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Abstract
1,1-Bis(3′-indolyl)-1-(p-substituted phenyl)methanes, containing p-t-butyl (DIM-C-pPhtBu) and
phenyl (DIM-C-pPhC6H5) substituents, are peroxisome proliferator-activated receptor γ (PPARγ)
agonists; however, DIM-C-pPhtBu-induced growth inhibition and cell death in human HEC1A
endometrial cancer cells is PPARγ-independent. DIM-C-pPhtBu decreased mitochondrial membrane
potential (MMP) and promoted the release of cytochrome c and caspase activation and nuclear uptake
of endonuclease G leading to apoptosis of HEC1A cells. DIM-C-pPhtBu specifically targeted the
mitochondrial permeability transition pore complex (PTPC) because the DIM-C-pPhtBu-induced
proapoptotic responses were inhibited by atractyloside (Atra), a compound that specifically interacts
with the inner mitochondrial membrane adenine nucleotide transport (ANT) proteins. At the dose of
Atra used in this study (300 µM), this compound alone did not alter the PTPC but inhibited the
mitochondriotoxic effects of DIM-C-pPhtBu. DIM-C-pPhtBu/DIM-C-pPhC6H5 and Atra also
differentially affected the ability of eosin-5-maleimide (EMA) to alkylate Cys160 in the ANT protein
and Atra, but not DIM-C-pPhtBu, inhibited the exchange of ATP/ADP in isolated mitochondria
suggesting that these pharmacophores act on different sites on the ANT protein. Results of this study
show that the receptor-independent proapoptotic activity of DIM-C-pPhtBu and DIM-C-pPhC6H5
were related to novel mitochondriotoxic activities involving inner mitochondrial ANT proteins.

Keywords
ANT; C-DIM; apoptosis; mitochondria; HEC1A cells

INTRODUCTION
Peroxisome proliferator-activated receptor γ (PPARγ) is a ligand-activated transcription factor
and a member of the nuclear receptor (NR) superfamily that includes steroid hormone, thyroid
hormone, vitamin D and retinoic acid receptors, and orphan receptors for which endogenous

© 2007 Wiley-Liss, Inc.
*Correspondence to: Department of Veterinary Physiology and Pharmacology, Texas A&M University, 4466 TAMU, Vet. Res. Bldg.
409, College Station, TX 77843-4466.

NIH Public Access
Author Manuscript
Mol Carcinog. Author manuscript; available in PMC 2009 July 16.

Published in final edited form as:
Mol Carcinog. 2008 July ; 47(7): 492–507. doi:10.1002/mc.20407.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ligands have not yet been identified [1–6]. PPARγ agonists have been developed for treatment
of metabolic diseases, and compounds such as thiazolidinediones (TZDs) are used extensively
for clinical treatment of insulinresistant Type II diabetes [7,8]. Wild-type PPARγ is highly
expressed in tumors from multiple sites and in cancer cell lines, and the chromosomal location
of PPARγ indicates that this receptor “could be a tumor suppressor gene” [9]. PPARγ agonists
such as 15-deoxy-Δ12,14-prostaglandin J2 (PGJ2), TZDs, and other synthetic PPARγ agonists
inhibit growth of tumors (in vivo) and cancer cell lines through several pathways including
inhibition of G0/G1 to S phase progression, modulation of kinase pathways, induction of
differentiation, and apoptosis [10–23].

Different structural classes of PPARγ agonists induce one or more genes/pathways that activate
growth inhibition or cell death, and there is evidence that these responses may be receptor-
dependent or -independent. For example, PGJ2 and the novel triterpenoid 2-cyano-3,12-
dioxooleana-1,9-dien-28-oic acid (CDDO) induce apoptosis in leukemia cells, and these
responses are inhibited by dominant negative PPARγ expression or a PPARγ antagonist [22].
In contrast, inhibition of ovarian cancer cell growth by CDDO was unaffected by cotreatment
with a PPARγ antagonist [23]. Studies in this laboratory have identified a series of 1,1-bis(3′-
indolyl)-1-(p-substituted phenyl)methanes [methylene-substituted diindolylmethanes (C-
DIMs)] containing p-trifluoromethyl (DIM-C-pPhCF3), p-t-butyl (DIM-C-pPhtBu), or phenyl
(DIM-C-pPhC6H5) substituents that activate PPARγ-dependent transactivation in breast,
colon, and pancreatic cancer cell lines [24–26]. C-DIMs induce PPARγ-dependent expression
of caveolin-1 in colon cancer cell lines [25] and the cyclin-dependent kinase inhibitor p21 in
Panc-28 pancreatic cancer cells [26]. In contrast, these compounds downregulate cyclin D1
and induce apoptosis in breast and other cancer cell lines through PPARγ-independent
pathways [24,27–32].

PPARγ is expressed in HEC1A endometrial cancer cells and PPARγ-active C-DIMs also
induce transactivation in cells transfected with a construct (PPRE-luc) containing three tandem
PPARγ response elements. These compounds also inhibit growth and induce apoptosis in
HEC1A cells; however, these responses were receptor-independent, and the major objective
of this study was to further investigate receptor-independent apoptosis pathways induced by
these compounds. Using DIM-C-pPhtBu as a model, the results show that this compound
activates novel proapoptotic pathways. DIM-C-pPhtBu is mitochondriotoxic and decreases
mitochondrial membrane potential (MMP), induces apoptosis, release of mitochondrial
cytochrome c, and caspasedependent activation of endonuclease G through specific targeting
of inner mitochondrial membrane adenine nucleotide transport (ANT) proteins. In addition to
their essential role in transporting newly synthesized ATP from the mitochondrial matrix to
the cytosol, ANT proteins form part of the permeability transition pore complex (PTPC), a
supramolecular protein structure that mediates the release of death promoting proteins from
the intermembrane space of the mitochondria. Results of this study show that C-DIMs are a
new class of uncharged small molecules that induce apoptosis in cancer cells through
modulation of ANT and PTPC function.

MATERIALS AND METHODS
Cell Lines and Reagents

The HEC1A and HEC1B endometrial, Panc1 and Panc28 pancreatic, and HeLa cell lines were
purchased from the American Type Culture Collection (ATCC, Manassas, VA). DME/F12
with phenol red, 100× antibiotic/antimycotic solution, propidium iodide, atractyloside (Atra),
cyclosporin A (CsA), 2-deoxyglucose (2-DG), and aurintricarboxylic acid (ATA) were
purchased from Sigma-Aldrich (St. Louis, MO), and fetal bovine serum (FBS) was obtained
from Intergen (Purchase, NY). Antibodies for AIF, PPARγ, PARP, bcl-2, VDAC, histone H3,
ANT, and β-tubulin were obtained from Santa Cruz Biotechnology (Santa Cruz, CA);
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endonuclease G antibodies were purchased from Prosci (Poway, CA), and cytochrome c and
bax antibodies were obtained from BD Pharmingen (San Diego, CA). Lysis buffer, luciferase
reagent, and RNase were obtained from Promega Corp. (Madison, WI). Z-VAD(OMe)-FMK
was obtained from Alexis (Lausen, Switzerland). TMRM and Hoechst 33258 were obtained
from Molecular Probes (Eugene, OR). All other chemicals and biochemicals were of the
highest quality available from commercial sources. DIM-C-pPhCF3, DIM-C-pPhtBu, and
DIM-C-pPhC6H5 were synthesized in our laboratory [24], and a solution of 1.0 × 10−2 M was
prepared in DMSO. The PPARγ agonist GW9662 was synthesized by condensation of the
corresponding acid chloride and aromatic amine, purified by thin layer chromatography, and
structures were confirmed by gas chromatography-mass spectrometry. Small inhibitory RNAs
and nonspecific siRNA (iScr) were prepared by IDT (Coralville, IA) and PPARγ iRNA was
targeted to the coding region of PPARγ as previously described [24–26].

Cell Survival Studies
HEC1A cells were maintained in DME/F12 supplemented with 10% FBS at 37°C in a
humidified atmosphere of 5% CO2 in air. For cell proliferation experiments, HEC1A cells were
seeded at a density of 1–2 × 105 cells in 6-well plates. After 24 h, cells were treated with various
concentrations of DIM-C-pPhCF3, DIM-C-pPhtBu, or DIM-C-pPhC6H5 for 96 h. Adherent
cells were collected and cell numbers were determined with a Z1 Dual Coulter Counter
(Beckman, Coulter, Palatine, IL). In the cell survival assays, the percent cell survival after
treatment with C-DIMs is determined from the ratio of the number of adherent cells in the
treatment versus the control (DMSO) group. In experiments using the PPARγ antagonist
GW9662, HEC1A cells were pretreated with 5 mM GW9662 for 1 h and then treated with
various concentrations of PPARγ-active C-DIMs. In experiments using Atra, CSA and BA,
HEC1A cells were cotreated with various concentrations of compounds. Both floating and
adherent cells were counted after the indicated times. All treatments were replicated at least
three times and results were confirmed in at least two or more separate experiments. HEC1B,
Panc1, Panc28, and HeLa cells were maintained in Eagle’s minimum essential medium
supplemented with 10% FBS, and the experiments were carried out essentially as described
above.

Assay of Intracellular ATP Levels
Intracellular ATP levels were determined using a luciferase ATP assay kit (Perkin Elmer,
Wellesley, MA) according to the manufacturer’s instructions. The amount of ATP-driven light
produced was measured with a BMG luminometer (BMG Labtechnologies, Germany). The
amount of total cellular protein was determined with protein assay reagents kit (Pierce) with
bovine serum albumin (BSA) as a standard.

In Vitro Assay of ANT Exchange Activity
The adenine nucleotide exchange activity of ANT was measured by a slight modification of
the inhibitor-stop method. Briefly, mitochondria were suspended in ice-cold reaction buffer
(110 mM KCl, 20 mM Tris-HCl, 1 mM EDTA, pH 7.4) and 50 µM of ADP was added to a
reaction medium consisting of the buffer and 0.5 mg/mL of mitochondrial proteins. The
reaction was carried out on ice and stopped after 10 s by addition of 100 mmoles Atra. The
reaction mixture was then centrifuged at 10 000g for 5 min and the supernatant was harvested.
The ADP-induced release of ATP was then quantified by luciferase ATP assay kit.

Measurement of Mitochondrial Membrane Potential
MMP was measured with 3,3′-tetraethylbenzimidazolylcarbo-cyanine iodide (JC-1)
(Molecular Probe, Eugene, OR). HEC1A cells (5 × 104) were exposed to different
concentrations of DIM-C-pPhtBu as indicated for 24 h. After treatment, cells were incubated
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in 50 nM JC-1 at 37°C for 30 min and washed (3X) with phosphate-buffered saline (PBS). The
red JC-1 fluorescence was measured at 530 nm excitation (Ex)/590 nm emission (Em) and the
green cytoplasmic JC-1 fluorescence was measured at 485 nM Ex/530 nm Em with a
fluorescence-activated fluorescence reader (BMG Labtechnologies, Offenburg, Germany).
After subtraction of background values obtained from wells containing JC-1 but devoid of
cells, red/green fluorescence ratios were calculated.

TMRM Staining
HEC1A cells were grown on coverslips in 12-well plates and were treated as indicated. After
treatment for 24 h, TMRM and Hoechst 33258 were added to the medium at the concentration
of 50 nM and 1 µg/mL, respectively, and incubated for 10 min at 37°C. The fluorescence of
TMRM was monitored with Zeiss 410 confocal microscope (Carl Zeiss, Jena, Germany).

Isolation of Mitochondrial and Nuclear Fractions
Mitochondria were extracted using a Mitochondria Isolation Kit (Pierce, Rockford, IL)
according to the manufacturer’s instructions. Briefly, 2 × 107 cells were harvested and
resuspended in Mitochondria Isolation Reagent A containing a protease inhibitor mixture
(Roche, Basel, Switzerland). After 60 strokes in a Dounce homogenizer, mitochondria isolation
reagent C was added. The unbroken cells and nuclei were centrifuged at 700g for 10 min, and
the mitochondrial fraction was further centrifuged at 12 000g for 10 min. Nuclear proteins were
extracted using NE-PER nuclear and cytoplasmic extraction reagents (Pierce, Rockford, IL).
HEC1A cells (2 × 106) were harvested and resuspended in 200 µL of ice-cold CER I containing
a protease inhibitor mixture. After incubation on ice for 10 min, 11 µL ofice-cold CER II was
added. Cells were incubated on ice for 5 min and vortexed vigorously for 5 s every minute.
After centrifugation at 14 000g for 5 min, the precipitated nuclei were recovered and the
supernatant (cytoplasmic extract) was transferred to another prechilled tube and both fractions
were either used immediately or stored at −20°C prior to use.

Cell Death ELISA
Apoptoic and necrotic cell death were quantitated using an ELISA method according to
instructions provided by Roche Applied Sciences. Briefly, 104 cells were seeded into a
streptoavidin-coated microtiter plate. After treatment for 24 h, the cell culture supernatants
were removed from the cell before lysis, and cells were then resuspended in incubation buffer.
A mixture of anti-histone-biotin and anti-DNA-peroxidase was added and incubated for 90
min at 25°C. During incubation, the antihistone antibody binds to the histone components of
the nucleosomes and simultaneously captures the immunocomplex to the streptavidin via its
biotinyl groups. In addition, the anti-DNA-peroxidase reacts with the DNA components of the
nucleosomes. Color development was carried out by adding ABTS substrate solution to each
sample. The absorbances at 405 nm and 495 nm were measured to give the relative magnitude
of apoptotic and necrotic cell death.

Protein Isolation and Western Blot Analysis
HEC1A cells (1.5 × 105) were seeded in 6-well plates and treated with compounds for the
indicated time periods. Cells were washed (2X) with cold PBS and collected in 200 µL of SDS
sample buffer (50 mM Tris-HCl, pH 6.8, 10% glycerol, 1% SDS, 5% 2-mercaptoethanol, and
0.025% bromophenol blue). The protein extract (i.e., whole cell lysate) was boiled for 3 min
and loaded onto 10% polyacrylamide gel, electrophoresed, and transferred to PVDF membrane
(Immobilon™-P, Millipore Corporation, Bedford, MA). Whole cell lysates and nuclear and
mitochondrial proteins were separated by SDS–gel electrophoresis as described in Reference
[26]. Protein bands detected by incubation with polyclonal primary antibodies to AIF
(SC-9416), endonucleaseG (3035), bcl-2 (SC-492), VDAC (SC-8828), PPARγ (SC-7196),
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Bax (SC-493) (54104), ANT (SC-9299), histone H3 (SC 10809), and β-tubulin (SC-9104) (all
1:1000 dilution) followed by blotting with horseradish peroxidase-conjugated secondary
antibody (1:5000 dilution). Immune complexes were visualized with chemiluminescent
substrate (Santa Cruz Biotechnology, Santa Cruz, CA) and luminescent signal recorded in
Kodak X-Omat AR autoradiography film (Eastman Kodak, Rochester, NY).

Interaction of DIM-C-pPhC6H5 With HEC1A Cell Mitochondria
HEC1A cells (2 × 106) were treated with DMSO, 10 µM or 20 mM DIM-C-pPhC6H5 for 3 h,
and mitochondria were extracted as described above. After washing with ice-cold reaction
buffer (200 nM sucrose, 110 mM KCl, 20 mM Tris-HCl, 1 mM EDTA, pH 7.4) (3X),
mitochondria were resuspended in 100 mL DMSO, vortexed for 5 min, and the supernatant
was recovered after centrifugation for 10 min at 12 000g. For in vitro studies, isolated
mitochondria were resuspended in ice-cold reaction buffer to a concentration of 0.5 mg/mL
mitochondrial protein. Mitochondria were incubated with different amounts of DIM-C-
pPhC6H5 at 0°C for 10 min and were centrifuged at 12 000g at 4°C. The supernatant was
removed and mitochondria were resuspended in 100 µL DMSO, and mitochondrial protein
was isolated as described above. The fluorescence was measured at 355 nm excitation/460 nm
emission using a fluorescence-activated fluorescence reader (BMG Labtechnologies,
Offenburg, Germany).

Immunofluorescent Staining
HEC1A cells were washed (3X) in PBS, fixed on coverslips with 2.5% paraformaldehyde
(Sigma) for 10 min at room temperature, rinsed twice with PBS, and treated with 0.5% Triton
X-100 (Roche Molecular Biochemicals, Indianapolis, IN) for 10 min at room temperature.
Cells were then blocked with 100 µL of 3% BSA for 1 h followed by addition of 100 µL of
endonuclease G or cytochrome c antibodies diluted 1:500 in 3% BSA overnight at 4°C, and
then washed with PBS (3 × 5 min). The FITC-conjugated goat anti-rabbit antibody or goat
antimouse (Molecular Probes, Eugene, OR) was diluted 1:1000 and 100 µL of the antibody
solution was placed on each coverslip for 1 h at room temperature, and cells were then washed
with PBS (3 × 5 min). Nuclei were stained with 0.1 µg/mL propidium iodide. The coverslips
were mounted face down on microscope slides with mounting medium (Vector Laboratories,
Inc. Burlingame, CA) to be viewed on a Zeiss 410 confocal microscope (Carl Zeiss, Germany).
The slides were stored in a light proof black box.

RNA Isolation and Northern Blot Analysis by RT-PCR
Cells (1.5 × 105) were seeded in 6-well plates, and after 24 h, iRNA duplexes were transfected
with TransFast Transfection Reagent (Promega Corp., Madison, WI). RNA was harvested with
the SV Total RNA Isolation System (Promega Corp.), as per the manufacturer’s instructions,
24 h after transfection. Ten percent of the total RNA was used for cDNA synthesis using the
RT system (Promega Corp.), and amplification of ANT and glyceraldehyde-3-phosphate
dehydrogenase(GAPDH) cDNAs was carried out in multiplex reactions in the presence of 3%
DMSO. The primer sequences used were: GAPDH: forward, 5′-GGT CTC CTC TGA CTT
CAA CAG CG-3′; and reverse, 5′-GGT ACT TTA TTG ATG GTA CAT GAC-3′. The primer
sequences of ANT are referred to Reference [33]. ANT1: forward, 5′-CTG AGA GCG TCG
AGC TGT CA-3′; and reverse, 5′-CTC AAT GAA GCA TCT CTT C-3′. ANT2: forward, 5′-
CCG CAG CGC CGT AGT CAA A-3′; and reverse, 5′-AGT CTG TCA AGA ATG CTC
AA-3′; ANT3: forward, 5′-CCG TTC TCC GGC TGT CTT CC-3′; and reverse, 5′-GCC GGC
CGC ACC GCC GGA GGC-3′. PCR products were run on 1.2% agarose gels prestained with
ethidium bromide and visualized in a UV transluminator; digital images of PCR products were
captured with the Kodak EDAS 290 Electrophoresis Documentation and Analysis System
(Eastman Kodak Co., New Haven, CT).
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Cell Proliferation Experiments With iANT
ANT1, ANT2, and ANT3 inhibitory RNAs were prepared by DHARMACON (Chicago, IL)
and targeted to the coding region of ANT1, ANT2, and ANT3, respectively. The iRNA
duplexes used in this study are summarized below.

ANT1 5′-UGACACUGUUCGUCGUAGATT-3′ 5′-UCUACGACGAACAGUGUCATT-3′

ANT2 5′-AGACUGCGUGGUCCGUAUUTT-3′ 5′-AAUACGGACCACGCAGUCUTT-3′

ANT3 5′-UGUACGACGAGCUCAAGAATT-3′ 5′-UUCUUGAGCUCGUCGUACATT-3′

iScr 5′-ACUCUAUCUGCACGCUGACTT-3′ 5′-GUCAGCGUGCAGAUAGAGUTT-3′

For the cell proliferation experiments, HEC1A cells were seeded at a density of 2–4 × 104 cells
in 48-well plates. Twenty-four hours after seeding, iRNA duplexes were transfected with
TransFast Transfection Reagent (Promega Corp., Madison, WI). Cells were treated with 10
mM DIM-C-pPhtBu 1 h after transfection. Floating cells and adherent cells were collected
after 48 h, and cell numbers were determined with a Z1 Dual Coulter Counter (Beckman
Coulter, Palatine, IL).

Detection of Cytochrome c
Isolated mitochondria were incubated with compounds at 25°C in PT buffer (10 mM Tris-
MOPS, pH 7.4, 200 mM sucrose, 5 mM succinate, 10 µM EGTA) for 20 min and centrifuged
at 13 000g for 10 min at 48C. For detecting cytochrome c released from mitochondria,
mitochondrial pellet and supernatant fractions were subjected to SDS–PAGE (15%) and
Western blot analysis.

Preparation of Submitochondrial Particles
Submitochondial particles were prepared from Panc1 cells as follows. Cell mitochondria stored
at −80°C were thawed and suspended at 20 mg of protein/mL in medium consisting of 250
mM sucrose, 1 mM sodium succinate, 5 mM MgCl2, and 10 mM Tris-HCl buffer, pH 7.4. The
suspension was sonicated at 100 watts in an Ultrasonic Processor (Sonics, Newtown, CT) five
times for 30 s (5X) with 1 min intervals in an ice bath. Unbroken mitochondria were removed
by centrifugation at 3000g for 8 min at 4°C, and then submitochondrial particles were collected
by recentrifugation at 14 000g for 30 min at 4°C.

Labeling of ANT by EMA
Submitochondrial particles were suspended in medium consisting 250 mM sucrose, 0.5 mM
EDTA, and 10 mM Tris-HCL buffer, pH 7.2 to a final concentration 5 mg/mL, and then
preincubated with the compounds indicated for 10 min in a total volume of 100 µL at 0°C in
the dark. Eosin-5-maleimide (EMA) was added to a final concentration of 100 µM and the
reaction was terminated by addition of 1 M DTT to a final concentration of 50 mM.
Mitochondrial proteins were then analyzed by SDS–PAGE in 15% polyacrylamide gel. The
fluorescence intensity of the ANT labeled with EMA was measured by fluorography.

Statistical Analysis
Statistical significance was determined by analysis of variance and the levels of probability
are noted. The results are expressed as mean ±SD for at least three separate (replicate)
experiments for each treatment group.
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RESULTS
PPARγ-Active C-DIMs Decrease Survival and Induce Apoptosis in HEC1A and Other Cancer
Cell Lines

Recent studies in this laboratory have identified a series of C-DIMs that activate PPARγ, and
the most active compounds include DIM-C-pPhCF3, DIM-C-pPhtBu, and DIM-C-pPhC6H5
[24–26]. Results illustrated in Figure 1A–C show that the PPARγ-active C-DIMs also
decreased HEC1A endometrial cancer cell proliferation. IC50 values for HEC1A cell growth
inhibition were in between 5 µM and 10 µM, and cell death was generally observed using 10–
15 µM concentrations.

HEC1A cells express PPARγ (Figure 2A), and DIM-C-pPhtBu induced luciferase activity in
cells transfected with a PPRE-luc construct as previously reported for this compound in Panc28
cells. In cells cotransfected with PPRE-luc and nonspecific iScrRNA or small inhibitory RNA
for PPARγ (iPPARγ), there was a significant decrease in DIM-C-pPhtBu-induced luciferase
activity in the latter treatment group. This corresponded to the decreased expression of
PPARγ protein in these cells (Figure 2A). Results in Figure 2B show that 10µM DIM-C-
pPhCF3 and DIM-C-pPhtBu alone decreased cell survival (96 h) and in HEC1A cells cotreated
with the PPARγ antagonist GW9662, the cytotoxic effects of the C-DIM compounds were not
affected, suggesting that these responses were PPARγ-independent. In parallel experiments,
GW9662 blocks induction of luciferase activity by C-DIM compounds in cells transfected with
a PPARγ-responsive (PPRE-luc) construct (data not shown) and similar results have previously
been reported [25–31]. The results in Figure 2C show that GW9662 only partially blocked
DIM-C-pPhCF3-induced inhibition of Panc28 cell growth; however, even in this cell line, a
significant fraction of this response was PPARγ-independent. Similar results have been
reported for other PPARγ agonists, indole-3-carbinol, and DIM which induce receptor-
independent growth inhibition and apoptosis in cancer cells [24,26–32,34–41].

Induction of apoptosis by the C-DIM compounds was further investigated in HEC1A cells
using a cell death ELISA assay which detects cytoplasmic histoneassociated DNA fragments.
The results (Figure 3A) show that 10–20 µM DIM-C-pPhtBu primarily induced apoptotic cell
death, whereas cell necrosis was only minimally changed by the treatments. In addition,
treatment of HEC1A cells with DIM-C-pPhtBu for 24 h induced cleavage of PARP, caspases-3,
−8, and −9. DIM-C-pPhtBu and DIM-C-pPhC6H5 induced PARP cleavage and DNA laddering
(data not shown) in HEC1A cells, and PARP cleavage was blocked in cells cotreated with the
pancaspase inhibitor Z-VAD-FMK (Figure 3B). Apoptosis in cancer cells can also be induced
by activation of several pathways including release of apoptosisinducing factor (AIF) or
endonuclease G which directly cleave DNA. The results in Figure 3C show that treatment of
HEC1A cells with DIM-C-pPhtBu induces accumulation of endonuclease G in the nucleus,
whereas this was not observed for AIF. Endonuclease G and pancaspase inhibitors ATA and
Z-VAD-FMK, respectively, block DIM-C-pPhtBuinduced cell death and the pancaspase
inhibitor Z-VAD-FMK alone or in combination with ATA was a more effective inhibitor than
ATA alone (Figure 3D). These observations are in accord with a recent report showing that
mitochondrial release of endonuclease G was also caspase-dependent [42].

DIM and other apoptosis-inducing agents can directly act on mitochondria by decreasing MMP
and results in Figure 3E show that DIM-C-pPhtBu significantly decreased MMP in HEC1A
cells using 3,3′-tetraethylbenzimidazolylcarbo-cyanine iodide (JC-1), a red fluorescent dye that
accumulates and oligomerizes in the mitochondrial matrix. Since we have observed that DIM-
C-pPhC6H5 fluoresces, this compound interferes with measurement of changes in JC-1
fluorescence and changes in MMP; however, this compound can be used as a model to
investigate the mitochondrial uptake of C-DIMs in HEC1A cells by measuring the fluorescence
of DIM-C-pPhC6H5. The results showed accumulation of DIM-C-pPhC6H5 in the
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mitochondrial fraction within 10 min after treatment and maximal accumulation was observed
with 60 min (Figure 3F). Similar results were observed with mitochondrial particles in which
DIM-C-pPhC6H5 was detected in mitochondria within minutes after treatment (data not
shown).

Inhibition of C-DIM-Induced Decreased MMP and Cell Death by Atractyloside (Atra)
Since C-DIMs directly interacted with mitochondria and decreased MMP, we investigated the
effects of three reagents, namely bongkrekic acid (BA), Atra, and CSA [43–48] on C-DIM-
induced HEC1A1 cell death. BA induces the m conformation of the ANT protein and closes
the PTPC; CSA inhibits apoptosis by interacting with cyclophilin D and inhibits cyclophilin
D-ANT-dependent membrane permeabilization; and Atra fixes ANT in the c conformation
which facilitates mitochondrial permeabilization in some cells using relatively high(mM)
concentrations of Atra. The appropriate concentrations of CSA, Atra, and BA were determined
in preliminary studies to ensure that the concentrations used were not cytotoxic. Results in
Figure 4A show that treatment of HEC1A cells with 15 µM DIM-C-pPhtBu for 24 h resulted
in>40% cell death and cell morphology was also consistent with apoptosis (data not shown).
In HEC1A cells cotreated with DIM-C-pPhtBu plus Atra, CSA, or BA, only Atra significantly
(>90%) inhibited DIM-C-pPhtBu-induced cell death. This cellular response to DIM-C-pPhtBu
is not limited to HEC1A cells because cell death is also induced by DIM-C-pPhtBu in HEC1B
endometrial (data not shown), HeLa cervical adenocarcinoma, Panc1 and Panc28 pancreatic
cancer cells, and Atra, but not CSA or BA, significantly protected against the cell killing
response (Figure 4A). The specificity of Atra–DIM-C-pPhtBu interactions was further
investigated in HEC1A cells treated with FCCP, a known mitochondriotoxic compound that
uncouples mitochondrial electron transport. Like DIM-C-pPhtBu, FCCP decreased MMP in
HEC1A cells (Figure 4B), and FCCP also induced HEC1A cell death (Figure 4C). However,
these responses were not affected after cotreatment with Atra, indicating that interactions
between Atra and C-DIM compounds are highly specific. DIM-C-pPhtBu-induced loss of
MMP was also determined in HEC1A cells treated with tetramethylrhodamine (TMRM) which
accumulates in active mitochondria and exhibits a bright red color as indicated in solvent-
treated cells (Figure 4D, upper left). Treatment with DIM-C-pPhtBu dramatically decreased
the TMRM red staining (upper right); however, treatment with Atra plus DIM-C-pPhtBu
(lower left) restored the intense red mitochondrial staining, and this was also observed in cells
treated with Atra alone (lower right) which does not affect MMP.

Role of the Adenine Nucleotide Translocator (ANT) Proteins in C-DIM-Induced Responses in
Cancer Cells

The cytotoxicity of Atra and effects of this compound on the PTPC are usually observed in
cells treated with mM concentrations, and a report by Brown and coworkers showed that 300
µM Atra was not cytotoxic to HeLa and other cancer cell lines [49] and this was also observed
in endometrial and pancreatic cancer cells (Figure 4). TheANTchannel is associated with the
mitochondrial matrix and facilitates the import of cytosolic ADP and the export of ATP which
is synthesized during aerobic metabolism, and it is possible that DIM-C-pPhtBu-induced
responses may be related to ATP transport and levels. We therefore investigated the effects of
DIM-C-pPhtBu alone and in combination with Atra on ATP levels in HEC1A cells cotreated
with 2-DG, an inhibitor of glycolytic ATP production. Inhibition of glycolytic ATP synthesis
facilitates examination of ATP levels associated with mitochondrial production and transport
via the ANT channel. DIM-C-pPhtBu alone decreased total cellular ATP levels and this
response was reversed by Atra, whereas Atra alone did not decrease ATP (Figure 5A). 2-DG
alone inhibited glycolytic ATP production and represented levels of ATP produced by
mitochondria. ATP levels were slightly decreased in cells cotreated with 2-DG plus DIM-C-
pPhtBu or 2-DG plus Atra (compared to 2-DG alone), suggesting that both DIM-C-pPhtBu
and Atra decreased mitochondrial ATP production. 2-DG plus both DIM-C-pPhtBu and Atra
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almost abolished cellular ATP levels, whereas this same combination had minimal effect on
HEC1A cell death (data not shown). Thus, although both Atra and DIM-C-pPhtBu decreased
mitochondrial production of ATP, this response was not correlated with cell death. Moreover,
in isolated mitochondria from HEC1A cells, we observed that Atra but not DIM-C-pPhtBu
inhibited ADP/ATP exchange in isolated mitochondria (Figure 5B). These results demonstrate
that DIM-C-pPhtBu does not affect Atra-dependent inhibition of ATP/ADP exchange in
mitochondria, whereas Atra inhibited DIM-C-pPhtBu-induced cell death and decreased MMP.

Since inhibition of ATP transport by Atrais because of interactions of Atra with ANT proteins
and induction of the c conformation of ANT, we further investigated the effects of Atra alone
or in combination with DIM-C-pPhC6H5 on ANT using isolated mitochondria incubated with
the fluorescent thiol alkylating reagent EMA which specifically labels cysteine 160 of ANT
[50–52]. Mitochondrial suspensions were preincubated with different concentration of Atra
for 10 min, EMA was added for 30 s, and the fluorescent intensity of the ANT-EMA complex
was determined after SDS–PAGE (Figure 5C). Western blot analysis confirmed that the
fluorescent bands were ANT proteins (data not shown). The results show that Atra significantly
decreased fluorescent labeling of ANT as previously described [51]. In contrast, DIM-C-
pPhC6H5 (20 or 40 µmol/mg) slightly enhanced fluorescent labeling of ANT (Figure 5D),
suggesting that the C-DIM compound affects the conformation of ANT so that cysteine 160 is
more readily alkylated by EMA. Coincubation of suspended mitochondrial particles with Atra
plus DIM-C-pPhC6H5 resulted in labeling of ANT by EMA that was between that observed
for both compounds alone (Figure 5E). These results suggest that the interactive effects of Atra
and C-DIMs are due, in part, to their effects on different regions of ANT proteins and this is
consistent with their differential affects on alkylation of cysteine 160 by EMA. The results also
parallel the opposing effects of DIM-C-pPhtBu and Atra on cell death, ATP transport, and
MMP.

Role of ANT Proteins in Mediating C-DIM-Induced Apoptosis
The pancaspase inhibitor Z-VAD-FMK blocks DIM-C-pPhtBu-induced cell death (Figure
3D),andsimilar results were obtained for Atra in HEC1A and other cancer cell lines treated
with DIM-C-pPhtBu (Figure 4A). We also investigated the effects of Atra on DIM-C-pPhtBu-
induced apoptos is inHEC1A cells using a cell death ELISA assay (Figure 6A) and the results
show that Atra blocked the effects of DIM-C-pPhtBu. Thus, bothZ-VAD-FMK and Atra block
DIM-C-pPhtBu-induced apoptosis; however, only Atra but not Z-VAD-FMK inhibited the
decrease of MMP in HEC1A cells treated with DIM-C-pPhtBu (Figure 6B). These results are
consistent with a mechanism in which DIM-C-pPhtBu initially induces decreased MMP
through interaction with the inner mitochondrial protein ANT followed by activation of the
intrinsic apoptosis pathway. The interactions of Atra and DIM-C-
pPhtBuareconsistentwitharoleforANT proteins as initial mitochondrial targets for both
compounds. This was further investigated by RNA interference using siRNAs for ANT1,
ANT2, and ANT3. Results in Figure 6C show that ANT1 (A1), ANT2 (A2), and ANT3 (A3)
mRNA are expressed in HEC1A cells, and expression of ANT2/ANT3 was higher than ANT1.
Results of ANT knockdown on DIM-C-pPhtBu-induced HEC1A cell death showed that
transfection of individual siRNAs for ANT proteins (iANT1, iANT2, and iANT3) inhibited
the effects of DIM-C-pPhtBu; however, significant inhibition was only observed with iANT3
(Figure 6D). A combination of iANT1, iANT2, and iANT3 was the most effective treatment
for inhibiting DIM-C-pPhtBu-induced cell death. Thus, knockdown of ANTexpression
significantly protected the cells from DIM-C-pPhtBu-induced apoptosis, suggesting that the
ANT proteins are a target for this compound. ANT antibodies do not distinguish between the
different forms of these proteins; however, in cells cotransfected with iANT123 (combined
siRNAs), there was a significant decrease in the immunoreactive ANT protein band (Figure
6D). These results suggest that the initial effects of DIM-C-pPhtBu involve interactions of
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DIM-C-pPhtBu with inner mitochondrial membrane ANT proteins which results in decreased
MMP and activation of apoptosis.

The role of ANT proteins in mediating proapoptotic responses induced by DIM-C-pPhtBu was
further investigated by taking advantage of the inhibitory effects of Atra. In HEC1A cells
treated with DMSO or Atra alone, immunostained cytochrome c was observed primarily
localized in the mitochondria. In contrast, after treatment with DIM-C-pPhtBu alone, there was
diffuse cytochrome c staining in these cells and this staining was also observed in cell nuclei,
and cotreatment with Atra reversed the release of cytochrome c from the mitochondria (Figure
7A). This pattern of mitochondrial cytochrome c staining and subsequent release into the
cytosol after treatment with DIM-C-pPhtBu has previously been reported with other
apoptosisinducing agents [53,54] and is consistent with activation of the intrinsic pathway of
apoptosis by DIM-C-pPhtBu in HEC1A cells. In common with other mitochondriotoxic agents,
DIM-C-pPhtBu induced loss of bcl-2 from HEC1A mitochondria (Figure 7B), and this was
accompanied by caspasedependent PARP cleavage (Figure 7C) and all of these responses were
inhibited in HEC1A cells after cotreatment with Atra. In contrast, the mitochondrialvoltage-
dependention channel(VDAC) protein which is a target of mitochondriotoxic arsenic trioxide
[55] is not affected by DIM-C-pPhtBu (Figure 7B). DIM-C-pPhtBu also induced
immunostaining of endonuclease G in nuclei of HEC1A cells, whereas minimal nuclear
staining was observed in HEC1A cells treated with DMSO, Atra alone, or Atra plus DIM-C-
pPhtBu confirming that induced nuclear uptake of endonuclease G was associated with the
disruption of the ANT proteins by DIM-C-pPhtBu (Figure 7D). Cell nuclei were also stained
with propidium idodide, and colocalization experiments confirm the treatment-dependent
effects on nuclear localization of endonuclease G. Similar results were observed in Western
blot analysis of endonuclease G in nuclear extracts from HEC1A cells (Figure 7D). These
results demonstrate that Atra protects against activation of the intrinsic pathway of apoptosis
by DIM-C-pPhtBu and suggests that the inner mitochondrial protein ANT is a major target for
this compound.

DISCUSSION
C-DIMs are a new class of PPARγ agonists which inhibit growth and/or induce death of several
cancer cell lines [24–32]. Caveolin-1, a growth inhibitory tumor suppressor gene in colon
cancer cells, is induced by C-DIMs and this response was reversed by PPARγ antagonists
[25].However, PPARγ-active C-DIMs and other PPARγ agonists, including PGJ2, CDDO, and
TZDs, induce both receptor-dependent and -independent responses in cancer cell lines, and
activation of more than one cell growth inhibitory/ cell death pathway may be an important
chemotherapeutic advantage for these compounds as anticancer drugs [24–36,41,56].

In this study, we investigated the effects of PPARγ-active C-DIMs in HEC1A endometrial
cancer cells which express PPARγ (Figure 2A). These compounds activated PPARγ-dependent
transactivation in HEC1A cells and inhibited their growth (Figure 1); however, the latter
response was PPARγ-independent (Figure 2B). We also observed that the PPARγ antagonist
had only minimal effects on the cytotoxicity of C-DIMs in Panc28 cells in which C-DIMs
induce PPARγ-dependent activation of p21 [26]. The results in Figure 3 clearly demonstrate
that C-DIM compounds preferentially induced apoptotic cell death in HEC1A cells, and this
was accompanied by decreased MMP and the rapid uptake of DIM-C-pPhC6H5 into HEC1A
cell mitochondria. These results suggest that C-DIMs and the prototypical DIM-C-pPhtBu
(used for most experiments) may initiate their cytotoxicity by disrupting mitochondrial
function.

Several anticancer drugs including PPARγ agonists are mitochondrial poisons, and many of
these compounds generally decrease MMP and perturb the mitochondrial PTPC resulting in
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activation of proteins associated with the cell death pathways [29,30,35–40,56,57]. Our results
show that DIM-C-pPhC6H5 or DIM-C-pPhtBu accumulated in the mitochondria (Figure 3F),
decreased MMP (Figure3A and Figure4D), enhanced fluorescent labeling of ANT-cysteine
160 by EMA (Figure 5D), and induced cell death/ growth inhibition (Figure 3A and Figure
6A), and Atra significantly blocked all of these induced responses. Atra has been characterized
as a specific agent that binds to the inner-membrane side of ANT proteins which regulate
mitochondrial ATP/ADP transport [43,45]. During this transport process, ANT undergoes m-
and c-state conformational changes, and Atra induces the c-state conformation. In some cells,
Atra alone induces ANT-mediated mitochondrial pore formation [43–48]; however, in this
study with endometrial, pancreatic cancer, and HeLa cells, up to 300 mM Atra alone did not
disrupt the PTPC or cause cell death but clearly protected cells from DIM-C-pPhtBu-induced
cell death. However, in isolated mitochondria (Figure 3F) and in HEC1A cells (data not shown),
there was evidence that some of the reported pharmacological properties of Atra were
functional. For example, Atra decreased mitochondrial ATP release (Figure 5A) and also
inhibited EMA labeling of ANT (cysteine 160) in submitochondrial particles (Figure 5C).
These results, coupled with the interactive effects of DIM-C-pPhC6H5 and Atra on EMA
labeling of ANT (Figure 5E), suggest that ANT may be the common mitochondrial target for
both compounds.

The role of ANT in mediating the effects of DIM-C-pPhtBu on HEC1A cell death was
confirmed in RNA interference studies which suggest that all three forms of ANT may play a
role (Figure 6D). Cotransfection with iANT1, iANT2, and iANT3 decreased the ANT protein
band using an antibody that recognizes all three ANT proteins, and this was accompanied by
protection from DIM-C-pPhtBu-induced cell death. These responses were highly significant,
even though transfection efficiencies were 60–75%, and whole cell lysates were used for
quantitative Western blot analysis.

The mechanisms associated with induction of cell death by drugs that target the ANT proteins
are diverse and dependent on the specific agent and celltype suggesting that these compounds
may act on multiple sites within the PTPC. For example, agents that induce oxidative stress,
including thiol oxidation by alkylating compounds, can compromise the function of ANT
proteins through modification of key thiol groups [45–47,57]. The anticancer drug MT-21 also
targets ANT proteins in leukemia cells, and both MT-21 and Atra induce mitochondrial
cytochrome c release without swelling and MT-21 induces activation of caspase 3 and
apoptosis [58,59]. Like Atra, MT-21 appears to modulate the conformation of ANT; however,
treatment of leukemia cells with MT-21 did not affect MMP in these cells, but induced ROS
and apoptosis [58] and these responses were inhibited after cotreatment with the antiox-idant
N-acetylcysteine (NAC). DIM-C-pPhtBu also induced apoptosis and release of mitochondrial
cytochrome c (Figure 7); however, in contrast to MT-21, DIM-C-pPhtBu-induced responses
were not related to ROS or reversed by NAC (data not shown). Moreover, all DIM-C-pPhtBu-
induced responses were inhibited by Atra, suggesting that DIM-C-pPhtBu-dependent loss of
MMP, cell death, and associated pathways (Figure 4B–D) are related to initial perturbation of
ANT proteins and clearly differed from MT-21-induced responses which did not affect MMP.
A recent report shows that ANT2 knockdown sensitizes some cancer cell lines to lonidamine
a mitochondrial-targeted antitumor drug [60], whereas the mitochondriotoxicity of DIM-C-
pPhtBu is ANT-dependent and is decreased after ANT knockdown (Figure 6D).

In summary, this study has identified the ANT proteins as specific mitochondrial targets for
DIM-C-pPhtBu in HEC1A cells, and preliminary studies also show that other C-DIMs exhibit
comparable effects in other cancer cell lines. Our results also indicate that many C-DIM
compounds including DIM-C-pPhtBu target mitochondria, and their mechanism of action may
involve direct interactions with ANT proteins. The crystal structure of bovine ANT, which is
highly homologous with human ANT, exhibits at least one hydrophobic pocket that could
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accommodate the lipophilic DIM-C-pPhtBu and related compounds [61]. Preliminary studies
on the structural specificity of the effects of C-DIMs on apoptosis show that methylation of
the indole nitrogen significantly decreased mitochondriotoxicity of these compounds (data not
shown), suggesting that a free indole group was required for maximal mitochondriotoxic
activity. Current studies are investigating the mitochondriotoxic effects of C-DIMs and other
substituted DIMs agonists on mitochondrial function in different cancer cell lines and
determining the role of individual ANT proteins as critical mitochondrial targets that mediate
the anticancer activity of C-DIMs and related compounds.

Abbreviations
PPARγ, peroxisome proliferator-activated receptor γ
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CDDO, 2-cyano-3,12-dioxooleana-1, 9-dien-28-oic acid
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ANT, adenine nucleotide transport
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CsA, cyclosporin A
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Figure 1.
Growth inhibition of HEC1A cells by PPARγ-active C-DIMs. HEC1A cells were treated with
different concentrations of DIM-C-pPhCF3 (A), DIM-C-pPhtBu (B), and DIM-C-pPhC6H5
(C). The number of cells was determined after 48, 96, or 144 h as described in the Section ″
Materials and Methods.″ Significant (P < 0.05) growth inhibition was observed at
concentrations ≥ 5.0 µM.
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Figure 2.
Decreased cell survival by PPARγ-active C-DIM compounds and role of PPARγ. (A)
Expression and activation of PPARγ in HEC1Acells. Cells were treated with DMSOor 15µM
DIM-C-pPhtBu, transfected with PPRE-luc alone or cotransfected with iPPARγ or iScr
(nonspecific) and luciferase activity determined as described in the Section ″Materials and
Methods.″ Results are expressed as mean-± SE for three replicate determinations for each
treatment group, and significant induction by DIM-C-pPhtBu (*) or inhibition by iPPARγ (**)
is indicated. PPARγ protein expression relative to β-tubulin (loading control) is also indicated.
Similar inhibition of DIM-C-pPhtBu-induced luciferase activity was also observed in cells
cotreated with 5 µM GW9662 (PPARγ antagonist) (data not shown). Effect of GW9662 on
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inhibition of HEC1A (B) and Panc28 (C) cell growth by DIM-C-pPhtBu or DIM-C-pPhCF3.
The inhibition of cell growth by 10 µM DIM-C-pPhtBu or DIM-C-pPhCF3 alone or in
combination with 5 µM GW9662 after treatment for 48 h was determined as described in the
Section ″Materials and Methods.″ Significantly (P < 0.05) decreased cell proliferation
compared to solvent control (*) and inhibition of this response by GW9662 (**) are indicated.

Hong et al. Page 18

Mol Carcinog. Author manuscript; available in PMC 2009 July 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Effects of C-DIM compounds on cell death and MMP. (A) Induction of apoptosis. HEC1A
cells were treated with DMSO or different concentrations of DIM-C-pPhtBu for 24 h and cell
death/ necrosis were determined with a cell death detection ELISA as described in the Section
″Materials and Methods,″ and cleavage of PARP and caspases were determined by Western
blot analysis of whole cell lysates. (B) Induction of PARP cleavage. HEC1A cells were treated
with 10 or 15 µM DIM-C-pPhtBu and DIM-C-pPhC6H5 alone or in the presence of Z-VAD-
FMK for 24 h, and whole cell lysates were analyzed for PARP cleavage by Western blot
analysis as described in the Section ″Materials and Methods.″ (C) DIM-C-pPhtBu induces
nuclear uptake of endonuclease G. Cells were treated with the various reagents, and nuclear
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levels of endonuclease G protein were determined as described in the Section ″Materials and
Methods.″ Significant (P < 0.05) increases in nuclear levels of endonuclease G are indicated
as (*). Results are expressed as mean ± SE for three replicate determinations for each treatment
group. (D) Inhibition of DIM-C-pPhtBu-induced cell death by ATA or Z-VAD-FMK. HEC1A
cells were treated with cytotoxic dose of DIM-C-pPhtBu alone in the presence or absence of
various inhibitors, and cell numbers in each treatment group were determined after 24 h as
described in the Section ″Materials and Methods.″ Significant (P < 0.05) induction of cell death
by DIM-C-pPhtBu (*) and inhibition by ATA or Z-VAD-FMK (**) are indicated. (E) DIM-
C-pPhtBu decreases MMP. HEC1A cells were treated with 5–15 µM DIM-C-pPhtBu and after
24 h, the loss of MMP was determined fluorimetrically using the JC-1 dye as described in the
Section ″Materials and Methods.″ (F) Mitochondrial uptake of DIM-C-pPhC6H5. HEC1A cells
were treated with DMSO or 10 µM DIM-C-pPhC6H5 for 10 min to 3 h, and mitochondria were
then isolated, resuspended in DMSO, and fluorescence intensity was determined as described
in the Section ″Materials and Methods.″ The results are an average of duplicate determinations.
Results in (D) and (E) are expressed as mean ± SE for three separate experiments.
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Figure 4.
Atractyloside (Atra) inhibits DIM-C-pPhtBu-induced growth inhibition and effects on MMP.
(A) Effects of inhibitors on DIM-C-pPhtBu-induced HEC1A, HeLa, Panc1 and Panc28 cell
death. Cells were treated with DIM-C-pPhtBu alone, or the mitochondrial channel modulators
cyclosporin A (CSA), Atra or bongkrekic acid (BA) alone or in combination with 15 µM DIM-
C-pPhtBu for 24 h. The percentage of dead cells was determined for each treatment group as
described in the Section ″Materials and Methods.″ Significant (P < 0.05) induction of cell death
by DIM-C-pPhtBu alone or in combination with channel modulators (*) and inhibition by the
cotreatments (**) are indicated. (B) Atra blocks effects of DIM-C-pPhtBu on MMP. HEC1A
cells were treated with DIM-C-pPhtBu alone or in combination with FCCP and Atra, and loss
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of MMP was determined fluorimetrically using the JC-1 dye as described in the Section ″
Materials and Methods.″ Significant (P < 0.05) inhibition of MMP (*) and reversal of this effect
(*) are indicated. (C) Effects of Atra on FCCP-induced cell death. HEC1A cells were treated
with various compounds/combinations as indicated for 24 h. Cell death was determined as
described in the Section ″Materials and Methods,″ and data (in triplicate) were analyzed as
described above. FCCP (10–50 µM) significantly decreased cell death which was not
significantly reversed by Atra. (D) Decreased MMP and staining with Hoechst 33258 dye.
HEC1A cells were treated with DMSO, DIM-C-pPhtBu alone, DIM-C-pPhtBu plus Atra, and
Atra alone for 24 h. TMRM and Hoechst 33258 dye were added, and TMRMfluorescence was
determined as described in the Section ″Materials and Methods.″ [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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Figure 5.
Mitochondrial interactions of Atra and DIM-C-pPhtBu. (A) ATP levels. HEC1A cells were
treated with the various compounds for 24 h, and cellular ATP levels were determined as
described in the Section ″Materials and Methods.″ Significant (P < 0.05) decreases in ATP
levels relative to DMSO in the absence (*) or presence (**) of 2-DG after treatment with various
compounds are indicated. (B) ATP transport in isolated mitochondria. Mitochondrial
preparations from HEC1A cells were incubated with ADP, treated with various compounds,
and ATP levels were determined as described in the Section ″Materials and Methods.″
Significant (P < 0.05) inhibition of ATP levels is indicated by an asterisk. Fluorescent labeling
of ANT by EMA in presence of Atra alone (C), DIM-C-pPhC6H5 alone (D), or in combination
(E). Submitochondrial particles were incubated with the fluorescent probe (EMA) and various
compounds, and analyzed by Western blot analysis as described in the Section ″Materials and
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Methods.″ Significant (P < 0.05) inhibition or enhancement of ANT labeling is indicated (*),
and attenuation of the labeling in cells cotreated with Atra plus DIM-C-pPhC6H5 is also
indicated (**). Results are expressed as mean ± SE for three replicate determinations for each
treatment group.
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Figure 6.
Role of ANT protein in DIM-C-pPhtBu-induced cell death and decreased MMP. (A) Cell death
ELISA. HEC1A cells were treated with DMSO, Atra, DIM-C-pPhtBu alone, or in combination,
and necrosis/apoptosis was determined in an ELISA assay (in duplicate) as described in the
Section ″Materials and Methods.″ Significant induction of apoptosis (*) and inhibition after
cotreatment with Atra (**) are indicated. (B) Effects of Atra on decreased MMP induced by
DIM-C-pPhtBu. HEC1A cells were treated with DMSO, DIM-C-pPhtBu, Atra, Z-VAD-FMK
or combinations, and MMP was determined using the fluorescence JC-1 probe as described in
the Section ″Materials and Methods.″ Significantly (P < 0.05) decreased MMP (*) induced by
DIM-C-pPhtBu and inhibition by Atra (**) are indicated. Results in (A) and (B) are expressed
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as mean ± SE for three replicate determinations for each treatment group. (C) Expression of
ANT mRNA levels. Expression of ANT1, ANT2, and ANT3 mRNA was determined by RT-
PCR from RNA isolated from HEC1A cells as described in the Section ″Materials and
Methods.″ GAPDH served as a reference control. Effects of ANT knockdown on the percentage
of DIM-C-pPhtBu-induced dead cells. (D) Effects of ANT knockdown on DIM-C-pPhtBu-
induced cell death. HEC1A cells were transfected with iANT1, iANT2, iANT3, or their
combination, and cells were treated with 10 µM DIM-C-pPhtBu alone or in combination with
iScr or siRNAs for ANT. The percentage of dead cells was determined after 48 h as described
in the Section ″Materials and Methods.″ ANT protein expression in HEC1A cells transfected
with siRNAs was determined by Western blot analysis as described in the Section ″Materials
and Methods.″ Significant (P < 0.05) inhibition of cell death and ANT protein expression is
indicated by an asterisk (*).
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Figure 7.
Atra inhibits DIM-C-pPhtBu-induced apoptosis in HEC1A cells. (A) Immunostaining of
cytochrome c. HEC1A cells were treated with DMSO, 15 µM DIM-C-pPhtBu, 300 µM Atra,
or Atra plus DIM-C-pPhtBu for 24 h. Each treatment group was immunostained with antibodies
to cytochrome C as described in the Section ″Materials and Methods.″ Atra inhibits DIM-C-
pPhtBu-induced mitochondrial bcl-2 loss (B) and PARP cleavage (C). HEC1A cells were
treated for 36 h and protein levels were determined by Western blot analysis as described in
the Section ″Materials and Methods.″ (D) Immunostaining of endonuclease G in HEC1A cell
nuclei. Cells were treated with DMSO, DIM-C-pPhtBu, Atra or their combinations for 24 h,
and immunostaining and colocalization were determined as described in the Section ″Materials
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and Methods.″ Western blot analysis of HEC1A whole cell lysates also showed that Atra
inhibited nuclear uptake of endonuclease G in cells treated with DIM-C-pPhtBu. [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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