munsell M, Belmont J, Kantarjian
H, Sporn MB, Andreeff M (2004b) The synthetic triterpenoid 2-
cyano-3,12-dioxooleana-1,9-dien-28-oic acid induces caspase-
dependent and -independent apoptosis in acute myelogenous
leukemia. Cancer Res 64:7927-7935

Konopleva M, Elstner E, McQueen TJ, Tsao T, Sudarikov A, Hu
W, Schober WD, Wang RY, Chism D, Kornblau SM, Younes A,
Collins SJ, Koeffler HP, Andreeff M (2004a) Peroxisome pro-
liferator-activated receptor g and retinoid X receptor ligands are
potent inducers of differentiation and apoptosis in leukemias. Mol
Cancer Ther 3:1249-1262

Lapillonne H, Konopleva M, Tsao T, Gold D, McQueen T,
Sutherland RL, Madden T, Andreeff M (2003) Activation of
peroxisome proliferator-activated receptor g by a novel synthetic
triterpenoid 2-cyano-3,12-dioxooleana-1,9-dien-28-oic acid in-
duces growth arrest and apoptosis in breast cancer cells. Cancer
Res 63:5926-5939

Samudio I, Konopleva M, Hail Jr N, Shi YX, McQueen T, Hsu T,
Evans R, Honda T, Gribble GW, Sporn M, Gilbert HF, Safe S,
Andreeff M (2005) 2-Cyano-3,12 dioxooleana-1,9 diene-28-imi-
dazolide (CDDO-Im) directly targets mitochondrial glutathione
to induce apoptosis in pancreatic cancer. J Biol Chem
280:36273-36282

Abdelrahim M, Newman K, Vanderlaag K, Samudio I, Safe S
(2006) 3,3’-Diindolylmethane (DIM) and derivatives induce
apoptosis in pancreatic cancer cells through endoplasmic reticu-
lum stress-dependent upregulation of DRS5. Carcinogenesis
27:717-728

Chintharlapalli S, Smith III R, Samudio I, Zhang W, Safe S
(2004) 1,1-Bis(3’-indolyl)-1-(p-substitutedphenyl)methanes in-
duce peroxisome proliferator-activated receptor g-mediated



Breast Cancer Res Treat

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

growth inhibition, transactivation and differentiation markers in
colon cancer cells. Cancer Res 64:5994-6001

Chintharlapalli S, Papineni S, Baek SJ, Liu S, Safe S (2005b) 1,1-
Bis(3’-indolyl)-1-(p-substitutedphenyl)methanes are peroxisome
proliferator-activated receptor gamma agonists but decrease
HCT-116 colon cancer cell survival through receptor-indepen-
dent activation of early growth response-1 and NAG-1. Mol
Pharmacol 68:1782-1792

Chintharlapalli S, Burghardt R, Papineni S, Ramaiah S, Yoon K,
Safe S (2005a) Activation of Nur77 by selected 1,1-Bis(3’-ind-
olyl)-1-(p-substituted phenyl)methanes induces apoptosis through
nuclear pathways. J Biol Chem 280:24903-24914
Chintharlapalli S, Papineni S, Safe S (2006) 1,1-Bis(3’-indolyl)-
1-(p-substituted phenyl)methanes inhibit colon cancer cell and
tumor growth through PPARg-dependent and PPARg-indepen-
dent pathways. Mol Cancer Ther 5:1362-1370

Contractor R, Samudio I, Estrov Z, Harris D, McCubrey JA, Safe
S, Andreeff M, Konopleva M (2005) A novel ring-substituted
diindolylmethane  1,1-bis[3’-(5-methoxyindolyl)]-1-(p-t-butyl-
phenyl)methane inhibits ERK activation and induces apoptosis in
acute myeloid leukemia. Cancer Res 65:2890-2898

Hong J, Samudio I, Liu S, Abdelrahim M, Safe S (2004) Per-
oxisome proliferator-activated receptor g-dependent activation of
p21 in Panc-28 pancreatic cancer cells involves Spl and Sp4
proteins. Endocrinology 145:5774-5785

Kassouf W, Chintharlapalli S, Abdelrahim M, Nelkin G, Safe S,
Kamat AM (2006) Inhibition of bladder tumor growth by 1,1-
bis(3’-indolyl)-1-(p-substitutedphenyl)methanes: a new class of
peroxisome proliferator-activated receptor g agonists. Cancer Res
66:412-418

Lei P, Abdelrahim M, Safe S (2006) 1,1-Bis(3’-indolyl)-1-(p-
substituted phenyl)methanes inhibit ovarian cancer cell growth
through peroxisome proliferator-activated receptor-dependent
and independent pathways. Mol Cancer Ther 5:2324-2336
Baek SJ, Wilson LC, Hsi LC, Eling TE (2003) Troglitazone, a
peroxisome proliferator-activated receptor g (PPARg) ligand,
selectively induces the early growth response-1 gene indepen-
dently of PPARg. A novel mechanism for its anti-tumorigenic
activity. J Biol Chem 278:5845-5853

Baek SJ, Kim KS, Nixon JB, Wilson LC, Eling TE (2001) Cy-
clooxygenase inhibitors regulate the expression of a TGF-b
superfamily member that has proapoptotic and antitumorigenic
activities. Mol Pharmacol 59:901-908

Baek SJ, Kim JS, Nixon JB, DiAugustine RP, Eling TE (2004)
Expression of NAG-1, a transforming growth factor-b super-
family member, by troglitazone requires the early growth re-
sponse gene EGR-1. J Biol Chem 279:6883-6892

Lee SH, Kim JS, Yamaguchi K, Eling TE, Baek SJ (2005) Indole-
3-carbinol and 3,3’-diindolylmethane induce expression of NAG-
1 in a p53-independent manner. Biochem Biophys Res Commun
328:63-69

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Shim M, Eling TE (2005) Protein kinase C-dependent regulation
of NAG-1/placental bone morphogenic protein/MIC-1 expression
in LNCaP prostate carcinoma cells. J Biol Chem 280:18636—
18642

Vanderlaag K, Samudio I, Burghardt R, Barhoumi R, Safe S
(2006) Inhibition of breast cancer cell growth and induction of
cell death by 1,1-bis(3’-indolyl)methane (DIM) and 5,5’-dib-
romoDIM. Cancer Lett 236:198-212

Clay CE, Namen AM, Atsumi G, Willingham MC, High KP, Kute
TE, Trimboli AJ, Fonteh AN, Dawson PA, Chilton FH (1999)
Influence of J series prostaglandins on apoptosis and tumorigenesis
of breast cancer cells. Carcinogenesis 20:1905-1911

Clay CE, Monjazeb A, Thorburn J, Chilton FH, High KP (2002)
15-Deoxy-D(12,14)-prostaglandin J2-induced apoptosis does not
require PPARg in breast cancer cells. J Lipid Res 43:1818-1828
Hyer ML, Croxton R, Krajewska M, Krajewski S, Kress CL, Lu
M, Suh N, Sporn MB, Cryns VL, Zapata JM, Reed JC (2005)
Synthetic triterpenoids cooperate with tumor necrosis factor-re-
lated apoptosis-inducing ligand to induce apoptosis of breast
cancer cells. Cancer Res 65:4799-4808

Konopleva M, Zhang W, Shi YX, McQueen T, Tsao T, Ab-
delrahim M, Munsell MF, Johansen M, Yu D, Madden T, Safe
SH, Hung MC, Andreeff M (2006) Synthetic triterpenoid 2-cy-
ano-3,12-dioxooleana-1,9-dien-28-oic acid induces growth arrest
in HER2-overexpressing breast cancer cells. Mol Cancer Ther
5:317-328

Patel L, Pass I, Coxon P, Downes CP, Smith SA, Macphee CH
(2001) Tumor suppressor and anti-inflammatory actions of
PPARg agonists are mediated via upregulation of PTEN. Curr
Biol 11:764-768

Pignatelli M, Cortes-Canteli M, Lai C, Santos A, Perez-Castillo A
(2001) The peroxisome proliferator-activated receptor g is an
inhibitor of ErbBs activity in human breast cancer cells. J Cell Sci
114:4117-4126

Qin C, Burghardt R, Smith R, Wormke M, Stewart J, Safe S
(2003) Peroxisome proliferator-activated receptor g (PPARg)
agonists induce proteasome-dependent degradation of cyclin D1
and estrogen receptor a in MCF-7 breast cancer cells. Cancer Res
63:958-964

Wang CG, Fu MF, D’Amico M, Albanese C, Zhou JN, Brownlee
M, Lisanti MP, Chatterjee VKK, Lazar MA, Pestell RG (2001)
Inhibition of cellular proliferation through IkB kinase-indepen-
dent and peroxisome proliferator-activated receptor g-dependent
repression of cyclin D1. Mol Cell Biol 21:3057-3070

LuM, Kwan T, Yu C, Chen F, Freedman B, Schafer JM, Lee EJ,
Jameson JL, Jordan VC, Cryns VL (2005) Peroxisome prolifer-
ator-activated receptor g agonists promote TRAIL-induced
apoptosis by reducing survivin levels via cyclin D3 repression
and cell cycle arrest. J Biol Chem 280:6742-6751

@ Springer



	1,1-Bis(3&vprime;-indolyl)-1-(p-substituted phenyl)methanes inhibit proliferation of estrogen receptor-negative breast cancer cells �by activation of multiple pathways
	Abstract
	Introduction
	Materials and methods
	Cells, chemicals and other materials
	Cell proliferation assays
	Transient transfection assays
	Fluorescence-activated cell-sorting assays (FACS)
	Western blots assays
	Anti-tumor efficacy studies

	Results
	Discussion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


