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Abstract:

Constitutive activation of Akt and nuclear factor-kB (NF-kB) represent major cellular
abnormalities associated with the development and progression of hepatocellular carcinoma
(HCC). Based on the structure of indole-3-carbinol, a chemopreventive phytochemical, we
developed a novel derivative, OSU-A9, that exhibits higher potency in inducing apoptosis by
targeting the Akt- NF-xB signaling network. This study was aimed at assessing the antitumor
activity of OSU-A9 using both in vitro and in vivo models of HCC, a malignancy in which the
Akt-NF-kB signaling network plays major roles in pathogenesis and therapeutic resistance. Our
data show that OSU-A9 was 100-times more potent than indole-3-carbinol in suppressing the
viability of Hep3B, Huh7, and PLC5 HCC cells with ICsy values ranging from 2.8-3.2 puM.
OSU-A9 interfered with the interplay between Akt- and NF-kB-mediated oncogenic signaling
leading to changes in the functional status of diverse signaling effectors involved in cell cycle
progression, apoptosis, angiogenesis, and metastasis. The in vivo efficacy of OSU-A9 was
assessed in nude mice bearing luciferase-expressing Hep3B xenograft tumors. Daily oral
treatments with OSU-A9 at 25 or 50 mg/kg for 56 days suppressed tumor growth by 67% and
80%, respectively, which was correlated with changes in intratumoral biomarkers pertinent to
Akt-NF-kB signaling, and without apparent toxicity or evidence of hepatic biotransformation
enzyme induction. Together, these findings indicate that OSU-A9 is a potent, orally bioavailable
inhibitor of the Akt-NF-kB signaling network with a broad spectrum of antitumor activity that

includes targets regulating multiple aspects of HCC pathogenesis and progression.
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Hepatocellular carcinoma (HCC), the most common type of malignant primary liver tumor,
is the third most frequent cause of cancer death worldwide (El-Serag and Rudolph, 2007). The
clinical management of HCC is complicated by the late-stage disease at presentation and
prevalent underlying liver dysfunction that renders most patients ineligible for potentially
curative surgical therapies, which are generally suitable for only 20-30% of patients (Blum,
2005). Moreover, intrinsic resistance to chemotherapy contributes to the generally poor
prognosis of HCC and limits the availability of effective systemic therapies (Blum, 2005).
Substantial evidence indicates that this cellular resistance to chemotherapeutics is attributable to
the heterogeneity of the genetic abnormalities acquired during the course of
hepatocarcinogenesis, many of which dysregulate signaling pathways governing cell
proliferation and survival. Among various molecular defects that allow HCC cells to evade drug-
induced apoptosis signaling, constitutive activation of Akt (Hu et al., 2003; Nakanishi et al.,
2005) and that of nuclear factor kB (NFkB) (Arsura and Cavin, 2005) are especially noteworthy.
Activation of Akt signaling has been reported in 40%—-60% of human HCC (Hu et al., 2003;
Nakanishi et al., 2005), while NF-kB plays a key role in the tumorigenesis and progression of
HCC and other inflammation-linked cancers (Arsura and Cavin, 2005; Karin, 2006), in part, by
enabling malignant cells to resist apoptosis-based tumor surveillance mechanisms (Karin, 2006).
Consequently, targeting signaling pathways mediated by either Akt or NF-kB, directly or
indirectly, represents a viable strategy to improve therapeutic outcome in HCC patients. The
proof-of-principle of this premise is the survival benefit provided by treatment with the
multikinase inhibitor Sorafenib in patients with advanced HCC (Scanga and Kowdley, 2009).
Moreover, the proteasome inhibitor Bortezomib is currently undergoing a clinical trial in

combination with doxorubicin in HCC patients based on its ability to decrease the transcriptional
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activity of NF-xB by blocking the degradation of its inhibitor IxB (ClinicalTrials.gov, identifier:

NCT00083226).

The chemopreventive potential of the phytochemical indole-3-carbinol has recently received
much attention due to its unique ability, though with low potency, to perturb Akt- and NF-«xB-
mediated oncogenic signaling (Chinni and Sarkar, 2002; Rahman et al., 2004; Weng et al.,
2007). However, the in vivo efficacy of indole-3-carbinol is limited by many factors including
low antitumor potency, limited bioavailability, and complicated pharmacokinetic behaviors due
to intrinsic metabolic instability (Weng et al., 2008). Consequently, we embarked on the
structural optimization of indole-3-carbinol, which has yielded OSU-A9, a novel derivative that
provides considerable therapeutic advantage over the parent compound because of its greater
antitumor efficacy and metabolic stability (Weng et al., 2007). Among the many effects of OSU-
A9 on signaling molecules that we have identified in prostate cancer cells were the suppression
of Akt phosphorylation and NF-«B expression (Weng et al., 2007). Consequently, in this study
we investigated the activity of OSU-A9 against Akt- and NF-kB-mediated signaling pathways in
HCC, a malignancy in which the Akt-NF-xB signaling network plays major roles in
pathogenesis and therapeutic resistance. Here, we show that OSU-A9 exhibits up to 100-fold
greater in vitro efficacy relative to indole-3-carbinol in HCC cells. Mechanistic evidence
indicates that, in a manner similar to that of indole-3-carbinol, OSU-A9 mediated its antitumor
effect by blocking the Akt-NF-«B signaling network, leading to the inhibition of signaling
pathways governing cell cycle progression, survival, and metastasis. Equally important, oral
administration of OSU-A9 suppressed HCC xenograft tumor growth in mice without causing

overt signs of toxicity.
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Materials and Methods

Reagents. Indole-3-carbinol and OSU-A9 {[1-(4-chloro-3-nitrobenzenesulfonyl)-1H-indol-3-yl]-
methanol} were synthesized as previously described (Weng et al., 2007). The p38 kinase
inhibitor SB-203580 was purchased from Calbiochem (San Diego, CA). For in vitro
experiments, agents were dissolved in DMSO, diluted in culture medium, and added to cells at a
final DMSO concentration of 0.1%. For in vivo studies, OSU-A9 was prepared as a suspension in
vehicle (0.5% methylcellulose, 0.1% Tween 80 in sterile water) for oral administration to tumor-
bearing immunocompromised mice. Antibodies against various biomarkers were obtained from
the following sources: Akt, p-473Ser Akt, p-3OSSer Akt, p-Bad, Bad, Foxo3a, p-Foxo3a, p-ERKs,
p-JNK, JNK, p-p38, p38, cyclin D1, NF-kB (RelA), cIAP-1, cIAP-2, [KKa, p-lOSSer IKKa, and
Ki67, Cell Signaling Technologies (Beverly, MA); hemagglutinin (HA) tag, ERKs, Bcl-2, Bcl-
xL, c-Myc, p27, IkB, cytochrome ¢, and CXCR4, Santa Cruz Biotechnology (Santa Cruz, CA);
Foxo3a and p-FOXO3a, Cell Signaling survivin, R&D Systems (Minneapolis, MN); B-actin,
Sigma-Aldrich (St. Louis, MO); LC-3, MBL International (Woburn, MA). Mouse monoclonal
anti-poly(ADP-ribose) polymerase (PARP) antibody was purchased from Pharmingen (San
Diego, CA). The plasmid encoding constitutively active (CA)-Akt was obtained from Addgene
(Cambridge, MA). The pCMVp65 and pNF-kB-Luc plasmids were kindly provided by Dr.
Hung-Wen Chen (Academia Sinica, Taiwan) and Dr. Cheng-Wen Lin (China Medical
University, Taiwan). The enhanced chemiluminescence system for detection of immunoblotted
proteins was from GE Healthcare Bioscience (Piscataway, NJ). Other chemicals and reagents

were obtained from Sigma-Aldrich unless otherwise mentioned.
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Cell Culture. The HCC cell lines were purchased from the following sources: Huh7, the Health
Science Research Resources Bank (JCRB0403; Osaka, Japan); Hep3B and PLCS5, American
Type Culture Collection (Manassas, VA). Cells were cultured in Dulbecco's Modified Eagle's
Medium (DMEM; Life Technologies, Grand Island, NY) supplemented with 10% fetal bovine
serum (FBS; Life Technologies). All cells were cultured at 37°C in a humidified incubator
containing 5% CO,. Cells in log-phase growth were harvested by trypsinization for use in

various assays and in vivo studies.

Cell Viability Assay. Cell viability was assessed by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay in six replicates as previously described (Kulp et al.,
2006) with minor modifications. Briefly, cells were seeded at 4,000 cells per well in 96-well flat-
bottomed plates and then, twenty-four to seventy-two hours later, treated with OSU-A9 and/or
SB-203580 at the indicated concentrations or DMSO in serum-free or 5% FBS-supplemented

DMEM.

Flow Cytometry/Apoptosis Assays. Approximately 5 x 10° cells were plated onto 10-cm
dishes, and incubated at 37°C overnight. The cells were treated with DMSO or OSU-A9 at
different concentrations for 48 hours, collected, washed twice with PBS, and then fixed in ice-
cold ethanol at -20°C overnight. After centrifugation at 400 x g for 5 minutes at room
temperature, the cells were stained with propidium iodide (50 pg/mL) in the presence of RNase
A (100 U/mL). The distribution of cells among the phases of the cell cycle was determined on a

FACScort flow cytometer equipped with ModFitL T v3.0 software program.
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Immunoblotting. Lysates of HCC cells treated with OSU-A9 at the indicated concentrations for
48 hours were prepared for immunoblotting. Western blot analysis was performed as previously
reported (Kulp et al., 2006). For immunoblotting of biomarkers in Hep3B-Luc tumor xenografts,
tumor tissue homogenates were prepared and immunoblotting was done as previously described

(Kulp et al., 2006).

Cytochrome C Release from Mitochondria. Mitochondrial and cytosolic fractions were
prepared from Hep3B cells treated with OSU-A9 at the indicated concentrations for 48 hours
using PIERCE®™ mitochondria isolation kit for cultured cells (Rockford, Illinois) according to the

manufacturer’s instructions. Cytochrome ¢ was detected by Western blot analysis.

NF-kB-Dependent Reporter Gene Expression Assay. One million Hep3B cells were
transiently co-transfected with 2 ug of pNF-kB-Luc reporter plasmid and 0.5 ug of the Renilla
Luciferase Control Reporter Vector (pRL-CMV, Promega) using the Amaxa”® Nucleofector
system (Gaithersburg, MD). Transfected cells were seeded into 12-well plates and, after 24 hours
of culture, treated in triplicate with different concentrations of OSU-A9 or vehicle with or
without 10 ng/ml TNF-a (Peprotech, Rocky Hill, NJ) for 6 hours. The luciferase activities in cell
lysates were determined using the Dual-Luciferase® Reporter Assay System (Promega) and

normalized to the constitutive Renilla luciferase activity.

Transient transfection with plasmids encoding RelA and/or CA-Akt. Hep3B cells were
transfected with 2 pg of pPCMVp65, CA-Akt plasmids or the empty vector using the Amaxa”

Nucleofector system. Cell viability was assessed 48 hours post transfection using MTT assay in
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six replicates as mentioned above. Expression of RelA, CA-Akt or indicated effctors was

confirmed by immunoblotting by Western blot analysis.

Migration/Invasion Assays. Assays were performed in 24-well modified Boyden chambers (8
um pore size; Corning Costar, Cambridge, MA). In the migration assay, 1 x 10° Hep3B cells in
0.5 ml of serum-free DMEM medium containing the indicated concentration of OSU-A9 or
DMSO were seeded into the upper chamber insert, and incubated at 37°C for 30 min. The inserts
were switched to a new well containing the same concentration of OSU-A9 or DMSO in 10%
FBS-supplemented DMEM medium, and incubated for 6 hours. Cells on the upper surface of
each filter were scraped off thoroughly with cotton swabs, while cells on the underside of the
filter were fixed in 100% methanol and stained with 5% Giemsa (Merck, Darmstadt, Germany).
For each chamber, the number of migrated cells was counted in ten randomly chosen 200x fields.
For the invasion assay, 7.5 x 10* Hep3B cells in 0.5 ml of serum-free DMEM medium
containing the indicated concentration of OSU-A9 or DMSO were seeded onto Matrigel-coated
or uncoated membranes of the upper chambers and incubated at 37°C. The lower chambers
contained the same amount of OSU-A9 or DMSO in 10% FBS/DMEM medium. After 24 hours,
non-invasive cells remaining on the upper surface of the membranes were removed with a cotton
swab. Cells on the lower surface of the membrane were fixed in 100% methanol and stained with
0.1% crystal violet for 10 min. The cells on each membrane were counted in ten 200x fields.
Tumor cell invasion was expressed as the number of cells that had passed through the Matrigel-

coated membranes.

Generation of Luciferase-Expressing Hep3B (Hep3B-luc) Cells. Hep3B-luc cells were
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generated by stable transfection with the phCMV-luc plasmid (Genlantis, San Diego, CA)
containing cDNA encoding the firefly luciferase gene. Cells were transfected using the Amaxa®
Nucleofector system and stable transfectants were selected by exposure to 500 ug/mL geneticin
(Invitrogen-Gibco, Carlsbad, CA) for 4 weeks. Stable expression of luciferase was confirmed by
the detection of luciferase activity using the Dual Luciferase Assay and Detection System™
(Promega). Confirmation that stable transfection did not alter the sensitivity of Hep3B cells to
OSU-A9 was confirmed by MTT assay. Moreover, OSU-A9 had no appreciable effect on the

expression level of luciferase in Hep3B-luc cells (data not shown).

In Vivo Study. Female NCr athymic nude mice (5-7 weeks of age) were obtained from the
National Cancer Institute (Frederick, MD) and group-housed under conditions of constant
photoperiod (12 hours light: 12 hours dark) with ad libitum access to sterilized food and water.
All experimental procedures using mice were done in accordance with protocols approved by
The Ohio State University Institutional Animal Care and Use Committee.

Each mouse received 2 x 10° Hep3B-Luc cells via subcutaneous injection in a total
volume of 0.1 mL serum-free medium containing 50% Matrigel (BD Biosciences, Bedford,
MA). The establishment and growth of tumors were monitored by direct measurement with
calipers, as well as by measurement of bioluminescence using the IVIS™ imaging system
(Xenogen Corporation, Alameda, CA) according to a protocol similar to those described
previously (Jenkins et al., 2003a; Jenkins et al., 2003b; Rehemtulla et al., 2000; Scatena et al.,
2004). The optimal time for imaging after luciferin injection was determined by generating a
kinetic curve for luciferase activity as previously described (Baba et al., 2007). Mice were

administered firefly luciferin via intraperitoneal injection (150 mg/kg body weight in PBS), and

10
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approximately 10 minutes later, while under isoflurane anesthesia, mice were imaged. Data
acquisition and analysis were achieved using the Living Image® software (Xenogen). As tumors
became established (mean starting tumor volume + SE, 105 + 7 mm3), mice were randomized to
three groups (n = 8-10) that received the following treatments daily: (a) vehicle, (b) OSU-A9 at
25 mg/kg body weight, and (c) OSU-A9 at 50 mg/kg body weight. Tumor burdens were
determined weekly using both calipers (tumor volume, width® x length x 0.52) and

bioluminescent imaging.

Histological and hematological evaluations. At terminal sacrifice, blood was collected from
each mouse and three samples per experimental group were submitted to The Ohio State
University Veterinary Clinical Laboratory Services for evaluation of serum chemistry and
hematological parameters (Suckow et al., 2001). Following exsanguination at necropsy, the liver
from each animal was removed and weighed, and then, along with the entire carcass of each
mouse, evaluated for gross lesions. The liver and a portion of the s.c. tumor from each mouse
were fixed overnight in 10% formalin, then transferred to 70% ethanol and embedded in paraffin
blocks. The remaining portion of each tumor was snap-frozen in liquid nitrogen and stored at -
80°C until analysis by western blotting. Four pm-thick tumor tissue sections were
immunostained with antibodies against Ki67 as done previously (Sargeant et al., 2008). The
percentage of Ki67-positive tumor cells was counted in ten randomly chosen 400x fields from
representative tumor samples from each experimental group. Liver tissue sections were stained
with hematoxylin and eosin (H&E) and toluidine blue by standard procedures. All liver and

tumor tissues were examined microscopically by a veterinary pathologist (AS).

11
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Statistical analysis. Differences in relative NF-xB activation in vitro and among group means
of tumor volume in vivo were analyzed for statistical significance using one-way ANOVA
followed by the Neuman-Keuls test for multiple comparisons. Differences were considered
significant at P < 0.05. Statistical analysis was performed using SPSS for Windows (SPSS, Inc.,

Chicago, IL).

12
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Results

OSU-A9 Suppresses the Viability of Different HCC Cell Lines with Equal Potency
Irrespective of Genetic Abnormalities. The antitumor effects of OSU-A9 and the parent
compound indole-3-carbinol were assessed in three human HCC cell lines, PLC5, Huh7, and
Hep3B by MTT assays. Although these HCC cells are known to be resistant to cytotoxic drugs
due to lack of p53 function, Bcl-xL overexpression, and/or constitutive NF-kB activation (Chiao
et al., 2002; Takehara et al., 2001; Watanabe et al., 2002), they were highly and comparably
susceptible to the antiproliferative effect of OSU-A9 with ICsy values of 2.8+0.1 uM, 3.2+0.1
uM, and 3.2+0.1 uM for Hep3B, Huh7, and PLCS5 cells, respectively (Fig. 1A). In contrast, the
ICsy values for indole-3-carbinol-induced cell death in these HCC cell lines ranged from 200-250
uM indicating an approximately 100-fold lower potency relative to OSU-A9.

Of these three cell lines, Hep3B cells were used to conduct the subsequent mechanistic and
in vivo efficacy studies considering it contains constitutively activated NF-kB, which confers the
doxorubicin-resistant phenotype to these cells (Chiao et al., 2002). Several lines of evidence
indicate that the antiproliferative effects of OSU-A9 and indole-3-carbinol in Hep3B cells were,
at least in part, attributable to the induction of apoptosis. Western blot analysis showed a dose-
dependent effect of both agents on facilitating PARP cleavage and cytochrome c release into the
cytoplasm after 48-hour treatment (Fig. 1B), with relative potencies paralleling those in
suppressing cell viability. In addition, flow cytometric analysis revealed a dose-dependent
increase in the relative proportion of the sub-G1 population, indicative of apoptotic death, after a
48-hour exposure to OSU-A9 (Fig. 1C).

We also assessed the dose-dependent effects of OSU-A9 and indole-3-carbinol on inducing

autophagy in Hep3B cells by monitoring the conversion of microtubule-associated protein 1 light
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chain 3 (LC3)-II from LC3-I, an essential step for autophagosome formation (Kabeya et al.,
2000). However, neither agent, even at high doses, gave rise to LC3-II formation, suggesting

that autophagy did not play a role in OSU-A9- or indole-3-carbinol-induced cell death (Fig. 1D).

OSU-A9 targets Akt signaling. To shed light onto the effect of OSU-A9 on Akt signaling, we
assessed the effects of OSU-A9 vis-a-vis indole-3-carbinol on the phosphorylation/expression
status of Akt and its downstream signaling targets. Previously, we reported that, although
Hep3B cells exhibited low levels of p-Ser473-Akt as a result of functional PTEN, the
phosphorylation level at Thr308 remained high (Hung et al., 2008). Relative to indole-3-
carbinol, OSU-A9 showed two-orders-of-magnitude higher potency in causing Akt inactivation,
as manifested by the concomitant dose-dependent dephosphorylation of Thr308-Akt and two
downstream kinase targets, glycogen synthase kinase (GSK)3[ and IkB kinase (IKK)a (Fig.
2A). In contrast to IKKa, the dose-response effect for GSK3 dephosphorylation with OSU-A9
and indole-3-carbinol appeared to lag behind that of Akt in Hep3B cells. This discrepancy might
be attributable to two factors, i.e., elevated basal levels of p-GSK3[3 due to constitutive activation
of the insulin-like growth factor (IGF) signaling axis in Hep3B cells (Desbois-Mouthon et al.,
2002) and involvement of Akt-independent pathways in facilitating GSK3f phosphorylation,
including those mediated by integrin-linked kinase (Leung-Hagesteijn et al., 2001; Troussard et
al., 1999) and protein kinase C (PKC){ , a downstream kinase effector of IGF signaling
(Desbois-Mouthon et al., 2002).

Nevertheless, the dephosphorylating activation of GSK3f might underlie the reduced
expression levels of three key transcription factors, B-catenin and its target gene products cyclin

D1 and c-Myec, all of which play a crucial role in HCC tumorigenesis and progression. In

14
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addition, the cell cycle regulatory protein p27 also showed a dose-dependent increase in
expression in response to either agent, which is consistent with the previously reported link
between drug-induced Akt inactivation and increased expression of this cyclin-dependent kinase

(CDK) inhibitor (Mitsuuchi et al., 2000; Sa and Stacey, 2004).

OSU-A9 targets NF-xB signaling. Our data indicate that OSU-A9 and indole-3-carbinol
mediated the downregulation of NF-xB signaling through two distinct mechanisms, though with
a 100-fold difference in potency. First, the aforementioned Akt-dependent inactivation of IKKa
by both agents led to the dose-dependent increase in the NF-kB inhibitor IkB in drug-treated
cells (Fig. 2A). Second, these two agents share a unique ability to suppress the expression of the
RelA/p65 NF-kB subunit (Fig. 2B). The concerted action of these two mechanisms accounts for
the effective inhibition of NF-kB signaling by low micromolar concentrations of OSU-A9, as
manifested by reductions in the expression of a series of NF-kB-regulated gene products
involved in regulating cancer cell survival and metastasis, including Bcl-2, Bcl-xL, cIAPI,
cIAP2, survivin, matrix metallopeptidase (MMP)9, and the CXC chemokine receptor (CXCR)4
(Fig. 2B). The ability of OSU-A9 to target NF-kB signaling was also demonstrated by the NF-
kB-luciferase reporter gene assay, which shows the dose-dependent antagonism of TNFa-
induced nuclear translocation of RelA and activation of NF-kB-dependent transcription by OSU-
A9 (Fig. 3A).

OSU-A9, at 2 and 4 uM, mediated time-dependent changes in the functional status of Akt-
and NF-kB-related signaling markers as early as 8-h post-treatment in Hep3B cells, resulting in
PARP cleavage at 24 h and 16 h, respectively. The key role of Akt and NF-«B in OSU-A9’s

antiproliferative activity was underscored by the ability of ectopic expression of constitutively
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active Akt (CA-Akt) and RelA, each alone or in combination, to protect Hep3B cells from OSU-
A9-induced cell death (Fig. 3C). The relative extents of protection were in the order of CA-
Akt/RelA > CA-Akt > RelA. As indicated by the protection endowed by the double transfection
of CA-Akt and RelA, the protective effect of RelA and that of CA-Akt were additive, indicating
the involvement of Akt-dependent, NF-kB-independent apoptosis pathways in regulating OSU-
A9-mediated cell death. This premise was borne out by the increased phosphorylation of many
downstream targets of Akt in CA-Akt-expressing Hep3B cells, including GSK3p, the forkhead
transcription factor FOXO3a, and the proapoptotic Bcl-2 family member Bad, all of which
mediate NF-kB-independent survival pathways, accompanied by decreased phosphorylation of
the stress-induced kinase p38 (Fig. 3D).

CXCR4 and MMP-9 have been shown to be upregulated by NF-kB to promote aggressive
tumor phenotypes (Karin and Greten, 2005). In light of the ability of OSU-A9 to suppress the
expression of these two proteins (Fig. 2B), we examined its effects on Hep3B cell migration and
invasion via Boyden chamber assays. As shown, OSU-A9 was highly effective, even at 1 uM, in
mediating the inhibition of both processes, which appeared to be more potent than growth
inhibition (ICsg, 2.8 uM). This discrepancy might be attributable to differences in the medium
used, i.e., serum-free DMEM medium for migration/invasion assays versus 5% FBS-
supplemented DMEM medium for MTT assays. We rationalized that serum-free medium would
give rise to high potency since it was devoid of protein binding of drug molecules and growth
factor-mediated stimulation of survival signaling pathways, including those mediated by Akt and
NF-kB. This premise was corroborated by the higher potency of OSU-A9, at 1 and 2 uM, in
blocking the functional status of Akt and NF-kB-related signaling proteins in serum-free

conditions (Fig. 4B) relative to that in 5% FBS (Fig. 3B).
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Relative to Akt and its downstream kinases, OSU-A9 and indole-3-carbinol did not cause
significant changes in the phosphorylation levels of the three MAP kinases examined, including
ERKs, p38, and JNK, in Hep3B cells, with the exception of increased expression of p-p38 in
OSU-A9-treated cells (Fig. 4C, left panel). However, co-treatment with the p38 kinase inhibitor
SB-203580 did not provide protection against OSU-A9-induced cell death (Fig. 4C, right panel).
Increased p38 phosphorylation could be secondary to OSU-A9-induced Akt inactivation as
ectopic expression of CA-Akt decreased p-p38 levels in Hep3B cells (Fig. 3D). Together, these
data argued against the role of any of these MAP kinases in OSU-A9-mediated apoptosis in

Hep3B cells.

OSU-A9 Suppresses the Growth of HCC Xenograft Tumors In Vivo. Before evaluating in
vivo antitumor efficacy, a pilot dose-range finding study was performed to identify a tolerable
oral dose of OSU-A9 in mice. Tumor-free athymic nude mice were administered OSU-A9 as
suspensions in vehicle at dose levels ranging from 5 to 100 mg/kg/day (N = 3 for each group) by
gavage continuously for 14 days. None of these doses of OSU-A9 caused a greater than 10%
weight loss at the end of treatment (data not shown). Doses of 50 and 25 mg/kg were selected for
the subsequent efficacy study in Hep3B tumor-bearing mice.

To facilitate the assessment of tumor growth, Hep3B-luc cells were used to generate
xenograft tumors in athymic nude mice. Athymic nude mice bearing established s.c. Hep3B-luc
tumor xenografts (mean tumor volume + SE, 105 + 7 mm3) were treated once daily with oral
OSU-A9 at 25 or 50 mg/kg or with vehicle by gavage for 56 days (N = 8). As shown in Fig. 5,
assessments of tumor growth by both bioluminescent imaging and direct caliper measurements

demonstrated significant inhibition of Hep3B-luc tumor growth by OSU-A9. Treatment with 25
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and 50 mg/kg daily inhibited tumor growth by 72% and 76%, respectively, as determined by
bioluminescence (Fig. SA, left panel), and by 67% and 80%, respectively, by direct measurement
(middle panel), relative to vehicle-treated controls (P < 0.01). Moreover, tumor-bearing mice
appeared to tolerate well the chronic daily oral administration of OSU-A9 without overt signs of
toxicity, as indicated by a lack of body weight losses (right panel), the absence of gross lesions at
necropsy, and normal hematological and serum chemistry parameters (Supplemental Table 1).

The parent compound indole-3-carbinol is an inducer of the hepatic biotransformation
enzymatic system, which occurs in association with centrilobular hepatocellular hypertrophy
(Crowell et al., 2006), a morphologic marker of sustained enzyme induction in rodents (Grasso et
al., 1991). Accordingly, liver tissue sections from the OSU-A9-treated mice were stained with
H&E or toluidine blue and evaluated microscopically (Fig. 5B, left panel). No lesions were
evident in the livers of drug-treated mice which exhibited a uniform size of hepatocytes across
the hepatic lobule. Likewise, there were no apparent differences in toluidine blue staining
among experimental groups. As changes in toluidine blue staining can be used to discriminate
the proliferation of smooth endoplasmic reticulum that occurs in association with enzyme
induction (Sargeant et al., 2007), these results suggest that oral OSU-A9 is not a significant
inducer of hepatic biotransformation enzymes.

The suppression of Hep3B-luc tumor growth by OSU-A9 was reflected in the significant
reduction in the number of proliferating cells within the tumor, as determined by Ki67
immunostaining of tumor tissues (Fig. 5B, right panel). Moreover, to correlate the tumor-
suppressive response observed in vivo with mechanisms identified in vitro, the effects of OSU-
A9 on representative intratumoral biomarkers of drug activity were evaluated by immunoblotting

of Hep3B-luc tumor homogenates collected after 56 days of treatment. Relative to the vehicle-
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treated controls, treatment with oral OSU-A9 markedly decreased Akt phosphorylation and the
expression levels of c-Myc, RelA, Bcl-2, survivin, cIAP2, and MMP-9 (Fig. 5C), which
represent hallmark biomarkers of drug-induced inhibition of Akt-NF-xB signaling in Hep3B-luc
tumors. Together, these in vivo findings indicate the oral bioavailability, safety and antitumor

efficacy of OSU-A9.
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Discussion

In this study, we demonstrated the translational potential of OSU-A9, a novel indole-3-
carbinol derivative, to be developed into a new therapeutic agent for HCC. OSU-A9 induces
apoptotic death in all three HCC cell lines tested at low-uM concentrations irrespective of the
molecular basis of their intrinsic resistance to cytotoxic agents such as doxorubicin. Reported
cellular abnormalities associated with this resistant phenotype include loss of p53 function, Bcl-
xL overexpression, and/or constitutive NF-kB activation (Chiao et al., 2002; Takehara et al.,
2001; Watanabe et al., 2002).

Mechanistically, OSU-A9 displays a unique ability to interfere with the interplay between
Akt- and NF-kB-mediated signaling pathways, leading to changes in the functional status of a
wide array of signaling effectors pertaining to cell cycle arrest, apoptosis, angiogenesis, and
metastasis (Fig. 6). Each of these signaling proteins, alone or in conjunction with other effectors,
play a role in the development and progression of HCC. For example, cyclin D1 is frequently
overexpressed in HCC (Park et al., 2006), and a mutational activation of [-catenin has been
reported in c-Myc and H-Ras transgenic mice that develop HCC (de La Coste et al., 1998).
Moreover, the oncogenic cooperation between c-Myc and Bcl-2 causes continuous proliferation
in the absence of mitogens (Pelengaris et al., 2002a; Pelengaris et al., 2002b). From a
mechanistic perspective, this broad range of action of OSU-A9 provides therapeutic advantages
over many existing molecularly targeted drugs for HCC treatment. For example, HCC cells are
generally resistant to gefitinib, an EGFR inhibitor, regardless of the expression levels of EGFR
and basal activity of ERK1/2 and Akt (Okano et al., 2006). Also, the proteasome inhibitor
bortezomib was unable to induce apoptosis in PLCS5 cells, in part, due to its inability to down-

regulate p-Akt (Chen et al., 2008).
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As HCC is a vascular tumor in which angiogenesis contributes to pathogenesis, the
suppressive effect of OSU-A9 on the expression of CXCR4 and MMP-9 is noteworthy in light of
their roles in tumor metastasis and angiogenesis (Balkwill, 2004). The strong correlation between
CXCR4 expression and HCC progression (Schimanski et al., 2006) suggests CXCR4 as a viable
target for HCC therapy. It was recently reported that siRNA-mediated silencing of CXCR4
blocked breast cancer metastasis (Liang et al., 2005), providing a proof-of-principle for this
premise. In light of the pleiotropic mode of action of indole-3-carbinol in targeting multiple
pathways, the present study, however, could not exclude the involvement of Akt- and NF-kB-
independent signaling targets in OSU-A9’s antitumor effects. For example, a recent study has
identified intracellular elastase as one possible direct target of indole-3-carbinol that leads to cell
cycle arrest as a consequence of altered proteolytic processing of cyclin E in MDA-MB-231
breast cancer cells (Nguyen et al., 2008). This possible mechanism is currently under
investigation in OSU-A9-treated HCC cells.

The in vivo findings revealed that a daily oral dose of OSU-A9 at 25 mg/kg produced
maximal inhibition of Hep3B xenograft tumor growth without causing apparent toxicity.
Equally important, there were no changes in morphologic biomarkers of hepatotoxicity or
cytochrome P450 enzyme induction, suggesting that OSU-A9 is not a significant inducer of the
biotransformation enzymatic system. These findings are in contrast to those recently reported for
indole-3-carbinol, which caused centrilobular hepatocellular hypertrophy and induced hepatic
Phase I and Phase II enzymes in rodents (Crowell et al., 2006; Yoshida et al., 2004). These
pathological changes underlie the controversy surrounding dietary indole-3-carbinol and
increased incidences of uterine adenocarcinoma in animal models (Crowell et al., 2006; Yoshida

et al., 2004).
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In conclusion, our results show that the novel, orally bioavailable indole-3-carbinol
derivative, OSU-A9, potently inhibits HCC by targeting signaling pathways that regulate cancer
cell survival and progression. These findings are consistent with, and extend, those previously
reported for this agent in models of human prostate cancer (Weng et al., 2007). OSU-A9’s broad
spectrum of activity, which underlies its potent apoptogenic and antitumor activities, and its
efficacy in models of multiple cancer types support its clinical promise as a component of
therapeutic strategies for human cancers, including advanced HCC for which systemic therapies

have been largely unsuccessful.
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Legends for Figures

Fig. 1. Differential effect of OSU-A9 versus indole-3-carbinol on induction of apoptosis in HCC
cells. (A) Left, structures of OSU-A9 and indole-3-carbinol. Right, dose-dependent effect of
OSU-AO9 relative to indole-3-carbinol on the cell viability of Hep3B, Huh-7, and PLC-5 HCC
cells. Cells were treated with OSU-A9 or indole-3-carbinol at the indicated concentrations in 5%
FBS-supplemented DMEM medium in 96-well plates for 48 hours, and cell viability was
assessed by MTT assays. Points, mean; bars, SD (n = 6). (B) Western blot analysis of the dose-
dependent effects of OSU-A9 versus indole-3-carbinol on PARP cleavage and cytochrome c
release into the cytoplasm in Hep3B cells after 48-hour exposure in 5% FBS-supplemented
DMEM medium. (C) Flow cytometric analysis of apoptosis in the Hep3B cells after treatment
with DMSO vehicle or the indicated concentrations of OSU-A9 for 48 hours in 5% FBS-
supplemented DMEM medium. The drug-treated cells were fixed and stained with propidium
iodide. The extent of apoptosis was assessed by quantifying sub-2N (sub-G1) DNA by flow
cytometry. The histograms are representative of two independent experiments. (D) Western blot
analysis of the dose-dependent effect of OSU-A9 on the conversion of LC3-II from LC3-I in

Hep3B cells after 48-hour exposure in 5% FBS-supplemented DMEM medium.

Fig. 2. Inhibition of the Akt-NF-kB signaling axis by OSU-A9 and indole-3-carbinol. (A)
Western blot analysis of the dose-dependent effects of OSU-A9 versus indole-3-carbinol on the
phosphorylation of Akt and its downstream targets GSK3[3, Bad and IKKa., and the expression
levels of B-catenin, c-Myec, cyclin D1, IkB, and p27 in Hep3B cells after 48-hour exposure in 5%
FBS-containing DMEM medium. (B) Western blot analysis of the dose-dependent effects of

OSU-A9 versus indole-3-carbinol on the expression levels of RelA/NF-kB p65 and various
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target gene products of NF-«kB, including Bcl-2, Bel-xL, cIAP1, cIAP2, survivin, MMP-9 and

CXCR4, in Hep3B cells after 48-hour exposure in 5% FBS-containing DMEM.

Fig. 3. Evidence that NF-kB signaling is inhibited by OSU-A9. (A) Upper panel, Western blot
analysis of the dose-dependent effect of OSU-A9 on TNFa-activated NF-xB nuclear
translocation. Nuclear localization of RelA was determined by Western blotting after treatments.
Nucleolin and a-tubulin were used as controls to ensure purity of nuclear fraction. Lower panel,
Dose-dependent effect of OSU-A9 on TNFa-induced NF-kB-dependent transcriptional activity.
Hep3B cells co-transfected with the pNF-kB-Luc reporter plasmid and Renilla Luciferase
Control Reporter Vectors (pRL-CMV) were treated with the indicated concentrations of OSU-
A9 with or without 10 ng/ml TNF-a. Luciferase activity as an indicator of NF-kB-dependent
transcription was determined as described in Experimental Procedures. Columns, mean; bars, SD
(n = 3). (B) Western blot analysis of the time-dependent effects of OSU-A9 at 2 uM and 4 uM
on the phosphorylation/expression levels of proteins relevant to Akt and NF-kB signaling,
including Akt, IKKa, RelA, and MMP9, and PARP cleavage in Hep3B cells in 5% FBS-
supplemented DMEM medium. (C) Effect of ectopic expression of RelA and constitutively
active (CA)-Akt on protecting Hep3B cells against OSU-A9-induced cell death. Left panel,
Western blot analysis of the expression levels of RelA, HA tag, and Akt in Hep3B cells
transiently transfected with plasmids encoding RelA and/or CA-Akt relative to untransfected
Hep3B cells. Right panel, dose-dependent effect of OSU-A9 on the viability of Hep3B cells
ectopically expressing RelA and/or CA-Akt relative to untransfected Hep3B cells. Points, mean,;
bars, SD (n = 6). (D) Effect of ectopic expression of CA-Akt on the phosphorylation levels of its

downstream targets IKKa, GSK3f, Foxo3a, and Bad, and the stress-induced kinase p38 in
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Hep3B cells.

Fig. 4. Effects of OSU-A9 on modulating the migration, invasion, and the phosphorylation of
MAP kinases of Hep3B cells. (A) Dose-dependent effects of OSU-A9 on Hep3B cell migration
(left panel) and invasion (right panel). Boyden chamber assays of migration and invasion were
performed as detailed in the Experimental Procedures. Columns, mean; bars, SD (n = 10). (B)
Western blot analysis of the time-dependent effects of OSU-A9 at 2 uM and 4 uM on the
phosphorylation/expression level of proteins relevant to Akt and NF-kB signaling, including Akt,
IKKa, RelA, and MMP9, in Hep3B cells in serum-free DMEM medium. (C) Western blot
analysis of the dose-dependent effect of OSU-A9 versus indole-3-carbinol on the
phosphorylation of ERKs, p38, and JNKs in Hep3B cells after 48-hour exposure in 5% FBS-
containing DMEM medium. (D) The p38 kinase inhibitor SB-203580 did not provide protection
against OSU-A9-mediated inhibition of Hep3B cell viability in 5% FBS-containing DMEM

medium after 48-h treatment. Columns, mean; bars, SD (n = 6).

Fig. 5. In vivo efficacy of oral OSU-A9. Athymic nude mice bearing luciferase-expressing
Hep3B (Hep3B-Luc) xenograft tumors were treated orally with OSU-A9 at 25 and 50 mg/kg per
day. Tumor burdens were determined by bioluminescent imaging and by direct measurement
with calipers. (A) Suppressive effect OSU-A9 on the growth of established Hep3B-luc xenograft
tumors in nude mice relative to that in vehicle-treated controls, as illustrated by changes in
relative bioluminescence (left panel) and tumor volumes (middle panel). OSU-A9 did not cause
losses in body weights of treated animals (rightr panel). Points, mean; bars, SE (n = 8). (B)

Assessment of hepatotoxicity. Left panel, photomicrographs of representative Ki67-
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immunostained tumors (upper row, 400x magnification), and H&E-stained (middle row, 200x
magnification) and toluidine blue-stained (bottom row, 400x magnification) sections of livers
from mice treated as indicated. PT, portal triad; THV, terminal hepatic venule; 7o/ blue, toluidine
blue. Right panel, proliferation indices of Hep3B-luc tumors from each treatment group, as
determined by the percentage of Ki67-positive cells in representative tumor samples. *P < 0.01.
(C) Western blot analysis of intratumoral biomarkers of drug activity in the homogenates of three

representative Hep3B-luc tumors from each treatment group.

Fig. 6. Diagram depicting the effects of OSU-A9 on the Akt-NF-kB signaling axis. Through its

ability to inhibit these two interactive signaling networks, OSU-A9 targets different facets of

hepatocellular malignancy resulting in potent suppression of tumor growth and progression.
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Fig. 2
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Fig. 4
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