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vovel cell culture model for prevention of carcinogenic risk
in familial adenomatous polyposis syndrome
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Abstract. Clinical familial adenomatous polyposis (FAP)
syndrome represents a high risk pre-invasive precursor for
colon cancer, and is characterized by germ line mutation in
the adenomatous polyposis coli (APC) tumor suppressor
gene. Cellular models with relevant genetic and biological
characteristics should provide important mechanistic leads
for predisposition and preventive intervention. Cloned colon
epithelial cell line from the Apc®°Min/+ mouse represented a
model for FAP. Cell cycle progression, cellular apoptosis and
anchorage-independent growth represented the biomarkers
for carcinogenic risk. The Apc mutant 850M» COL-CI, cells
exhibited decreased G,/G,:S+G,/M ratio, increased S+G,/M:
subG, ratio, and increased anchorage-independent colony
formation, indicating loss of homeostatic growth control and
gain of anchorage-independent growth. Growth of these cells
in serum-depleted medium was promoted by mitogenic
insulin and epidermal growth factor, and inhibited by anti-
mitogenic transforming growth factor-f, and dexamethasone.
Treatment with low dose combinations of synthetic enzyme
inhibitor difluoro methylornithine (DFMO), synthetic non-
steroidal anti-inflammatory drug sulindac (SUL), and naturally
occurring epigallocatechin gallate (EGCG), and eicosapen-
taenoic acid (EPA) produced cytostatic growth arrest and
inhibited anchorage-independent colony formation. These
data identify a novel cell culture model and validate a
mechanism-based approach to prioritize combinations of
effective chemopreventive compounds for prevention/therapy
of colon cancer.
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Introduction

Colon cancer represents one of the leading causes of mortality
in the Western countries. The American Cancer Society
estimates a 21% newly diagnosed colon cancer cases and 15%
cancer related deaths in 2008 (1). These estimates emphasize
an urgent need for identification of specific and sensitive
biomarkers for detection of cancer risk and for effective
preventive/therapeutic interventional strategies (2,3).

Several elegant seminal observations have provided support
to the concept that early-occurring molecular/genetic events
such as germ-line/somatic mutations in the adenomatous
polyposis coli (APC) tumor suppressor gene predispose the
target colonic epithelium for the risk of familial/sporadic
carcinogenesis, and in the multi-step process of colon carcino-
genesis, Apc mutation represents a primary genetic defect
resulting in the familial adenomatous polyposis (FAP)
syndrome, a high risk precursor for colon cancer (2-4).

Chemoprevention of epithelial organ-site carcinogenesis
using synthetic pharmacological agents, naturally-occurring
dietary phytochemicals, or low-dose combinations thereof to
inhibit, reduce or delay pre-invasive lesions represents a
promising strategy (2,3,5). Thus, several studies on preclinical
animal models for the FAP syndrome have provided a strong
proof of principle evidence supporting a clinically relevant
translational potential for prevention of colon cancer (6-9).

Existing animal models, however, exhibit carcinogenesis
predominantly in the small intestine, rather than in the colon,
while the FAP syndrome is characterized by the presence of
colorectal adenomas (10-12).

Cell culture models from appropriate target organ site
expressing clinically relevant genetic defects and exhibiting
quantifiable risk for carcinogenesis promise to provide a rapid
alternative approach that complements the traditional long-
term in vivo animal studies (13-16). Such cell culture studies
should facilitate identification of critical molecular mechanisms
for carcinogenic risk as well as for validating and prioritizing
efficacious preventive intervention in long-term animal
studies. Positive outcome from these studies may represent
clinically translatable proof of principle for future clinical
trials.

Our previous studies have documented development and
validation of cell culture models for genetically predisposed
early onset colon cancer (13-15). Experiments designed in the
present study were focused on developing a cell culture model
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from the well established ApcM"/+ mouse, to characterize the
model for carcinogenic risk and to validate the developed
model as a mechanism-based screen for the efficacy of low
dose combinations of mechanistically distinct chemo-
preventive agents. Here we provide evidence that Apc mutant
colon epithelial cells exhibit loss of homeostatic growth
control and gain of carcinogenic risk, and that these
perturbations are modulated in response to low dose
combinations of select synthetic and natural compounds.

Materials and methods

Cell lines. The wild-type Apc** C57 COL cell line (source:
descending colon of C57BL/6J mouse) and the Apc mutant
850Min COL-Cl, cell line (source: descending colon of
Apc®0Min/y mouse) were cultured in DME/F12 medium
supplemented with heat inactivated 10% fetal calf serum,
0.24 TU/ml (10 pg/ml) insulin and 1 M dexamethasone. The
culture medium also contained the antibiotic mixture (100 U/
100 pg/ml penicillin/streptomycin + 50 pg/ml fungizone +
50 pg/ml gentamycin). Routinely, the stock cultures were
maintained in humidified atmosphere of 95% air: 5% CO, at
37°C, fed every 48 h and sub-cultured by 1:10 split at 70-80%
confluency (13,14). The Apc mutant cell cline was clonally
selected from a single anchorage-independent colony formed
in 0.33% agar (16).

Population doubling time and growth kinetics. The status of
these quantitative biomarkers was determined following
previously published methods (14-16). The data were expressed
as the mean of five time points during the exponential growth
phase of 120 h, and as the number of viable cells at day 5
post-seeding of 1.0x105 cells, respectively.

Cell cycle progression and cellular apoptosis. These bio-
markers were quantified using the data obtained from flow
cytometry according to the previously published methods
(14). The data were expressed as Gy/G,: S+G,/M and S+G,/M:

subG, ratios, respectively.

Growth adaptation of cells in serum-depleted medium. The
cell lines routinely grown in the medium supplemented with
10% serum were sequentially cultured in media supplemented
with 7.5%, 5.0%, 2.5% and 1.0% serum. Cells surviving in
the medium containing 1.0% serum were subsequently adapted
for growth in the medium containing 0.01% serum for at least
5 passages, prior to use in the experiments.

Anchorage-independent colony formation. This assay was
performed following previously published methods (16). Data
were expressed as the number of colonies at day 14 post-
seeding of 100 cells.

Chemopreventive test compounds. The selective ornithine
decarboxylase inhibitor difluoro methylornithine (DFMO),
non-steroidal anti-inflammatory drug sulindac (SUL) and
natural phytochemicals, epigallocatechin gallate (EGCG),
and omega-3 polyunsaturated fatty acid eicosa pentaenoic
acid (EPA) were obtained from the Sigma Chemical Co. The
stock solutions of each test compound (100 mM) was made
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Table I. Status of biomarker expression in colon epithelial cell
lines.

Biomarker Cell line
C57COL  850Mi» COL-C,
Population doubling? 34h 12h
Viable cell number (x103)2 7.7+0.8 64.6+4.6
G/G,: S+G,/M (Q: P ratio)® 3.1+0.5 0.6+0.5
S+G,/M: subG, (P: A ratio)® 5.7+0.3 78.0+6.2
Anchorage-independent
colony formation®
Passage no. 8 0/18 9/18
Mean colony no. - 84+1.1
Passage no. 25 0/18 18/18
Mean colony no. - 25.7+£3.0

aDetermined during the exponential growth phase; PDetermined by
flow cytometry; ‘Determined at day 14 post-seeding of 100 cells.
Mean + SD, n=18.

up in 100% ethanol and was serially diluted in the culture
medium to obtain 5 log uM concentrations of 0.01, 0.1, 1,
10, and 100 M to be used for the initial dose response
experiments. These data identified the minimum effective
concentrations for each test compound for the combination
treatment schedule. The primary dose response data were
also used to calculate ICs, values for each test compound.

Statistical analysis. The experiments on growth modulation
of serum-depleted cells and those on cytostatic growth arrest
were performed in duplicate (n=3 per treatment group, per
experiment). The experiments on anchorage-independent
colony formation were performed in triplicate (n=6 per
treatment group, per experiment). The data generated from
these experiments were analyzed for the statistical significance
between the control and the experimental groups by appropriate
statistical tests using the StatView 4.01 software. p-values of
<0.05 were considered significant.

Results

Apc mutant cells exhibit aberrant proliferation and enhanced
risk for carcinogenesis. The experiment presented in Table I
was designed to compare the status of cell proliferation and
risk for carcinogenesis in the wild-type Apc** C57 COL and
Apc mutant 850Mi» COL-CL, cells. Relative to the wild-type
Apc cells the Apc mutant cells exhibited a 64.7% decrease in
the population doubling time and a 7.4-fold increase in the
saturation density. These data on aberrant proliferation were
further confirmed by 80.6% decrease in the G,/G,: S+G,/M
ratio and 12.7-fold increase in the S+G,/M: subG ratio.
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SPANDIDOS Growth modulation of Apc mutant 850Mi» COL-C],

bﬂ Table IV. Cytostatic growth arrest of Apc mutant 850M" COL-
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Cl, cells by chemopreventive test compounds.

- - . _crum-depleted culture medium.

Medium additive Concentration Viable cell count Test Concentration Viable cell no. Inhibition
(x10°)2 compound (x10%)*> (% control)
Serum 0.01% 12.2+1.2° Solvent control 0.01% 66.6+4.6 -
Serum+INS 10 pg/ml 29.4+1.6° SUL 10 uM 59.1+4.1 113
Serum+EGF 10 ng/ml 32.7+1.7¢ DFMO 10 uM 57.7+4.0 13.4
Serum+DEX 2 uM 11.3x1.6 EGCG 0.1 uM 59.9+4.1 10.1
Serum+TGFB, 3 ng/ml 3.8+1.54 EPA 5 uM 56.7+2.4 149
Serum+INS+EGF 34.0+0 .8¢ SUL+DFMO 10+10 uM 36.4+2.5 453
EGCG+DFMO  0.1+10 uM 343x1.6 48.5
“Determined at day 5 post-seeding of 1.0x10° cells; >*Mean + SD, EPA+DEMO 5410 4M 375415 437

n=6 per treatment group; > °p=0.03; *p=0.02.

Table III. Response of Apc mutant 850Mi» COL-CI, cells to
chemopreventive test compounds.

1Cs0 (uM)
Test Viable cell Anchorage-independent
compound count? growth®
SUL 38.1 79
DFMO 35.1 6.3
EGCG 0.7 0.6
EPA 17.8 7.8

aDetermined at day 5 post-seeding of 1.0x10° cells; PDetermined at
day 14 post-seeding of 100 cells.

To evaluate the carcinogenic risk, anchorage-independent
colony formation was used as an in vitro surrogate end
point biomarker. The early passage (p8) and the late passage
(p25) Apc mutant cells exhibited a 50% and a 100%
incidence of anchorage-independent colonies, with an
average colony count of 8.4x1.1 and 25.7+3 .0, respectively.
In contrast, the wild-type Apc cells lacked the expression of
this biomarker.

Select hormones and growth factors modulate the growth of
Apc mutant cells in serum-depleted medium. The experiment
presented in Table II was designed to examine the effects of
hormones and growth factors on Apc mutant cells. Insulin
and epidermal growth factor independently as well as in
combination exhibited a 1.4-, 1.7- and 1.8-fold increase in the
number of viable cells respectively, relative to those observed
in cultures grown in the presence of 0.01% serum. In contrast,
dexamethasone and transforming growth factor-8, (TGF-3,),
as independent agents, exhibited a 7.4-, and a 68.8% decrease
in the number of viable cells, respectively.

aDetermined at day 5 post-seeding of 1.0x103 cells. Mean + SD, n=6
per treatment group. "SUL+DFMO versus SUL, DFMO, p=0.02;
EGCG+DFMO versus EGCG, DFMO, p=0.01; EPA+DFMO versus
EPA, DFMO, p=0.02.

Combination of chemopreventive test compounds induces
cytostatic growth arrest in Apc mutant cells. The data
presented in Table III compares the ICs, values of individual
test compounds extrapolated from the 5 log M dose range.
These values compared favorably with pharmacologically
achievable concentrations in the plasma of ApcM"/+ mouse.
The experiment presented in Table IV was designed to
examine whether low dose combinations of mechanistically
distinct chemopreventive test compounds affect the growth of
Apc mutant cells. The data generated from these experiments
clearly demonstrated that relative to the individual compounds
SUL+DFMO, EGCG+DFMO and EPA+DFMO exhibited
enhanced efficacy for growth arrest. Thus, SUL+DFMO
produced 2 .4- to 3.0-fold higher efficacy (p=0.02) than SUL
or DFMO alone, EGCG+DFMO produced 2.6- to 3.8-fold
higher efficacy (p=0.01) than EGCG or DFMO alone, and
EPA+DFMO produced 1.9- to 2.3-fold higher efficacy
(p=0.02) for growth arrest than EPA or DFMO alone.

Combination of chemopreventive test compounds inhibits
carcinogenic risk in Apc mutant cells. The experiments
presented in Table V were designed to examine whether the
combination of chemopreventive test compounds confers
superior efficacy for inhibition of carcinogenic risk. These
experiments utilized the anchorage-independent colony for-
mation assay as the quantitative endpoint. The data generated
from these experiments demonstrated that combinations of
SUL+DFMO, EGCG+DFMO and EPA+DFMO exhibited
higher efficacy than these compounds used as single agents.
Thus, SUL+DFMO produced 2.5- to 4.1-fold higher efficacy
(p=0.01) than SUL or DFMO alone, EGCG+DFMO produced
2.9- to 4.5-fold higher efficacy (p=0.01) than EGCG or DFMO
alone, and EPA+DFMO produced 2.7- to 3.8-fold higher
efficacy (p=0.01) than EPA or DFMO alone for inhibition in
the number of anchorage-independent colonies.
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Table V. Inhibition of anchorage-independent colony formation
in Apc mutant 850M" COL-CI, cells by chemopreventive test
compounds.

Test
compound

Concentration No. of anchorage- Inhibition
independent (% control)
colonies®®

Solvent control 001% 254430 -

SUL 2 uM 22.9+2.7 9.8
DFMO 2 uM 21.8+2.7 142
EGCG 02 uM 22.8+2.6 10.2
EPA 1 uM 22.6x£2.6 110
SUL+DFMO 242 uM 12.8+1.3 49.6
EGCG+DFMO 0.2+2 uM 11.2+1.3 559
EPA+DFMO 1+2 uM 12.1£1.3 524

“Determined at day 14 post-seeding of 100 cells. Mean + SD, n=18
per treatment group. *SUL+DFMO versus SUL, DFMO, p=0.01;
EGCG+DFMO versus EGCG, DFMO, p=0.01; EPA+DFMO versus
EPA, DFMO, p=0.01.

Discussion

In the multi-step colon carcinogenesis of genetically pre-
disposed FAP, adenoma is considered as a pre-invasive
precursor lesion that has a germ line mutation in the Apc
tumor suppressor gene (4). The genetically predisposed
animal models for FAP syndrome exhibit high incidence of
adenoma predominantly in the small intestine, rather than in
the colon (10-12). However, genetic manipulation of the Apc
mutant mouse through crosses with BubR1*~ (17), Smad-3
(18), ER-a*, ER-B*- and ER-B7 (19), Fabpl-Cre/Apc-lox-p
conditional truncated Apc mice (20) and Muc2 (21) has been
demonstrated to specifically accelerate colon carcinogenesis.
Thus, reliable colon cell culture model with Apc mutation and
quantifiable carcinogenic risk should provide an alternative
approach complementing the existing preclinical genetically
predisposed animal models.

The data generated from the present study unequivocally
demonstrate that Apc mutant epithelial cells derived from
histologically normal descending colon of ApcMi"/+ mouse
exhibit loss of homeostatic growth control as evidenced by
aberrant proliferation, altered cell cycle progression and down-
regulated cellular apoptosis, and gain of carcinogenic risk
as evidenced by high incidence and frequency of anchorage-
independent colonies. Previously published studies on onco-
gene transfected mammary epithelial cells (16,22), and also
on Apc'®®N colon epithelial cells (23), have demonstrated
that these ‘initiated’ cells progress to anchorage-independent
growth in vitro, and upon in vivo transplantation, produce
rapidly growing tumors at the transplant sites. This published
evidence taken together with the present data indicates that Apc
mutant 850M» COL-CI, cells are at increased risk for carcino-
genesis, and that anchorage independent colony formation
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represents a specific and sensitive surrogate end point bio-
marker for carcinogenic transformation.

Select polypeptide and steroid hormones and peptide
growth factors are known to play important modulatory roles
in the progression of colon cancer (24,25). It is therefore,
interesting to note that pro-mitogenic INS and EGF promoted,
while anti-mitogenic TGF-8, inhibited the growth of Apc
mutant cells. These data are also consistent with our previously
published study on myc transfected mammary epithelial cells
where these growth factors modulated the growth in a similar
manner (16).

Effective adaptation of 850M» COL-CI, cells to grow in
chemically-defined serum depleted medium that contains
ineffective low concentrations of growth factors/hormones
such as EGF, TGF-B,, insulin and corticosteroids, and per-
sistent cellular responsiveness to these agents provides a
valuable approach to examine functional interactions of select
growth factors/hormones on colon cell proliferation, apoptosis,
cyto-differentiation and carcinogenesis. These outcomes will
complement in vivo investigations on genetically engineered
mouse models such as BubR1/ApcMin (17), Smad-3/ApcMin
(18), ER-B/ApcMin (19), and Muc2/Apc (21) that exhibit
increased incidence of colon carcinogenesis. Taken together,
these aspects are expected to strengthen the concept that
genetically engineered mice represent valuable predictive
models for human colon carcinogenesis and chemoprevention
(26-28).

Chronic high dose single agent therapy using synthetic
pharmacological agents has been followed in FAP patients.
However, these interventional strategies are associated with
adverse toxic side effects that compromise patient compliance
(29-32).

Strong proof of principle evidence in preclinical laboratory
studies on combinatorial prevention with NSAID+polyamine
synthesis inhibitor (7), selective COX-2 inhibitor+Atorvastatin
(8), and NSAID+EGFR inhibitor (9) and selective COX-2
inhibitor+omega-3 fatty acid (33) have shown promise to
enhance preventive efficacy and reduce systemic toxicity.
More recently, this proof of principle preclinical evidence
has been extended and confirmed in a clinical trial with
SUL+DFMO on sporadic colon cancer (34). Furthermore,
minimally toxic natural dietary components may also modulate
the efficacy of toxic chemotherapeutic drugs (35). On the
mechanistic level, DEMO functions as a selective inhibitor of
ornithine decarboxylase which is an established early response
gene and a rate limiting enzyme for the biosynthesis of
polyamines (30,31), SUL is a non-selective cyclooxygenase
inhibitor (34), EGCG is demonstrated to affect EGF signaling
(36), while EPA functions as an inhibitor of lipoxygenase, a
critical enzyme for production of leukotrienes (33). All of
these targets are known to play important roles in colon
carcinogenesis. It will therefore be of considerable interest to
examine additive or synergistic modulation in the status of
these specific molecular targets that may be responsible for
the enhanced efficacy of SUL+DFMO, EGCG+DFMO and
EPA+DFMO combinations. In this context it is noteworthy
that the present data demonstrating enhanced efficacy of
SUL+DFMO, EGCG+DFMO and EPA+DFMO for induction
of cytostatic growth arrest and for inhibition of carcinogenic
risk in Apc mutant cells extend and confirm our previously
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ire models (14,15,23). In a recent study a novel
miRNA based mechanism for positive regulation of APC has
been proposed from the data generated from colon carcinoma
cell lines as well as from limited patient samples (37).
Particularly significant aspect in the present context is the
correlation of miR-135 expression and APC expression with
the disease progression in the clinical samples. Thus, the
present cell culture model for the FAP syndrome that exhibits
a correlation of cellular biomarkers for carcinogenic risk offers
a scientifically robust approach to confirm and extend the
identification of miR-135 as a novel mechanistic molecular
biomarker for carcinogenic risk as well for its modulation.

Overall, the outcome from present study validates a novel
mechanism based approach to prioritize efficacious combi-
nations for future animal experiments and for subsequent
clinical trials on prevention/therapy of colon cancer.
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