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OSU-A9, a potent indole-3-carbinol derivative, suppresses breast tumor growth by
targeting the Akt–NF-kB pathway and stress response signaling
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The molecular heterogeneity of human tumors challenges the de-
velopment of effective preventive and therapeutic strategies. To
overcome this issue, a rational approach is the concomitant tar-
geting of clinically relevant cellular abnormalities with combina-
tion therapy or a potent multi-targeted agent. OSU-A9 is a novel
indole-3-carbinol derivative that retains the parent compound’s
ability to perturb multiple components of oncogenic signaling, but
provides marked advantages in chemical stability and antitumor
potency. Here, we show that OSU-A9 exhibits two orders of mag-
nitude greater potency than indole-3-carbinol in inducing apopto-
sis in various breast cancer cell lines with distinct genetic
abnormalities, including MCF-7, MDA-MB-231 and SKBR3, with
the half maximal inhibitory concentration in the range of 1.2–
1.8 mM vis-à-vis 200 mM for indole-3-carbinol. This differential
potency was paralleled by OSU-A9’s superior activity against
multiple components of the Akt–nuclear factor-kappa B (NF-kB)
and stress response signaling pathways. Notable among these
were the increased estrogen receptor (ER)-b/ERa expression ra-
tio, reduced expression of HER2 and CXCR4 and the upregula-
tion of aryl hydrocarbon receptor expression and its downstream
target NF-E2 p45-regulated factor (Nrf2). Non-malignant MCF-
10A cells were resistant to OSU-A9’s antiproliferative effects.
Daily oral administration of OSU-A9 at 25 and 50 mg/kg for 49
days significantly inhibited MCF-7 tumor growth by 59 and 70%,
respectively, without overt signs of toxicity or evidence of induced
hepatic biotransformation enzymes. In summary, OSU-A9 is a
potent, orally bioavailable inhibitor of the Akt–NF-kB signaling
network, targeting multiple aspects of breast tumor pathogenesis
and progression. Thus, its translational potential for the treatment
or prevention of breast cancer warrants further investigation.

Introduction

During the course of carcinogenesis and tumor progression, cancer
cells overcome genomic and cellular abnormalities by constitutively
upregulating a diversity of signaling pathways governing cell prolif-
eration, survival, hormonal homeostasis, invasion, metastasis and
drug resistance. In light of this heterogeneity, it is desirable to con-
comitantly target multiple clinically relevant cellular defects by using
a combination treatment or a multi-targeted antitumor agent to opti-

mize therapeutic outcomes (1). This underlying principle constitutes
a basis for the clinical trial of indole-3-carbinol in breast cancer pre-
vention (2,3). Mounting evidence indicates that the antitumor effects
of indole-3-carbinol are attributed to its ability to interfere with mul-
tiple facets of oncogenic signaling pathways (reviewed in refs 4–8).
Moreover, indole-3-carbinol proved to be an effective chemopreven-
tive agent against estrogen-responsive cancers, in part, because of its
activity as a negative regulator of estrogen action through inhibition of
estrogen receptor (ER)-a signaling (9,10) and modulation of cyto-
chrome P450-mediated estrogen metabolism (11). However, several
factors compromise the in vivo efficacy of indole-3-carbinol, includ-
ing low in vitro antitumor potency, limited bioavailability and com-
plicated pharmacokinetic behaviors due to intrinsic metabolic
instability (8). Consequently, the structural optimization of indole-
3-carbinol or its metabolite 3,3#-diindoylmethane to develop novel
indole derivatives with improved potency and metabolic stability
has been the focus of many recent investigations. This drug develop-
ment effort has led to several potent antitumor agents with distinct
pharmacological activities, including SRI3668 (an Akt inhibitor) (12),
1-(p-substituted phenyl)-3,3#-diindoylmethane (nuclear receptor ago-
nists) (13,14), a tetrameric derivative (a cyclin-dependent kinase
6 inhibitor) (15) and OSU-A9 (a multi-targeted agent) (16). From
a translational perspective, OSU-A9 provides considerable therapeu-
tic advantage over indole-3-carbinol with respect to chemical stability
and antitumor potency (16). In this study, we show that OSU-A9
exhibits in vitro potency that is two orders of magnitude higher than
that of indole-3-carbinol in suppressing the proliferation of breast
tumor cells. Previously, we demonstrated that OSU-A9 disrupted
a broad spectrum of signaling pathways involved in the regulation
of cell cycle progression and cell survival (16). In this study, mech-
anistic evidence further attributes the growth-inhibitory effect of
OSU-A9 to its ability to modulate Akt/nuclear factor-kappa B (NF-
jB)- and stress-induced signaling networks, paralleling that of indole-
3-carbinol. Equally important, oral OSU-A9 inhibited MCF-7
xenograft tumor growth in vivo without incurring overt signs of tox-
icity or significant loss of body weight compared with vehicle-treated
controls. These results indicate the translational potential of OSU-A9
as a component of chemotherapeutic and/or chemopreventive strate-
gies for breast cancer.

Materials and methods

Reagents, antibodies and plasmids

1H-indole-3-carbinol and OSU-A9 {[1-(4-chloro-3-nitrobenzenesulfonyl)-1H-
indol-3-yl]-methanol} were synthesized as described previously (16), of which
the identity and purity (�99%) were verified by proton nuclear magnetic
resonance, high-resolution mass spectrometry and elemental analysis. For
in vitro experiments, these agents at various concentrations were dissolved in
dimethyl sulfoxide (DMSO), diluted in culture medium and added to cells at
a final DMSO concentration of 0.1%. For in vivo studies, OSU-A9 was pre-
pared as a suspension in vehicle (0.5% methylcellulose and 0.1% Tween 80 in
sterile water) for oral administration to tumor-bearing immunocompromised
mice. Rabbit polyclonal antibodies against various biomarkers were obtained
from the following sources: p-473Ser Akt, IjB kinase (IKK)-a, p-108Ser IKKa,
glycogen synthase kinase (GSK)-3b, p-9Ser-GSK3b, p-183Thr/185Tyr-JNK,
JNK, p-180Thr/182Tyr-p38, p38, cyclin D1 and RelA, Cell Signaling Technol-
ogies (Beverly, MA); Akt, p27, p21, Bax, Bcl-2, Bcl-xL, Mcl-1, CXCR4, Her2,
GADD153, BRCA1, BRCA2, ERa, aryl hydrocarbon receptor (AhR) and NF-
E2 p45-regulated factor (Nrf2), Santa Cruz Biotechnology (Santa Cruz, CA);
ERb, Abcam (Cambridge, MA); survivin, R&D Systems (Minneapolis, MN);
b-actin, Sigma–Aldrich (St Louis, MO). Mouse monoclonal anti-poly(adenine
dinucleotide phosphate–ribose) polymerase (PARP) antibody was purchased
from Pharmingen (San Diego, CA). The enhanced chemiluminescence system
for detection of immunoblotted proteins was from GE Healthcare Bioscience
(Piscataway, NJ). Other chemicals and biochemistry reagents were obtained

Abbreviations: AhR, aryl hydrocarbon receptor; DMSO, dimethyl sulfoxide;
ER, estrogen receptor; FBS, fetal bovine serum; GSK, glycogen synthase
kinase; IKK, IjB kinase; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
2H-tetrazolium bromide; NF-jB, nuclear factor-kappa B; Nrf2, NF-E2
p45-regulated factor; PBS, phosphate-buffered saline; PARP, poly(adenine di-
nucleotide phosphate–ribose) polymerase; TBST, Tris-buffered saline contain-
ing 0.05% Tween 20.
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from Sigma–Aldrich unless otherwise mentioned. The pNF-jB-Luc reporter
plasmid was kindly provided by Dr Cheng-Wen Lin, China Medical Univer-
sity, Taichung, Taiwan, and the Renilla Luciferase Control Reporter Vector
(pRL-CMV) was purchased from Promega (Madison, WI).

Cell culture

MCF-7 (ERaþ/bþ, Her2� and p53þ), SKBR3 (ERa�/b�, Her2þ and p53�)
and MDA-MB-231 (ERa�/bþ, Her2� and p53�) human breast cancer cells
were purchased from American Type Tissue Collection (Manassas, VA) and
cultured in Dulbecco’s modified Eagle’s medium/F12 medium (Gibco, Grand
Island, NY) supplemented with 10% fetal bovine serum (FBS; Gibco). MCF-
10A non-malignant breast epithelial cells were kindly provided by Dr Robert
Brueggemeier (The Ohio State University) and maintained in the same me-
dium supplemented with 5% FBS, 100 U of penicillin, 100 g/ml streptomycin,
20 ng/ml epidermal growth factor, 10 ng/ml insulin, 100 ng/ml cholera toxin
and 500 ng/ml hydrocortisone. All cell types were cultured at 37�C in a hu-
midified incubator containing 5% CO2.

Cell viability analysis

The effect of test agents on cell viability was assessed by using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay in
6–12 replicates. Cancer cells and MCF-10A cells were grown in 5% FBS-
supplemented Dulbecco’s modified Eagle’s medium/F12 medium or 5%
FBS-supplemented Dulbecco’s modified Eagle’s medium/F12 medium con-
taining 20 ng/ml epidermal growth factor, 100 ng/ml cholera toxin and 500
ng/ml hydrocortisone, respectively, in 96-well, flat-bottomed plates for 24 h
and then exposed to various concentrations of test agents in the respective
medium for the indicated time intervals. Controls received DMSO vehicle at
a concentration equal to that in drug-treated cells. At the end of treatments, the
medium was replaced by 200 ll of 0.5 mg/ml of MTT in the same medium, and
cells were incubated in the CO2 incubator at 37�C for 2 h. Supernatants were
removed from the wells, and the reduced MTT dye was solubilized in 200 ll
per well of DMSO. Absorbance at 570 nm was determined on a microplate
reader.

Immunoblotting

Biomarkers of apoptosis and signaling pathway components associated with
cell survival and growth arrest were assessed by western immunoblotting as
follows. Treated cells were washed with phosphate-buffered saline (PBS),
resuspended in sodium dodecyl sulfate sample buffer, sonicated for 5 s, and
then boiled for 5 min. After brief centrifugation, equivalent amounts of pro-
teins from the soluble fractions of cell lysates were resolved in 10% sodium
dodecyl sulfate–polyacrylamide gels on a Minigel apparatus, and transferred to
a nitrocellulose membrane using a semidry transfer cell. The transblotted
membrane was washed three times with Tris-buffered saline containing
0.05% Tween 20 (TBST). After blocking with TBST containing 5% non-fat
milk for 60 min, the membrane was incubated with an appropriate primary
antibody at 1:500 dilution (with the exception of anti-b-actin antibody, 1:2000)
in TBST–5% low fat milk at 4�C for 12 h and was then washed three times with
TBST. The membrane was probed with goat anti-rabbit or anti-mouse IgG-
horseradish peroxidase conjugates (1:2500) for 90 min at room temperature
and washed three times with TBST. The immunoblots were visualized by
enhanced chemiluminescence.

Cell cycle analysis

Cell cycle distribution was determined by flow cytometric analysis of propi-
dium iodide-stained cellular DNA. Briefly, MCF-7 cells were incubated with
the indicated concentrations of OSU-A9 for 24 h, harvested, washed with PBS
and then fixed overnight in 40% ethanol (in PBS, vol/vol). Following rehydra-
tion in PBS, cells were exposed to 5 lg/ml of propidium iodide (in PBS) in the
presence of ribonuclease A (50 U/ml) at room temperature for 30 min to label
DNA. The percentage of cells in each of the phases of the cell cycle
was determined using a fluorescence-activated cell sorter (FACSCalibur,
Becton Dickinson Immunocytometry Systems) equipped with ModFiLT
V3.0 software.

NF-jB-dependent reporter gene expression assay

Between 1 � 106 and 3 � 106 MCF-7 cells were transiently cotransfected
with 2 lg of the pNF-jB-Luc reporter plasmid and 0.5 lg of the Renilla
Luciferase Control Reporter Vector (pRL-CMV) using the Amaxa� Nucleo-
fector system (Gaithersburg, MD). Transfected cells were seeded into 12-well
plates and cultured for 24 h, after which cells were treated in triplicate with
different concentrations of OSU-A9 or vehicle in the presence or absence
of 0.1 nM tumor necrosis factor-a (PeproTech, Rocky Hill, NJ) for 6 h. The
luciferase activities present in the cell lysates were determined using the Dual-
Luciferase� Reporter Assay System (Promega) and normalized to the consti-
tutive Renilla luciferase activity.

In vivo studies

Female ovariectomized NCr athymic nude mice (5–7 weeks of age) were
obtained from the National Cancer Institute (Frederick, MD). Mice were
group-housed under conditions of constant photoperiod (12 h light: 12 h dark)
with ad libitum access to sterilized food and water. All experimental proce-
dures utilizing these mice were performed in accordance with protocols ap-
proved by the Institutional Laboratory Animal Care and Use Committee of The
Ohio State University. After acclimatization, a 17-b estradiol-containing con-
tinuous-release pellet (0.72 mg per pellet, 60 day release, Innovative Research
of America, Sarasota, FL) was implanted subcutaneously in the interscapular
region of each mouse using a 10 ga trochar. Two days later, each mouse was
inoculated subcutaneously in the right flank with 2 � 106 MCF-7 cells in a total
volume of 0.1 ml of Matrigel (BD Biosciences, Bedford, MA) under isoflurane
anesthesia. As tumors became established (mean starting tumor volume, 145 ±
14 mm3), mice were randomized to three groups (n 5 7) that received the
following treatments: (i) OSU-A9 at 25 mg/kg body wt once a day; (ii)
OSU-A9 at 50 mg/kg once a day and (iii) methylcellulose/Tween 80 vehicle.
Mice received treatments by oral gavage (10 ll/g body wt) for the duration of
the study. Tumors were measured weekly using calipers and their volumes
calculated using a standard formula: width2 � length � 0.52. Body weights
were measured weekly. The percentages of reduction in tumor growth were
calculated using the formula: [1 � (Tf � Ti)/(Cf � Ci)] � 100, where Tf and Ti

are the final and initial mean tumor volumes, respectively, of the group re-
ceiving a specified treatment, and Cf and Ci are the final and initial mean tumor
volumes, respectively, of the control group. At terminal killing, a complete
necropsy was performed on all mice and MCF-7 tumors were harvested. A
portion of each tumor was snap-frozen in liquid nitrogen and stored at �80�C
until needed for western blot analysis of relevant biomarkers, and the remain-
der was fixed in 10% formalin. Liver samples were fixed overnight in 10%
formalin then transferred to 70% ethanol. Four lm thick, paraffin-embedded
liver tissue sections were stained with hematoxylin and eosin and toluidine
blue by standard procedures. Blood from each mouse was submitted to The
Ohio State University Veterinary Clinical Laboratory Services for evaluation
of serum chemistry and hematological parameters.

Statistical analysis

Each in vitro experiment was performed at least two times. The in vivo study
was performed once. Differences in relative NF-jB activation in vitro and
among group means of tumor volume in vivo were analyzed for statistical
significance using one-way analysis of variance followed by the Neuman–
Keuls test for multiple comparisons. Differences were considered significant
at P ,0.05. Statistical analyses were performed using SPSS for Windows
(SPSS, Chicago, IL).

Results

OSU-A9 induces apoptotic death in breast cancer cells with high
potency irrespective of genetic abnormalities

The antiproliferative activity of OSU-A9 vis-à-vis indole-3-carbinol
was appraised in three human breast cancer cell lines, MCF-7 (ERaþ/
bþ, Her2� and p53þ), SKBR3 (ERa�/b�, Her2þ and p53�) and
MDA-MB-231 (ERa�/bþ, Her2� and p53�), relative to MCF10A
non-malignant breast epithelial cells by MTT assay (Figure 1A).
OSU-A9 exhibited high potency in suppressing the viability of these
breast cancer cells irrespective of differences in genetic abnormalities.
The half maximal inhibitory concentration values in MCF-7, SKBR3
and MDA-MB-231 cells were 1.2, 1.6 and 1.8 lM, respectively,
whereas in MCF10A cells it was 7 lM. In contrast, indole-3-carbinol
required a concentration of at least 200 lM to exhibit an appreciable
inhibitory effect on the viability in any of these three cancer cell lines.
The antiproliferative effect of OSU-A9 was, at least in part, attributed
to its ability to induce apoptosis. Western blot analysis of drug-treated
MDA-MB-231 cells showed a dose-dependent effect of both agents
on caspase-3 activation and PARP cleavage (Figure 1B), paralleling
their respective potencies in suppressing cell viability. In addition,
flow cytometric analysis demonstrated a dose-dependent increase in
the relative size of the sub-G1 population of MCF-7 cells, indicative of
apoptotic death, after a 48 h exposure to OSU-A9 (Figure 1C).

To shed light onto the mechanism by which OSU-A9 induced
apoptosis in breast cancer cells, we investigated the effects of
OSU-A9 vis-à-vis indole-3-carbinol on the phosphorylation and/or
expression status of a broad spectrum of signaling proteins pertinent
to the malignant and invasive phenotypes of breast cancer cells. As
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shown in Figures 2 and 3, we obtained evidence that OSU-A9 and
indole-3-carbinol exhibited virtually identical pharmacological pro-
files, albeit with a 100-fold difference in potency, in modulating
the functional states of these signaling targets, which could be clas-
sified into two categories: the Akt–NF-jB axis and stress-induced
signaling.

The Akt–NF-jB axis

Data from this and other laboratories suggest that the inactivation of
Akt and NF-jB represents a key event in indole-3-carbinol-mediated
antitumor effects (16–18). Similar to indole-3-carbinol, OSU-A9
blocked Akt signaling in MCF-7 cells, as manifested by the concom-
itant dephosphorylation of Akt and two downstream kinase substrates,
GSK3b and IKKa, in a dose-dependent manner (Figure 2A). More-
over, the dephosphorylating activation of GSK3b might account for

the reduced expression level of cyclin D1. In addition, two other
important cell cycle regulatory proteins, p21 and p27, showed dose-
dependent increases in expression in response to either agent, which is
in line with earlier reports indicating a mechanistic link between drug-
induced Akt inactivation and increased expression of these two cy-
clin-dependent kinase inhibitors (19,20).

Evidence for the inhibition of NF-jB signaling by OSU-A9 and
indole-3-carbinol points to two distinct mechanisms. First, both
agents caused the dose-dependent accumulation of the NF-jB inhib-
itor IjB in MCF-7 cells (Figure 2A), presumably resulting from the
observed drug-induced inactivation of IKKa and consequent decrease
in IjB degradation. Second, these agents exhibited a unique ability to
suppress the expression of the RelA/p65 subunit of NF-jB
(Figure 2A). Through this concerted mechanism, OSU-A9 dose de-
pendently blocked tumor necrosis factor-a-induced NF-jB-dependent

Fig. 1. In vitro potencies of OSU-A9 and indole-3-carbinol in inducing apoptotic death in breast cancer cells. (A) Effect of OSU-A9 on the cell viability of MCF-7
(filled circles), SKBR3 (filled squares) and MDA-MB-231 (231; filled triangles) breast cancer cells and MCF-10A non-malignant breast epithelial cells (10A;
filled diamonds) versus that of indole-3-carbinol in MCF-7 (open circles), SKBR3 (open squares) and MDA-MB-231 cells (231; open triangles). Cells were treated
with OSU-A9 or indole-3-carbinol at the indicated concentrations in 5% FBS-supplemented Dulbecco’s modified Eagle’s medium/F-12 medium in 96-well plates
for 48 h, and cell viability was assessed by MTT assays. Points, mean; bars, standard deviation (n 5 6). (B) Dose-dependent effect of indole-3-carbinol and OSU-
A9 on caspase-3 activation and PARP cleavage in MDA-MB-231 cells after 48 h exposure in 5% FBS-supplemented Dulbecco’s modified Eagle’s medium/F-12
medium. (C) Flow cytometric analysis of apoptosis in MCF-7 cells after treatment with DMSO vehicle or the indicated concentrations of OSU-A9 for 48 h. The
drug-treated cells were fixed and stained with propidium iodide. The extent of apoptosis was assessed by the quantification of sub-2N (sub-G1) DNA by flow
cytometry. The histograms are representative of two independent experiments.
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Fig. 2. Inhibition of the Akt–NF-jB signaling axis by OSU-A9 and indole-3-carbinol. (A) Dose-dependent effects of OSU-A9 versus indole-3-carbinol on the
phosphorylation of Akt, GSK3b and IKKa and the expression levels of cyclin D1, IjB, p21, p27, RelA, survivin, Bcl-2, Bcl-xL, Mcl-1 and Bax in MCF-7 cells
after 48 h exposure in 5% FBS-containing Dulbecco’s modified Eagle’s medium/F-12 medium. (B) Dose-dependent effect of OSU-A9 on tumor necrosis factor
(TNF)-a-activated NF-jB-mediated transcriptional activity. MCF-7 cells cotransfected with the pNF-jB-Luc reporter plasmid and Renilla luciferase control
reporter vector (pRL-CMV) were treated with the indicated concentrations of OSU-A9 with or without 0.1 nM TNF-a. Luciferase activity as an indicator of NF-
jB-dependent transcription was determined as described in Materials and Methods. Columns, mean; bars, standard deviation (n 5 3). (C) Western blot analysis of
the dose-dependent effects of OSU-A9 on the expression of CXCR4 and Her2 in SKBR3 cells after 48 h exposure in 5% FBS-supplemented Dulbecco’s modified
Eagle’s medium/F-12 medium.

Fig. 3. Activation of stress response signaling by OSU-A9 and indole-3-carbinol. MCF-7 cells were exposed to the indicated concentrations of OSU-A9 and
indole-3-carbinol in 5% FBS-supplemented Dulbecco’s modified Eagle’s medium/F-12 medium for 48 h. Cell lysates were immunoblotted with antibodies against
various biomarkers of oxidative stress or endoplasmic reticulum stress, including p-JNK, p-p38, GADD153, BRCA1, BRCA2, AhR, Nrf2, ERa and ERb.
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transcription in a NF-jB-luciferase reporter gene assay (Figure 2B).
This inhibition was also manifested by changes in the expression
levels of a series of NF-jB-regulated gene products in MCF-7 cells,
including the downregulation of the antiapoptotic proteins survivin,
Bcl-2, Bcl-xL and Mcl-1 and the upregulation of the proapoptotic
protein Bax (Figure 2A).

We also examined the effect of OSU-A9 on the expression of the
chemokine receptor CXCR4, which has been reported to be upregu-
lated by NF-jB to promote breast cancer metastasis (21–23). Recent
evidence indicates that CXCR4 is an essential downstream effector
for Her2-mediated breast cancer metastasis to lungs in mice (24) and
that silencing of CXCR4 blocked breast cancer metastasis (25). Since
MCF-7 cells exhibit a low abundance of endogenous CXCR4 (26), we
assessed the effect of OSU-A9 and indole-3-carbinol on the expres-
sion of CXCR4 in SKBR3 cells (ERa�/b�, Her2þ and CXCR4þ).
Relative to indole-3-carbinol, OSU-A9 exhibited two orders of mag-
nitude higher potency in ablating CXCR4 expression (Figure 2C).
Moreover, this effect was paralleled by a reduction in the expression
level of the oncoprotein Her2, which is of high therapeutic relevance
considering Her2 overexpression, which occurs in �30% of breast
tumors, is associated with poor clinical outcomes (27).

Stress response signaling

In addition to modulating the Akt–NF-jB axis, OSU-A9 and indole-
3-carbinol activated p38 and JNK in MCF-7 cells (Figure 3), suggest-

ing the involvement of cellular stress responses in the antitumor
effects of these agents. These two stress-activated protein kinases
are key mediators of apoptosis signaling in response to diverse stimuli
associated with the induction of endoplasmic reticulum or oxidative
stress, including ultraviolet, c-irradiation, inflammatory cytokines and
chemotherapeutic agents (28,29). The induction of the stress response
in OSU-A9- and indole-3-carbinol-treated MCF-7 cells was also
borne out by the increased expression of growth arrest- and DNA
damage-inducible gene (GADD)153 (also known as CHOP) (Figure
3), a well-recognized endoplasmic reticulum stress-inducible tran-
scription factor (30). GADD153 is involved in apoptosis induction
through several distinct mechanisms, including downregulation of
Bcl-2 expression and stimulation of reactive oxygen species produc-
tion (31). Reminiscent of the effects reported previously for indole-3-
carbinol and other phytochemicals (32), endoplasmic reticulum stress
might underlie the enhanced expression of breast cancer susceptibility
gene (BRCA)1 and BRCA2 observed in drug-treated MCF-7 cells,
both of which have been identified as tumor suppressors for hormone-
responsive cancers (33,34). Evidence indicates that BRCA1 plays
a pivotal role in maintaining cell cycle progression and genomic
stability (35) and represses the transcriptional activity of ERa through
physical interactions (36).

Changes characteristic of cellular response to oxidative stress were
also detected in drug-treated MCF-7 cells, including the upregulated
expression of AhR and its downstream effector Nrf2 (Figure 3). These

Fig. 4. In vivo efficacy of oral OSU-A9. (A) Effect of oral OSU-A9 at 25 and 50 mg/kg/day on the growth of established MCF-7 xenograft tumors in nude mice.
Both treatments levels (curves b and c) significantly suppressed tumor growth relative to vehicle-treated controls (P , 0.01). Points, mean; bars, standard
deviation (n 5 7). (B) Effect of OSU-A9 at 25 mg/kg/day (curve b) and 50 mg/kg/day (curve c) versus vehicle control (curve a) on body weights of treated
animals. Points, mean; bars, standard deviation (n 5 7). The dashed line represents a calculated 10% loss of body weight. (C) Photomicrographs of representative
hematoxylin and eosin- and toluidine blue-stained sections of livers from mice treated as described above. THV, terminal hepatic venule; PT, portal triad; Tol Blue,
toluidine blue.
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two transcription factors control the expression of genes encoding
antioxidants and xenobiotic detoxification enzymes, such as glutathione-
S-transferases and NAD(P)H: quinone oxidase 1, through binding to
antioxidant response elements found in their promoters (37). The cross
talk between AhR and Nrf2 confers cytoprotection against oxidative
stress in non-malignant cells (37,38), which might contribute to the
chemopreventive effect of indole-3-carbinol and its metabolite 3,3#-
diindoylmethane (5,39). Moreover, oxidative stress has been shown to
differentially regulate the expression levels of ERa and ERb in MCF-7
cells (40), which is in line with our finding that OSU-A9 and indole-3-
carbinol increased the ratio of the expression levels of ERb to ERa
(Figure 3). As ERb antagonizes the function of ERa in promoting
estrogen-dependent mammary tumor growth (41), the ability of
OSU-A9 to increase the ERb/ERa expression ratio represents potential
therapeutic value for the treatment of ERa(þ) breast tumors.

Oral OSU-A9 suppresses MCF-7 tumor xenograft growth in vivo

To evaluate the in vivo antitumor efficacy of OSU-A9, athymic nude
mice bearing established subcutaneous MCF-7 tumor xenografts

(mean tumor volume, 145 ± 14 mm3) were treated orally by gavage
for 49 days with OSU-A9 at 25 or 50 mg/kg daily or with vehicle. As
shown in Figure 4A, treatment of mice with 25 and 50 mg/kg daily
significantly inhibited MCF-7 tumor growth by 59 and 70%, respec-
tively, relative to vehicle-treated controls (P , 0.01). Importantly, all
mice appeared to tolerate the daily oral administration of OSU-A9
without overt signs of toxicity, as indicated by a lack of significant
loss in body weight (Figure 4B; the dashed line indicates a hypothet-
ical 10% loss in body weight), the absence of gross lesions at necropsy
and normal hematological and serum chemistry parameters (data not
shown).

Centrilobular hepatocellular hypertrophy is a morphologic
marker of sustained enzyme induction in the rodent (42), and
changes in toluidine blue staining can be used to discriminate the
proliferation of smooth endoplasmic reticulum that occurs in asso-
ciation with enzyme induction (43). Accordingly, formalin-fixed,
paraffin-embedded liver sections from these OSU-A9-treated mice
were stained with hematoxylin and eosin or toluidine blue and
evaluated microscopically. As shown in Figure 4C, no lesions were
evident in hematoxylin and eosin-stained livers of drug-treated
mice. Livers from all experiment groups exhibited a uniform size
of hepatocytes across the hepatic lobule. Similarly, no apparent
differences were observed in toluidine blue staining among
experimental groups. These results suggest that OSU-A9 adminis-
tered orally as described here is not a significant inducer of the
biotransformation enzymatic system.

To correlate the in vivo tumor-suppressive response to mecha-
nisms identified in vitro, the effects of OSU-A9 on 11 representative
intratumoral biomarkers of drug activity were evaluated by immu-
noblotting of MCF-7 tumor homogenates collected after 49 days of
treatment. These biomarkers included the phosphorylation status of
Akt and p38 and expression levels of cyclin D1, p21, survivin, Bcl-
xL, Bcl-2, NF-jB/RelA, ERa, ERb and AhR. As shown in Figure 5,
the effects of OSU-A9 on these biomarkers were qualitatively sim-
ilar to those observed in vitro and reflect the dose-dependent tumor
suppression in vivo. Treatment with oral OSU-A9 at 25 and 50 mg/
kg/day induced marked, dose-dependent reductions in intratumoral
levels of p-Akt, cyclin D1, survivin, Bcl-xL, Bcl-2, RelA and ERa
accompanied by increases in intratumoral levels of p-p38, p21, ERb
and AhR. Together, these findings indicate the oral bioavailability
of OSU-A9 and an in vivo antitumor activity that is mediated
through the modulation of Akt–NF-jB and stress response path-
ways.

Discussion

We demonstrate here that OSU-A9, a structurally optimized deriva-
tive of indole-3-carbinol, is a potent antitumor agent with a unique
ability to target a broad spectrum of signaling pathways, which, based
on our findings, can be categorized into two functional lineages: the
Akt–NF-jB axis and stress response signaling (Figure 6). While
broader effects that encompass other targets and pathways cannot
be ruled out, our data show that modulation of Akt–NF-jB and stress
response signaling pathways by OSU-A9 is important for its antitu-
mor activity against breast cancer cells. The ability of OSU-A9 to
interfere with the interplay between these two signaling networks
suggests its therapeutic potential for the treatment of endocrine-
resistant and/or highly metastatic breast cancers. For example, in
addition to Akt signaling, NF-jB controls the ability of malignant
cells to resist apoptosis-based tumor surveillance mechanisms (44),
which endows endocrine or chemotherapeutic resistance to ER(þ)
breast cancer cells (45). Moreover, as the cross talk between Her2
and CXCR4 promotes breast tumor metastasis (24), the concerted
suppressive effect of OSU-A9 on the expression of these oncogenic
proteins represents a novel strategy to block HER2-mediated
invasion.

In addition, the ability of OSU-A9 to increase the expression ratio
of ERb to ERa, as well as the expression of BRCA1 and BRCA2 is

Fig. 5. Western blot analysis of intratumoral biomarkers of drug activity in
the homogenates of three representative MCF-7 tumors from each treatment
group and their respective final volumes. Tumors were harvested at terminal
killing after 49 days of treatment.

Fig. 6. Diagram depicting the inhibitory and activating effects of OSU-A9
on the Akt–NF-jB signaling axis and stress response signaling, respectively.
The ability of OSU-A9 to affect these two signaling networks and thus target
different facets of breast malignancy underlies its high potency in
suppressing tumor growth.
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noteworthy. The ratio of ERb/ERa expression in breast tumors is
lower than in normal breast tissues due to a lower expression of
ERb. It has been reported that ERb reduced ERa activation-induced
cell proliferation by antagonizing ERa signaling (46,47) and that de-
creased ERb expression characterizes the malignant progression of
breast cancer (48). Thus, this increased ERb:ERa ratio, in conjunction
with BRCA1-mediated repression of ERa-dependent gene expres-
sion, suggests the possibility that OSU-A9 could improve the clinical
outcome of ER(þ) patients.

Furthermore, the ability of OSU-A9 to upregulate the expression of
AhR and its downstream target Nrf2 underscores its potential trans-
lational value in breast cancer prevention. These two transcription
factors activate the expression of a series of cytoprotective enzymes
involved in carcinogen detoxification, thereby protecting cells against
carcinogen-induced tumorigenesis (37,39).

Despite this complicated mode of action, non-malignant MCF-10A
mammary epithelial cells were resistant to OSU-A9’s antiproliferative
effects, consistent with the observed tolerance of nude mice to this
drug. Daily oral administration of OSU-A9 at 50 mg/kg for 49 days in
MCF-7 tumor-bearing nude mice did not give rise to overt signs of
toxicity. Moreover, indole-3-carbinol, OSU-A9’s parent compound,
was reported to cause centrilobular hepatocellular hypertrophy and
to induce hepatic Phase I and Phase II enzymes in rodents (7,49,50),
findings which underlie the controversy over the role of dietary in-
dole-3-carbinol in increased incidences of uterine adenocarcinoma in
animal models (49). The possibility that the enhanced apoptotic ac-
tivity of OSU-A9 could be associated with an increased ability to
induce these hepatic changes was refuted by the finding that OSU-
A9 did not cause changes in indicators of hepatotoxicity or cyto-
chrome P450 enzyme induction. Based on these data, OSU-A9 is
not a significant inducer of the biotransformation enzymatic system.

In conclusion, the results of this investigation suggest the trans-
lational value of OSU-A9 in the treatment or prevention of breast
cancer. Not only does OSU-A9 retain the ability of indole-3-carbinol
to target different facets of oncogenic signaling in breast cancer cells
but also does so with 100-fold higher potency and without the hepatic
changes associated with indole-3-carbinol exposure. Testing of the
efficacy of OSU-A9 in other breast cancer models of clinical rele-
vance is currently underway.
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