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Abstract

We studied the chemopreventive efficacy of indole-3-carbinol (13C), a phytochemical found in
cruciferous vegetables, to inhibit tobacco carcinogen-induced lung adenocarcinoma in A/J mice
when given following post-initiation or progression protocol. Moreover, we assessed the potential
mechanisms responsible for the anticancer effects of 13C. Post-initiation administration of 13C
decreased the multiplicity of surface tumors as well as all forms of histopathological lesions,
including adenocarcinoma, whereas administration of the compound during tumor progression
failed to decrease the multiplicity of surface tumors and early forms of microscopic lesions but
reduced the frequency of adenocarcinoma. Mechanistic studies in A549 lung adenocarcinoma cells
indicated that the lung cancer preventive effects of 13C are mediated, at least in part, via
modulation of the receptor tyrosine kinase/P13K/Akt signaling pathway.
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1. Introduction

Accumulating data indicate an inverse relationship between consumption of cruciferous
vegetables and the incidence of several cancers, including lung cancer [1-4]. These effects
have been attributed to the presence in these vegetables of glucosinolates [5-7]. Upon
hydrolysis by the plant enzyme myrosinase, glucosinolates give rise to isothiocyanates or
indoles, depending on the type of glucosinolate. Generally, alkyl and aralkyl glucosinolates
yield mainly isothiocyanates, whereas indolyl glucosinolates produce indole-3-carbinol
(13C) and related compounds [7]. Analysis of the glucosinolate content of commonly
consumed cruciferous vegetables such as cabbage, broccoli, and cauliflower showed that
indolyl glucosinolates account for 70-93% of the glucosinolates, indicating the importance
of 13C and related compounds in the cancer preventive activities of these vegetables [8].
Once ingested, 13C is converted into more than 15 oligomeric products [9]. Of these
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compounds, only the cancer preventive activities of DIM have been extensively investigated
[10-12].

Considerable evidence from murine models of cancer shows that 13C inhibits tumorigenesis
at several sites, including breast, lung, colon, cervix, liver, prostate, and skin [9,14]. Studies
in in vitro models demonstrated that 13C exerts anticancer effects by inhibiting the formation
of free radicals, shifting estrogen metabolism towards the less estrogenic metabolite 2-
hydroxyestrone, inducing G1/S arrest of the cell cycle and apoptosis, and suppressing tumor
cell migration, invasion and angiogenesis [9,14]. In clinical trials, I3C showed promising
efficacy for the prevention of breast cancer and for the treatment of vulvar intraepithelial
neoplasia and human papilloma virus-induced cervical cancer [15].

In our earlier reports [16,17], we showed inhibition by 13C of tobacco carcinogen- or vinyl
carbamate-induced lung adenocarcinoma in mice when the compound was administered
during the post-initiation period. Here, we further extended our study and examined the
comparative lung cancer chemopreventive efficacy of the compound when given during the
post-initiation phase or the progression phase of lung tumorigenesis. Also, we assessed,
using protein microarrays, modulation by I3C of receptor tyrosine kinases, non-receptor
tyrosine kinases, and apoptosis-related proteins in A549 human lung adenocarcinoma cells.
Our results showed that I3C inhibited lung adenocarcinoma when given early or late in the
carcinogenesis process by modulating proteins involved in cancer cell proliferation,
survival, invasion and angiogenesis, in particular the receptor tyrosine kinase/P13K/Akt
signaling pathway.

2. Materials and Methods

2.1. Chemicals, reagents, and diets

I3C and a cocktail of protease inhibitors were from Sigma (St Louis, MO). NNK was
synthesized as described [18]. All primary antibodies used for Western immunoblotting
studies were purchased from Cell Signaling Technology (Beverly, MA). Multiplex protein
arrays and the reagents required for protein array studies were obtained from R and D
(Minneapolis, MN). All the reagents for Ki-67 immunohistochemistry studies were obtained
from Dako (Carpinteria, CA). Mouse diets (AIN-93G and AIN-93M) were purchased from
Harlan Teklad (Madison, WI). The AIN-93G diet, high in protein and fat, was used to
support rapid growth of the mice during early age, whereas AIN-93M diet, low in protein
and fat, was used for maintenance and growth.

2.2. Tumor bioassay

Female A/J mice, 5-6 weeks of age, were obtained from The Jackson Laboratory (Bar
Harbor, ME). Upon arrival (Week 0), the mice were housed in the specific pathogen-free
animal quarters of Research Animal Resources (RAR), University of Minnesota Academic
Health Center, and randomized into six groups. One week after arrival, mice in groups 1-4
received four intraperitoneal injections of NNK (50 mg/kg, in 0.1 ml physiological saline
solution, twice a week for two consecutive weeks). Mice in group 5 and 6 were used as
negative controls and received 0.1 ml of physiological saline solution. Subsequently, mice in
group 3 and 4 were given I3C in the diet (10 umol/g diet) during the post initiation phase
(week 4-27) or during the tumor progression phase (week 28-52), respectively. In previous
studies, 13C at a dose level of 10 pmol/g diet showed a significant effect against lung
tumorigenesis without causing toxic effects [17). Mice in groups 1, 2, 5, and 6 were
maintained on non-supplemented AIN-93 diet. The treatment protocols are depicted in
Figure 1A. Food consumption levels and body weights were monitored weekly and bi-
weekly, respectively, during the whole period of the study. The experiments were terminated
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either at week 27 (groups 1, 3, and 5) or at week 52 (groups 2, 4, and 6) using an overdose
of carbon dioxide. Subsequently, the lungs were harvested, the number and size of lung
tumors on the surface of the lung were determined under a dissecting microscope. All left
lung lobes from carcinogen-treated mice and controls were preserved in 10% buffered
formalin for subsequent histopathological and Ki-67 expression analyses. Tumors on the
remaining lung lobes of carcinogen-treated mice were microdissected and stored, together
with the right lung lobes from control mice, at —80°C for subsequent Western
immunoblotting studies.

2.3. Histopathological analysis

Randomly selected, formalin-fixed lung tissues were processed through a series of graded
alcohols, embedded in paraffin and three step sections (each 200 um apart) having a
thickness of 4 um were cut and stained with hematoxylin and eosin. Proliferative lesions
were counted in each step section and the total number of each type of lesion per mouse was
expressed as an average number of each lesion per section (sum of each lesion in three step
sections divided by three).

Proliferative lesions in the lungs were classified as hyperplasia, adenoma, adenoma with
dysplasia or adenocarcinoma based on our previous reports (Kassie et al., 2010; Dagne et
al., 2011) and the recommendations published by the Mouse Models of Human Cancers
Consortium [19]. The category adenoma with dysplasia (also known as adenoma with
cellular pleomorphism or adenoma with progression) is an adenoma in which >10 cells are
pleomorphic, characterized by large cell and/or nuclear size; increased cytoplasmic-to-
nuclear ratio; prominent nucleoli; nuclear crowding and increased numbers of mitotic
figures with no evidence of parenchymal invasion by pleomorphic cells [16,17].

2.4, Ki-67 analysis of lung tissues

Assessment of Ki-67 positive cells was carried out as described previously (Dagne et al.,
2008). Briefly, 4-um formalin-fixed paraffin sections from lung tissues of mice sacrificed at
week 27 were deparaffinized and antigen retrieved by incubating the slides in a pressure
cooker in citrate buffer (pH 6.0) for 30 s at 121°C and 10 s at 90°C followed by cooling for
15 min. Endogenous peroxidase was blocked with 3% hydrogen peroxide for 15 min at
room temperature. The sections were incubated with a universal protein block for 10 min,
followed by a 60-min room temperature incubation with rat monoclonal antibody against
mouse Ki-67 diluted at 1:50. Sections were then incubated for 30 min at room temperature
with biotinylated antirat secondary antibody (Vector) diluted at 1:300. Binding was detected
by incubating sections with streptavidin/horseradish peroxidase for 20 min at room
temperature followed by diaminobenzidine chromagen application for 5 min at room
temperature. Sections were counterstained with Mayer's hematoxylin. For negative control
slides, the primary antibody was substituted by Super Sensitive Negative Control Rat serum
(Biogenix). Photomicrograph images for Ki-67 were captured with an attached camera
linked to a computer. The Ki-67 labeling index was calculated as the percentage of Ki-67-
positive tumor cells that showed brown nuclear staining among 1,700 tumor cells, counted
in seven fields, for each of a total of 48 lesions (8 lesions each for hyperplastic foci,
adenoma and adenoma with dysplasia from different mice) from NNK or NNK plus I13C
groups

2.5. Proteome profiler array

We used human phospho-receptor tyrosine kinase, human phospho-kinase and human
apoptosis antibody arrays from R and D (Minneapolis, MN) to assess the effect of I3C on
cancer related kinome and pro-apoptotic and anti-apoptotic proteins at a global level. The
experiments were carried out according to the manufacturer’s recommendations. Briefly, 1x
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107 A549 cells were treated with 13C at a concentration of 300 pM, which is the 1Cs of the
compound in these cells after treatment for 72 h [17]. Subsequently, the cells were lysed in 1
ml of lysis buffer and the protein concentrations determined using a BCA protein assay kit
(Pierce, Rockford, IL). Diluted cell lysates containing 500-pg protein were prepared and
added to nitrocellulose membrane containing capture and control antibodies in duplicate.
After incubation at 4°C overnight, the membrane was washed three times and incubated
with reconstituted detection antibody at room temperature for 2 h. Subsequently, membrane
was washed three times, incubated with diluted streptavidin-HRP for 30 min at room
temperature, washed again and signals detected using the chemiluminescent detection
reagent (Pierce, Rockford, IL). The films were scanned and analyzed using the image
analysis software UN-SCAN-IT (Silk Scientific, Orem, UT). On the basis of comparative
protein expression changes in proteome profiler array and Western immunoblotting,
expression changes by 30% or more, compared to the level in DMSO-treated A549 cells,
were considered significant.

2.6. Western immunoblot analyses

To prepare protein lysates from A549 cells, about 1 x 108 cells were treated with dimethyl
sulfoxide or 13C (300 uM) for 72 h, harvested and suspended for 1 h in a lysis buffer
composed of the following constituents: Fifty mmol/L Tris-HCI, 150 mmol/L NaCl, 1
mmol/L EGTA, 1 mmol/L EDTA, 20 mmol/L, 1% Triton X-100, pH 7.4, and protease
inhibitors [aprotinin (1 ug/mL), leupeptin (1 pg/mL), pepstatin (1 umol/L), and
phenylmethylsulfonyl fluoride (0.1 mmol/L)] and phosphatase inhibitors NazVVO,4 (1 mmol/
L) and NaF (1 mmol/L).The preparations were centrifuged (14,000 x g for 20 min) and
supernatants stored at —80°C.

Protein samples from mouse lung tissues were prepared as follows. About 30 mg of normal
lung tissue (from vehicle-treated control mice) or microdissected tumors (from NNK-treated
or NNK plus I13C-treated mice) were pooled from six mice per group, ground using a mortar
and pestle and the resulting lung tissue powder was homogenized in an ice-cold lysis buffer
containing similar components as used for A549 cells. Subsequently, the homogenates were
centrifuged (14,000 x g for 25 min at 4°C) and the supernatants collected, aliquoted and
stored at —80°C..

For Western immunoblotting, 60 pg of protein were loaded onto a 4% to 12% Novex Tris-
glycine gel (Invitrogen) and run for 60 min at 200 V. The proteins were then transferred
onto a nitrocellulose membrane (Bio-Rad) for 1 h at 30 V. Protein transfer was confirmed by
staining membranes with BLOT-FastStain (Chemicon). Subsequently, membranes were
blocked in 5% Blotto nonfat dry12 milk in Tris buffer containing 1% Tween 20 for 1 h and
probed overnight with the following primary antibodies obtained from Cell Signaling
Technology (Beverly, MA): anti-phospho-Akt, anti-Akt, anti-phospho-ERK, anti-ERK, anti-
survivin, anti-phospho-B-catenin, anti-phospho-mTOR, anti-phospho-STAT3, anti-phopsho-
FAK, anti-phopsho-p53, anti-chk2, anti-phospho-CREB, anti-phospho-JNK, anti-phospho-
p38, anti-phospho-EGFR, anti-phospho c-Met, anti-phospho-erbB2, anti-phospho-erbB3,
anti-phospho-IGFR1, anti-PARP and anti-beta-actin. All primary antibodies were used at a
dilution of 1:1,000. After incubating the membranes with a secondary antibody (goat anti-
rabbit 1gG; 1:5,000) for 1 h, chemiluminescent immunodetection was used. Signal was
visualized by exposing membranes to HyBolt CL autoradiography film. All membranes
were stripped and reprobed with anti-p-actin (1:1000) to check for differences in the amount
of protein loaded in each lane. For each protein, at least three Western assays were carried
out. Densitometric measurements of the bands were done with digitalized scientific software
program UN-SCAN-IT purchased from Silk Scientific Corporation (Orem, UT).
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2.7. Statistical analysis

3. Results

Wilcoxon rank sum test was used for pair-wise comparisons of the number and size of
tumors on the surface of the lung (groups treated with NNK and received 13C versus the
group treated with NNK only). Since the outcome variables were approximately normally
distributed, two-sample-t-test was employed for the pair-wise comparison of the frequency
of the different histopathological lesions (hyperplasia, adenoma, adenoma with dysplasia
and adenocarcinoma) between groups treated with NNK and given 13C versus the groups
treated with NNK only. Two-sided p-values < 0.05 were considered statistically significant.
All analyses were conducted in SAS 9.1.3. For the analyses of results from the Ki-67
labeling index assay, the two-sided Student’s t test was used. P values of < 0.05 were
considered statistically significant. Statistical analysis of continuous data (body weight and
food consumption) was performed using analysis of variance, with post hoc comparisons
made using Dunnett’s test.

3.1. Effects of I3C on the multiplicity of NNK-induced lung tumors

Supplementation of the mouse diet with 13C did not have a significant effect on food
consumption or body weight of the animals. The final body weight of mice treated with
NNK and given 13C was reduced by 3% and 4% at week 27 and week 52, respectively (Fig.
1B), compared to mice treated with NNK alone. Food consumption levels were slightly
increased in mice maintained on 13C-supplemented diet as compared to mice given the basal
diet (data not shown).

Multiplicities of lung tumors in mice treated with NNK alone or NNK plus I13C are shown in
Table 1. Mice treated with NNK and terminated at week 27 had 39.9 + 9.0 tumors/mouse.
Upon supplementation of the diet with 13C during week 4-27 (post-initiation protocol),
tumor multiplicities were significantly reduced to 19.4 + 4.8/mouse, corresponding to a
significant reduction by 49%. On the other hand, administration of 13C to NNK-treated mice
during week 28-52 (progression protocol) did not reduce the number of tumors. Lung tumor
multiplicities of mice treated with NNK plus 13C and NNK alone were 45.4 + 5.9 tumors/
mouse and 44.7 + 6.1 tumors/mouse, respectively.

We also determined the size of the tumors on the surface of the lung and categorized the
tumor sizes into four groups: < 0.5 mm, 0.5-1 mm, > 1 mm but <2 mm and = 2 mm for
tumors harvested at week 27 and <1 mm, 1 —2 mm, > 2 mm but < 3 mm and = 3 mm for
tumors harvested at week 52. In mice given 13C and terminated at week 27, multiplicities of
tumors with a size of < 0.5 mm, 0.5 -1 mm, > 1 mm but <2 mm and = 2 mm were reduced
by 25% (p < 0.084), 43% (p < 0.0382), 66% (p < 0.0017), and 83% (p < 0.0001) as
compared to the NNK group given basal diet (Fig. 2A, left panel). In mice given 13C and
terminated at week 52, multiplicities of tumors with a size of < 1mm and 1-2 mm were
increased by 295% (p < 0.0001) and 133% (p < 0.001), respectively, as compared to the
NNK group given the basal diet, whereas tumors with a size of >2 mm but <3 mm and > 3
mm were reduced by 56% (p < 0.0024) and 57% (p < 0.0021), respectively (Fig. 2 right
panel).

3.2. Effects of I3C on NNK-induced histopathological lesions

To determine the effect of 13C on NNK-induced pulmonary microscopic lesions, lung
tissues were analyzed histopathologically and the lesions classified, based on established
criteria [19], as hyperplastic foci, adenoma, adenoma with dysplasia, and adenocarcinoma.
In mice treated with NNK alone and terminated at week 27, multiplicities of hyperplastic
foci, adenoma, adenoma with dysplasia, and adenocarcinoma were 4.6 £ 0.4, 6.2+ 0.8, 2.4 +
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0.8, and 0.7 £ 0.1, respectively. Dietary administration of 13C decreased multiplicities of
hyperplastic foci, adenoma, adenoma with dysplasia, and adenocarcinomato 2.2 + 0.2 (p <
0.0021), 3.1 £ 0.3 (p < 0.0019), 0.6 +£ 0.1 (p < 0.0001) and 0.1 £ 0.04 (p < 0.0001),
corresponding to a 52%, 50%, 75% and 85% reduction, respectively (Fig. 2B, left panel). In
mice treated with NNK plus 13C and terminated at week 52, multiplicities of hyperplastic
foci and adenoma were significantly increased by 67% and 58%, respectively, as compared
to the NNK group (3.9 + 0.3 hyperplastic foci/mouse in the NNK plus 13C group versus 1.3
+ 0.4 lesions/mouse in the NNK group, p < 0.0016; 7.4 + 0.3 adenoma lesions/mouse in the
NNK plus 13C group versus 3.1 + 0.6 lesions/mouse in the NNK group, p < 0.0041).
However, 13C treatment significantly decreased multiplicities of adenoma with dysplasia
and adenocarcinoma by 78% and 93%, respectively (1.1 + 0.1 adenoma with dysplasia
lesions/mouse in the NNK plus 13C group versus 4.9 + 0.8 lesions/mouse in the NNK group,
p < 0.0001; 0.14 + 0.04 adenocarcinoma lesions/mouse in the NNK plus 13C group versus
2.1 £ 0.3 lesions/mouse in the NNK group, p < 0.0001, Fig. 2B, right panel).

3.3. I13C reduced the expression of cell proliferation- and survival- related proteins in lung

tumors

To shed some light on the potential mechanisms through which 13C inhibited NNK-induced
lung adenocarcinoma, we compared levels of Ki-67-labelling index and phospho-Akt,
phospho-ERK, survivin and cleaved PARP in the NNK group versus NNK plus I3C group.
Representative photomicrographs showing Ki-67-labeling index (as indicated by dark-
brown spots in the nuclei) in lung adenoma from NNK- or NNK plus I3C-treated mice and
normal lung tissues from vehicle-treated mice are shown in Fig 2C. In mice treated with
NNK alone, the percentages of Ki-67-positive lung cells in hyperplastic foci, adenoma and
adenoma with dysplasia lesions were 2.2 + 03, 2.4 £ 0.4, and 1.9 + 0.2, respectively. In the
NNK plus I3C-treated group the percentages of Ki-67-positive cells in hyperplastic foci,
adenoma and adenoma with dysplasia were 0.4 + 0.1, 0.8 + 0.2 and 0.6 £ 0.3, respectively,
corresponding to a significant reduction by 82%, 86% and 68%.

Similarly, Western blotting studies showed a higher expression of phospho-Akt and survivin
in NNK-induced lung tumors compared to the level in normal lung tissues from vehicle-
treated mice (Fig. 2D). In lung tissues from mice treated with NNK plus 13C, the levels of
phospho-Akt and survivin were markedly reduced as compared to the expression of these
proteins in the NNK group. In line with these results, apoptosis of tumor cells, as evidenced
by PARP-cleavage, was enhanced in lung tissues of mice given 13C-supplemented diet.
Unexpectedly, expression of phospho-ERK was increased by 13C, compared to the level in
mice treated with control diet.

3.4. Modulation by I13C of phospho-kinases and apoptosis-related proteins in A549 cells

In order to identify the full spectrum of proteins that are targeted by 13C, we compared,
using proteome profiler array, activation status of several receptor tyrosine kinases and
intracellular serine/threonine/tyrosine kinases and expression of apoptosis-related proteins in
I3C-treated and untreated A549 cells. Activation of 10 receptor tyrosine kinases was
modulated in response 13C treatment (p-EGFR, p-ErbB2, p-ErbB3, p-c-Met, p-FIt3, p-
FGFR, p-VEGF, p-IGFR-1, PDGF, and p-m-CSFR). Of these, activation of nine proteins
was reduced, the effect on p-ErbB3, p-c-Met and p-VEGF-R3 being the strongest (66—70%),
whereas, quite unexpectedly, p-EGFR increased (Fig. 3A). Among intracellular serine/
threonine/tyrosine kinases, activation of 11 phospho-proteins was modulated by 13C. p-53,
p-chk2, p-p38, p-JNK and p-ERK increased, whereas p-CREB, p-mTOR, p-Src, p-Hck, p-
FAK, p-STAT3, p-beta-catenin and p-Akt decreased; the reduction in p-Akt, p-beta-catenin
and p-FAK was the highest, Fig. 3B. Similarly, I3C modulated levels of 10 apoptosis-related
proteins (Fig. 3C).The expression of pro-apoptotic proteins Bax, TRAIL, Fas, and cleaved
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caspase 3 increased, whereas levels of the anti-apoptotic proteins Bcl-2, HIF-1a, I1AP,
survivin and claspin were decreased. To verify these results, selected phospho-kinases were
analyzed by Western immunoblotting. With the exception of p-EGFR, which was increased
in the studies with protein arrays but decreased in immunoblot assays, the results were
similar to those found in protein arrays (Fig. 3D). However, the changes observed in
immunoblot studies were stronger.

4. Discussion

In the present study, we examined inhibition by 13C of NNK-induced lung adenocarcinoma
in mice given the chemopreventive agent either during the post-initiation phase or tumor
progression phase. In the post-initiation protocol, chemopreventive agents are given 2—-3
weeks post-carcinogen initiation and continued until tumors are formed, whereas the tumor
progression protocol is designed to determine effects on tumor progression to carcinoma by
administering preventive agents beginning around the time tumors are formed. Testing the
efficacy of chemopreventive agents during the tumor progression phase is more relevant
than the post-initiation protocol since this phase of lung tumorigenesis is frequently targeted
in human clinical chemoprevention trials. Although our earlier studies showed that 13C
administered to mice during the post-initiation phase inhibited vinyl carbamate-induced [16]
or NNK-induced [17] lung adenocarcinoma, to our knowledge, this is the first report on the
efficacy of 13C to delay malignant tumor progression to adenocarcinoma when given in the
progression protocol. Moreover, we assessed, for the first time, modulation by 13C of
cancer-related kinome and pro-apoptotic and anti-apoptotic proteins in A549 cells on a
global level.

Administration of I13C during week 4-27 (post-initiation protocol) reduced the multiplicity
all tumor size classes, albeit at different efficacy levels, and all forms of histological lesions
(hyperplastic foci, adenoma, adenoma with dysplasia, and adenocarcinoma). On the other
hand, when 13C was given during week 28-52 (tumor progression phase), multiplicities of
smaller tumors (< 2 mm) increased, whereas that of bigger tumors (> 2 mm) decreased.
Similarly, multiplicities of early stage histological lesions increased, whereas advanced
lesions (adenoma with dysplasia and adenocarcinoma) decreased. Despite these differences,
I3C effectively inhibited the development of pulmonary adenocarcinoma when administered
during the progression phase, the most critical stage in lung cancer development.

In an attempt to identify potential mechanisms for the lung cancer preventive activities of
13C, we examined modulation by the compound of cell proliferation- and apoptosis-related
proteins in lung tissues and receptor tyrosine kinases, non-receptor kinases and pro-and anti-
apoptotic proteins in A549 cells. Since Akt is frequently activated during lung tumorigenesis
[20-22] and our earlier reports showed that Akt was activated in carcinogen-induced mouse
lung tumors and 13C suppressed its activation [16,17], our focus was on Akt and related
proteins. AKT, a major downstream target of growth factor receptor tyrosine kinases that
signals via phosphatidylinositol-3 kinase (P13K), plays a central role in tumor cell survival,
growth, migration, and angiogenesis [23]. Immunoblotting studies in mouse lung tissues
showed that 13C reduced expression of phospho-Akt and its downstream target, survivin, but
enhanced PARP cleavage, a marker for apoptosis. In subsequent studies using A549 cells,
we showed that I13C inhibited activation of receptor tyrosine kinases such as ErbB2, ErbB3,
c-Met, VEGF receptors and IGFR-1, all of which are known to be over-expressed in human
lung cancer and enhance activation of Akt via a phosphatidyliositoal-3 kinase (PI13K)-
dependent pathway [24-27]. Although our results on inactivation of EGFR by 13C were
inconsistent, EGF-induced over-activation of Akt was inhibited by 13C (data not shown),
which indicated that 13C blocks the EGFR/PI3K/Akt signaling pathway. In a previous
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report, 13C abrogated EGFR expression and activation and EGF-induced activation of PI13K
and Akt in prostate cancer cells [28].

Intracellular serine/threonine/tyrosine kinases that were modulated by 13C include Akt itself,
Src, Hek, FAK, STAT3, CREB, mTOR, beta-catenin, p53, Ch2, and the MAPKs ERK, p38
and JNK. Src and Hck are members of the Src family of non-receptor tyrosine kinases and
increased expression of Src has been reported in 60%-80% of lung adenocarcinomas and
bronchioloalveolar cancers and in 50% of squamous cell carcinomas [29]. The main
pathways through which Src increases tumor cell survival is via its down-stream effectors,
STAT3, and FAK, both of which are transcription factors that mediate expression of genes
involved in cell cycle progression and apoptosis. STAT3 and FAK are down-stream
effectors of the PI3K/Akt pathway [30,31]. Similarly, CREB, a transcription factor down-
stream of the PI3K/AKkt pathway, activates the expression of genes related to cell survival,
inflammation and proliferation such as Bcl-2, Bcl-xl, cyclooxygenase-2, and tumor necrosis
factor-a [32]. The most widely studied down-stream effector of Akt is mTOR, which has
been shown to be over-expressed in 74% of NSCLC [33]. Although some mTOR inhibitors
such as rapamycin are known to induce upstream receptor tyrosine kinase signaling and
thereby activate Akt in both cancer cells and in patient tumors [34], I3C inhibited activation
of both proteins. Another protein whose function is intimately associated with Akt is p53.
Akt and p53 are major but opposing players in signaling pathways that regulate cell survival.
p53 counteracts the effects of Akt via promotion of caspase-mediated cleavage and
subsequent degradation of the AKT protein itself and induction of PTEN expression [35].
However, comparison the apoptotic effects of 13C in p53 wild type and p53 mutant lung
cancer cells and in A549 cells pretreated with pifithrin-a, a small molecule inhibitor of p53,
did not show any differences (data not shown), indicating that p53 is probably not necessary
for the chemopreventive effects of 13C in these cells.

Activation of the MAPK proteins JINK and p38 by 13C indicates involvement of cellular
stress responses in the antiproliferative and apoptotic effects of the compound in A549 cells.
However, activation by 13C of ERK in both A549 cells and mouse lung tissues is intriguing
since this protein is often associated with mitogenic effects. Indeed, similar effects were
observed in prostate cancer cells treated with I3C or phenethyl isothiocyanate [36,37] and
colon cancer cells treated with selenomethionine [38]. Phenethyl isothiocyanate-induced
apoptosis in prostate cancer cells was even dependent on ERK activation since
pharmacological inhibition of ERK activation abolished the apoptotic effect of the
chemopreventive agent [37]. Activation of ERK was also shown to inhibit CDK activity and
induce cell cycle arrest and these effects were blocked by the pharmacological inhibitor of
ERK [39]. All these studies indicate that ERK activation, in addition to its well-known
mitogenic effects, could also be a negative effector of cell growth and survival. The
differential effect of ERK on cell proliferation and survival was found to be correlated with
the intensity and duration of ERK activation, i.e., persistent activation of ERK leads to cell
cycle arrest, whereas transient activation of the protein increases cell proliferation [36].

Studies in mice and human volunteers showed that 13C was metabolized quickly and
completely into more than 18 products [9]. The parent compound was not detected in the
plasma or tissues 1 h after administration [40,41]. On the other hand, under cell culture
conditions, only 0.3% of 13C enters the cells and the compound was surprisingly inert to
metabolism with a half-life in medium of approximately 40 h [42]. In this study, only a
fraction of the intracellular I3C was converted into diindolylmethane. Thus, the high
concentration of 13C required in the present studies could be related to the poor intracellular
accumulation and metabolism of 13C in cell culture models. 13C was also found to be stable
when left in the open in the mouse feeders [43].

Cancer Lett. Author manuscript; available in PMC 2012 December 1.
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In conclusion, our results showed that I13C is a potent inhibitor of lung adenocarcinoma in
mice when given during the early phase of lung tumorigenesis or after tumors had
developed, indicating the potential of the compound not only to prevent lung cancer but for
therapy as well. The major mechanism through which I13C inhibited lung adenocarinoma is
modulation of activation of proteins in the RTK/PI3K/Akt/ pathway. The exact role of each
protein in the pathway remains to be determined.
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Figure 1.

Mean body weight curves of mice given 13C in the diet. I3C was administered to mice
following the protocol depicted (A) and the body weights measured biweekly either from
week 1-27 (B, upper panel for post-initiation protocol) or week 28-50 (B, lower panel for
progression protocol).
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Figure 2.

Effects 13C on NNK-induced lung tumorigenesis. A, Multiplicities of tumors on the surface
of the lung. The size of surface tumors on lungs of mice was estimated using the calibrated
scale in the eyepiece of a dissecting microscope. Each tumor was assigned to one of the
following categories: < 0.5,0.5-1,> 1 but < 2, and > 2 mm for 27 week study (left panel)
and<1,1-2,>2but<3, and >3 mm for week 52 study (right panel); *, P < 0.05. B,
multiplicities of histopathological lesions. Frequencies of pulmonary hyperplastic foci,
adenoma, adenoma with dysplasia and adenocarcinoma were determined as described in the
Materials and Methods in tissue samples collected at week 27 (left panel) and week 52 (right
panel). C, Photomicrographs (x20) of Ki-67—stained lung tissues from mice treated with
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NNK alone, NNK plus I3C and vehicle control and quantitative Ki-67 labeling index. Lung
tissues were processed and the percentage of cells that stained positive for Ki-67 were
determined as described in Materials and Methods. Columns, mean; bars, SD; *, P < 0.05.
D, Western immunoblots of lung tissues. Tissue lysates from whole lung tissues of vehicle-
treated mice or microdissected tumors (from NNK or NNK plus 13C treated mice) were
prepared as described in Materials and Methods, and equal amounts of protein were loaded
onto a 4% to 12% SDS-PAGE followed by immunaoblot analysis and chemiluminescence
detection. Equal loading of protein was confirmed by stripping the immunoblot and
reprobing it for p-actin.
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Figure 3.

Effect of I3C on activation of kinases and expression of apoptosis-related proteins in A549
cells. Phosphorylation status of different cancer-related receptor tyrosine kinases (A),
intracellular serine/threonine/tyrosine kinase (B) and expression of pro-and anti-apoptotic
proteins (C) were compared, using proteome profiler array, in A549 cells treated with
DMSO or 13C (300 uM). Quantitative data was generated by analyzing the films using the
image analysis software UN-SCAN-IT. The expression of selected proteins was verified by
Western immunoblotting using cell lysates prepared from DMSO-treated and 13C-treated
(300 uM) A549 cells (D).
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