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Indole-3-carbinol (I3C), a naturally occurring phytochemical found in cruciferous vegetables, has
received much attention due to its translational potential in cancer prevention and therapy. In this study,
we investigated the antitumor effects of OSU-A9, a structurally optimized I3C derivative, in a panel of oral
squamous cell carcinoma cell lines, SCC4, SCC15, and SCC2095. The antiproliferative effect of OSU-A9 was
approximately two-orders-of-magnitude higher than that of I3C. Importantly, normal human oral kerat-
inocytes were less sensitive to OSU-A9 than oral cancer cells. This antiproliferative effect of OSU-A9 was
attributable to the induction of mitochondrial-dependent apoptosis as evidenced by sub-G1 accumula-
tion of cells, poly ADP-ribose polymerase cleavage, and cytochrome c release from the mitochondria.
OSU-A9 down regulates Akt and NF-kB signaling pathways, leading to changes in many downstream
effectors involved in regulating cell cycle and apoptosis. Moreover, the observed down regulation of IKKo
and IKKp expression by OSU-A9 is not reported for I3C. OSU-A9 also induces both the production of reac-
tive oxygen species and the endoplasmic reticulum stress. Taken together, these results suggest the

translational value of OSU-A9 in oral squamous cell cancer therapy in the future.

© 2010 Elsevier Ltd. All rights reserved.

Introduction

Although the mechanisms underlying the development of oral
squamous cell carcinoma are not fully understood, tobacco use,
alcohol, and betel quid chewing are the major risk factors in
Taiwan. Radical surgery, followed by chemoradiation, represents
the main treatment approach for this disease. The prognosis is dis-
mal for patients with metastatic disease even with the use of che-
motherapeutic agents including platinum, 5-fluorouracil, taxane,
ifosfamide, and methotrexate.! These patients succumb eventually
to their disease once resistance to these chemotherapeutic agents
is developed. This highlights the necessity to develop novel com-
pounds or strategies for patients with advanced oral squamous cell
carcinoma.

Indole-3-carbinol (I3C), a natural phytochemical found in the
vegetables of the cruciferous family, has been shown to suppress
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the proliferation of cancer cells of breast, colon, prostate, and endo-
metrium by targeting multiple signaling pathways.?=> In addition,
I3C shows a synergistic effect when combined with 1,3-tetradeca-
noyl phorbolacetate plus CaCl, against oral squamous cell carci-
noma cell lines.® However, there are several drawbacks for 13C as
an anticancer agent. First, the effective concentration of I3C to ex-
ert its antitumor activity is between 50 and 100 pM, which is
impractical in vivo. Second, the chemical instability of I3C and vul-
nerability to acid-catalyzed conversion into a variety of derivatives
in the stomach decrease its antitumor activity.” Third, the inability
to reliably monitor I3C concentration in plasma limits its pharma-
cokinetic anaylsis.® Consequently, the structural modification of
I3C or 3,3’-diindolylmethane attracted many researchers to devel-
op novel indole derivatives with improved potency.>® Among
these derivatives, OSU-A9, an acid-stable analogue with higher
apoptosis-inducing potency was synthesized.!® OSU-A9 has been
reported to be active against cancers of prostate, breast and liver
in vitro, and has inhibited tumor growth of these cancers in xeno-
graft animal models. Importantly, the repeated daily administra-
tion of OSU-A9 to athymic nude mice in these experiments was
well tolerated.’®'? In the present study, we compared the
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in vitro efficacy of OSU-A9 with that of 13C against three oral squa-
mous cell carcinoma cell lines. The possible mechanisms underly-
ing the anticancer activity of OSU-A9 against oral squamous cell
carcinoma cells are also investigated.

Materials and methods
Cell culture

SCC4, SCCY, and SCC2095 human oral cancer cells were kindly
provided by Professor Susan R. Mallery (The Ohio State University),
and were cultured in DMEM/F12 medium (Gibco, Grand Island, NY)
supplemented with 10% fetal bovine serum and penicillin (100
U/mL)/streptomycin (100 pg/mL) (Invitrogen, Carlsbad, CA).
Normal human oral keratinocytes (NHOK) were kindly provided
by Dr. Tzong-Ming Shieh (China Medical University) and were
maintained in the keratinocyte serum-free medium (Gibco, Grand
Island, NY). All cell types were cultured at 37 °C in a humidified
incubator containing 5% CO,.

Reagents

0SU-A9 {[1-(4-chloro-3-nitrobenzene-sulfonyl)-1H-indol-3-yl]-
methanol} was synthesized as previously described,'® with identity
and purity (>99%) verified by proton nuclear magnetic resonance,
high-resolution mass spectrometry, and elemental analysis. 13C
was purchased from Sigma-Aldrich. For in vitro experiments,
both agents were dissolved in dimethyl sulfoxide (DMSO), and
added to the culture medium with a final DMSO concentration less
than 0.1%.

Cell viability analysis

The cell viability was assessed using the MTT [3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide] assay in six
replicates. The cells (5 x 103/200 pL) were seeded in 96-well,
flat-bottomed plates for 24 h, and were then exposed to various
concentrations of test agents for the indicated time intervals. After
removing the culture medium, 200 pL of the medium containing
MTT at a concentration of 0.5 mg/mL was added, and the cells were
incubated at 37 °C for 2 h. The medium was removed and the re-
duced MTT dye in each well was dissolved in 200 plL DMSO. Absor-
bance was determined with a multi-mode microplate reader
Synergy HT (Bio-Tek) at 570 nm.

Cell cycle and apoptosis analysis

SCC2095 cells (2 x 10°/3 mL) were treated with the indicated
concentration of OSU-A9 or I3C for 48 h. After being washed twice
with ice-cold phosphate-buffered saline (PBS), the cells were fixed
in 70% cold ethanol for 4 h at 4 °C. For cell cycle analysis, the cells
were stained with propidium iodide and analyzed by the multicy-
cler software. For apoptosis evaluation, the cells were stained with
4,6-diamidino-2-phenylindole (DAPI) and analyzed using BD
FACSAria flow cytometer (Becton Dickinson, Germany).

Mitochondrial membrane potential (A¥m) and reactive oxygen
species (ROS) generation

Briefly, the cells (2 x 10°/3 mL) were treated with DMSO or dif-
ferent concentrations of OSU-A9 for 48 h and washed with PBS
twice. The cells were stained by DiOC6 (40 nM) and by DCFH-DA
(5 uM) for 30 min for mitochondrial membrane potential (A¥m)
and ROS determination, respectively. Cells in both the analyses

were assessed by fluorescence intensity using flow cytometer
(Becton Dickinson, Germany).

Western blotting

Cell lysates were prepared by adding cells with RIPA buffer
(50 mM Tris pH 8.0, 150 mM Nacl, 1% NP40, 0.5% sodium deoxy-
cholate, and 0.1% sodium dodecyl sulfate). Protease inhibitor
(Sigma, Saint Louis, MO) and phosphatase inhibitor cocktail
(Calbiochem, Gibbstown, NJ) were added to RIPA buffer before lys-
ing the cells. Protein concentrations of cell lysates were measured
using Bio-Rad protein assay dye reagent (BIO-RAD Laboratories,
Hercules, CA). The mixture solution of Laemmli sample
buffer (BIO-RAD, 62.5 mmol/L Tris-HCl, pH 6.8, 2% sodium dodecyl
sulfate, 25% glycerol, and 0.01% bromphenol blue) and
B-mercaptoethanol (19:1) was added to the lysates, and the lysates
were boiled at 95 °C for 10 min. Equal amounts of protein lysates
were separated using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to nitrocellulose membranes
(Hyperbond ECL, GE Healthcare, Piscataway, N]). After blocking
with TBST (TBS containing 0.1% Tween 20) containing 5% nonfat
milk for 1h, the membranes were incubated with the indicated
primary antibodies at 4 °C overnight. The membrane was washed
five times with TBST and then incubated with horseradish peroxi-
dase (HRP)-conjugated goat anti-mouse IgG antibodies or goat
anti-rabbit IgG antibodies (Jackson ImmunoResearch) for 1h at
room temperature. After five washes with TBST, the blots were
visualized with the enhanced chemiluminescence Amersham ECL
Western Blotting Detection Reagents (GE Healthcare, Piscataway,
NJ). Primary antibodies against various biomarkers were obtained
from the following sources: p-*"3Ser Akt, p->°8Ser Akt, cyclin D1,
XIAP, COX 1V, IKKa, IKKB, IcBo, p->2Ser IxBa, Bad, p-'!?Ser Bad,
and NF-xB (Cell Signaling Technologies, Beverly, MA); Akt, p27,
p21, Bax, Bcl-2, and Bcl-xL (Santa Cruz Biotechnology, Santa Cruz,
CA); survivin (R&D Systems, Minneapolis, MN); B-actin (Sigma-
Aldrich, St. Louis, MO).

NF-B-dependent reporter gene expression assay

The expression activity was determined as previously de-
scribed.!? Briefly, SCC2095 cells were co-transfected with 2 g
of the p-NF-kB-Luc reporter plasmid and 0.5 pg of the Renilla
Luciferase Control Reporter Vector (p-RL-CMV, Promega) using
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Figure 1 Antiproliferative effects of OSU-A9 and indole-3-carbinol in three oral
cancer cell lines (SCC4, SCC9, SCC2095) and normal human oral keratinocytes
(NHOK). Cells (5 x 10%/200 puL) were treated with OSU-A9 or indole-3-carbinol for
48 h, and cell viability was assessed by MTT assays (n = 6).
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the Amaxa® Nucleofector system (Gaithersburg, MD). The transfec- treated in triplicate with the indicated concentrations of OSU-A9 or
ted cells were incubated in 12-well plates for 24 h. The cells were DMSO in the presence of vehicle or 0.1 pM TNF-o (Pepro Tech,
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Figure 2 OSU-A9 and indole-3-carbinol (I3C) induced apoptosis through the mitochondrial pathway in SCC2095 cells. DAPI staining showed apoptotic cells with pyknotic
nuclei featuring intense bluish-white fluorescence (A). Cell cycle analysis showed increased sub-G1 phase in cells treated with OSU-A9 and I13C (B). Western blotting of cell
lysates (C, upper panel) and mitochondrial extract (C, lower panel). Mitochondrial membrane potential (A¥m) was accessed with the fluorescent probe DiOC6 (D). (For
interpretation of the reference to color in this figure legend, the reader is referred to the web version of this article.)
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Rocky Hill, NJ) for 6 h. The luciferase activities in cell lysates were
determined using the Dual-Luciferase Reporter Assay System
(Promega, Madison, WI) and normalized to the constitutive renilla
luciferase activity.

Fluorescence staining for confocal imaging

Cells (2 x 10°/3 mL) were plated on cover slips in each well of
a six-well plate. The cells were treated with 0.5 uM OSU-A9 for
48 h with or without 10 nM tumor necrosis factor-o. (TNF-at) for
30 min. The cells were fixed in 2% paraformaldehyde for 30 min
at room temperature and permeabilized with 0.1% Triton X-100
for 20 min. After blocking with 1% bovine serum albumin
(BSA), the cells were incubated with rabbit anti-human NF-xB
antibody overnight at 4 °C, followed by incubation with anti-
rabbit IgG for 1 h at room temperature. Cells were washed with
TBST and then covered before undergoing fluorescent micro-
scopic examination.

Statistical analysis

For comparisons, the effect of OSU-A9 on the luciferase activity
of NF-kB in SCC2095 cells was analyzed using one-way analysis of
variance followed by the Neuman-Keuls test for multiple compar-
isons. Differences were considered significant at P < 0.05. Statistical
analysis was performed using SPSS for Windows (SPSS, Inc.,
Chicago, IL).

Results

OSU-A9 has a more potent antiproliferative effect than I3C on oral
cancer cells

Three oral cancer cell lines, SCC4, SCC9, and SCC2095, were used
to investigate the antiproliferative effect of OSU-A9 and I3C. Both
I3C and OSU-A9 resulted in a dose-dependent inhibition of cell

OSU-A9 (uM)

proliferation in all cell types (Fig. 1). The concentrations of OSU-A9
to inhibit cell growth by 50% were 2.6, 2.4, and 1.4 uM in SCC4,
SCC9, and SCC2095, respectively, as compared with 253, 234, and
192 uM for I3C in SCC4, SCCY9, and SCC2095, respectively. The
concentration of OSU-A9 to result in 50% suppression of cell
proliferation in normal human oral keratinocytes (NHOK) was
5.5 uM. Because of the greater activity of OSU-A9 in SCC2095, this
cell line was used to perform the following experiments.

OSU-A9 induces apoptosis through the mitochondrial pathway in oral
cancer cells

To investigate whether the growth-inhibitory effect of OSU-A9
is due to the induction of apoptosis, DAPI dye staining was con-
ducted in SCC2095 cells treated with either OSU-A9 or 13C for
48 h. The DAPI assay revealed chromatin condensation, which
was visualized as intense bluish-white fluorescence in pyknotic
nuclei (Fig. 2A). For further confirmation of apoptosis, SCC2095
cells were analyzed by flow cytometry (Fig. 2B). OSU-A9 more po-
tently induced cell accumulation in sub-G1 phase than I3C. For
example, OSU-A9 at 3 uM concentration induced 21.1% cells in
sub-G1 phase, as compared to 25.3% for I3C at 200 uM. The wes-
tern blot analysis of SCC2095 cells also revealed a dose-dependent
increase in the cleavage of PARP and caspase-3 activation as hall-
marks of apoptosis (Fig. 2C).

We next examined whether OSU-A9-induced apoptosis was
mediated by the mitochondrial pathway. The protein extracts of
mitochondrial fraction were immunoblotted with antibodies
against cytochrome ¢ and COX IV (Fig. 2C). OSU-A9 exhibited
around a 100-fold greater potency in the induction of cytochrome
¢ release from mitochondria compared to I3C. Furthermore,
SCC2095 cells treated with DMSO or OSU-A9 for 48 h were stained
with the fluorescent probe DiOC6 and analyzed for mitochondrial
membrane potential (AWm). OSU-A9 was able to dissipate the
mitochondrial membrane potential in a dose-dependent manner
(Fig. 2D).
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Figure 3 The effect of OSU-A9 on proteins involved in Akt signaling, anti-apoptosis, pro-apoptosis, and cell cycle in SCC2095 cells.
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Figure 4 The effect of OSU-A9 on the NF-kB pathway in SCC2095 cells. Western blotting of proteins in the NF-kB pathway (A). NF-kB-luciferase reporter assay. The relative
luciferase activities of NF-kB in cells treated with 2 uM and 4 uM of OSU-A9 were compared with those in cells treated with 0 pM of OSU-A9 (B). Confocal microscopic
examination (C).
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OSU-A9 reduces Akt phosphorylation and cyclin D1 expression

Previous studies showed that Akt and NF-«B signaling path-
ways were crucial in the anticancer action of 13C.">! In the pres-
ent study, we found that OSU-A9 induced down regulation of Akt
phosphorylation (p-*"3Ser Akt and p-3°Ser Akt) and a down-
stream effector, cyclin D1, in a dose-dependent manner in
SCC2095 cells (Fig. 3). Also, OSU-A9 decreased the expression of
antiapoptotic proteins Bcl-xL, Bcl-2, and Bad and increased that
of the proapoptotic protein Bax. p21 and p27, two key proteins
in regulating cell cycle, were up-regulated in a dose-dependent
manner.

OSU-A9 down regulates the NF-B signaling pathway

0OSU-A9, as well as I3C, induced down regulation of NF-«xB
expression (Fig. 4A). Survivin and X chromosome-linked IAP
(XIAP), two downstream effectors regulated by NF-kB, were also
down modulated by OSU-A9, as was phosphorylated IkBa, which
releases NF-kB upon stimulation by upstream p-IKK(a/B). Interest-
ingly, although OSU-A9 treatment resulted in decreased p-IKKo
and p-IKKB, there was no change in the expression of these two
proteins after I3C treatment. Furthermore, an NF-kB-luciferase re-
porter gene assay was used to evaluate the effect of OSU-A9 on
tumor necrosis factor-o (TNF-a)-augmented NF-kB signaling.
OSU-A9 significantly inhibited NF-xB activation by TNF-o
(Fig. 4B). Confocal microscopic examination showed that OSU-A9
at a concentration of 0.5 uM prohibited TNF-a-induced nuclear
translocation of NF-kB (Fig. 4C).

A Control

OSU-A9 increases ROS and induces endoplasmic reticulum (ER) stress
in SCC2095 cells

Previously it had been shown that increased ROS and ER stress
were responsible for the activity of some anticancer drugs.'>!® The
evidence that ROS could be induced by ER stress also suggested a
crosstalk between ER stress and ROS.!” Thus we examined the level
of ROS in SCC2095 cells treated with OSU-A9 using flow cytometry.
OSU-A9 at a concentration of 3 uM significantly increased ROS to
86% from 45% (Fig. 5A, P < 0.05). Co-treatment with an antioxidant
N-acetylcysteine completely rescued the production of ROS in-
duced by OSU-A9. Furthermore, OSU-A9 increased ER stress in
SCC2095 cells as evidenced by up regulation of GADD153 and
GRP78 expressions in a dose-dependent manner (Fig. 5B).

Discussion

I13C, a natural product found in cruciferous plants, is reported to
have antitumor and chemoprevention effects. The main obstacle in
its application is the high concentration of 13C required to exhibit
physiological functions. We hereby demonstrate that OSU-A9, a
novel compound derived from I3C, is more than 100-fold more po-
tent than I3C in inhibiting the growth of oral cancer cells. The ac-
tion of OSU-A9 is mediated through down regulation of the Akt
pathway, modulation of constitutive and inducible NF-kB activa-
tion, and induction of ROS and ER stress. Most importantly, the
in vivo therapeutic application of OSU-A9 is also supported by
the fact that normal human oral keratinocytes are less sensitive
to the compound.
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Figure 5 Reactive oxygen species and endoplasmic reticulum (ER) stress analysis in SCC2095 cells. Cells treated with DMSO or OSU-A9 for 48 h were stained with DCFH-DA

(A). Western blotting of proteins involved in ER stress (B).
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NF-xB is considered to be an important target for anticancer
therapy since, compared with normal epithelial cells, oral cancer
cells usually express higher constitutive levels which contribute
to a malignant phenotype.'®2° NF-«B also regulates the expression
of many genes that are important for cell protection from radiation
and chemotherapy, anti-apoptosis, cell survival, tumorigenesis,
and cancer metastasis.?’~>* By down regulating the NF-xB path-
way, bortezomib and Trichostatin A have been shown to effectively
inhibit the cell growth of head and neck squamous cell carci-
noma.'®2% It is known that IxB kinase (IKKo/B), as a heterodimer,
is responsible for phosphorylation of IkBo. Phosphorylated IkBo
is ubiquitinated and degraded followed by the translocation of
NF-xB to the nucleus. The association of IKK proteins with tumor-
igenesis of oral cancer is reported. Tamatani and colleagues
showed that human head and neck carcinoma cells have increased
expression of IKKa protein that contributes to the enhanced NF-«xB
activity.?? IKKa is also important in the differentiation and disease
progression of squamous cell carcinoma.?® A study by Takada et al.
demonstrated the activity of I3C in myeloid and leukemia cells
through inhibition of NF-kB and NF-kB-regulated gene expres-
sions. Specifically, it was found that I3C inhibits IKK activation
without alteration of IKKo and IKKp protein expression.!® In our
experiments, OSU-A9 showed a potent decrease in both constitu-
tive and inducible NF-kB activity. In addition, OSU-A9 resulted in
down regulation of phosphorylated IkBa and subsequent NF-xB
expression. More interestingly, the inhibition of IKKa and IKKB
protein expression by OSU-A9 was not observed with I3C treat-
ment. Thus, it is possible that the mechanisms underlying the inhi-
bition of the NF-xB pathway by OSU-A9 are different from those by
13C.

Increased ROS is implicated in inflammation, cardiovascular
disease, stroke, aging process, and cell apoptosis.?”*® Recent cumu-
lative evidences suggest increased ROS as a strategy in anticancer
therapy.!®?® Our study showed that OSU-A9 increases the
production of ROS that can be rescued by co-treatment with N-ace-
tylcysteine, which is not reported previously in studies of I3C and
0OSU-A9. In theory, since mitochondria are important sources of
ROS, the loss of mitochondria membrane potential (AWm) caused
by OSU-A9 leads to ROS release, further contributing to cell apop-
tosis in concert with modulation of the Akt and NF-kB pathways.

In summary, OSU-A9 induces apoptotic cell death, down regu-
lates Akt and NF-xB signaling, and increases generation of ROS
and ER stress in oral cancer cells. Compared to its parent com-
pound, I3C, OSU-A9 shows 100-fold higher anticancer potency
with preservation of the pleiotropic activities which strongly sug-
gests its value in oral squamous cell carcinoma therapy.
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