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Abstract. Human colon cancer is a multi-factorial, multi-step
disease wherein genetic and dietary factors represent important
regulators of initiation, promotion and progression. While the
etiology of sporadic colon cancer remains largely unidentified,
familial adenomatous polyposis (FAP) and hereditary non-poly-
posis colon cancer (HNPCC) represent predisposing genetic
syndromes for early-onset familial/hereditary colon cancer.
These syndromes are characterized by germ-line mutations in
the adenomatous polyposis coli (APC) and/or DNA mismatch
repair genes, respectively. Currently available preclinical animal
models for human FAP and HNPCC syndromes, expressing
clinically relevant germ-line mutations, exhibit adenomas in the
small intestine rather than in the colorectum. These models
are, therefore, subject to extrapolation for direct clinical
translatability of the data for colon carcinogenesis and chemo-
prevention. Experimental models expressing clinically relevant
genetic defects (APC and/or DNA mismatch repair gene
mutations) in an appropriate target site (colon) may represent
novel approaches that reduce extrapolation of the data for
their clinical relevance. This report provides an overview on
carcinogenesis and chemoprevention in preclinical models of
FAP and HNPCC syndromes, and summarizes recent data on
i) development of new cell culture models for FAP and
HNPCC syndromes; and ii) validation of developed models
for rapid, mechanism-based screening of new pharmaco-
logical or naturally occurring chemopreventive agents.
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1. Introduction

A survey by the American Cancer Society projected a 23%
incidence (148,300 new cases) and 21% mortality (56,600
colon cancer related deaths) rate in 2005 (1). These figures
represent the overall risk for sporadic, familial and hereditary
colon cancer, partly based on common molecular/genetic
pathways predisposing the disease.

Several elegant seminal observations have provided
support to the concept that, in the multi-step process of colon
carcinogenesis, early occurring molecular/genetic events
(such as germ-line or somatic mutations in APC, k-ras and/or
p53 genes) initiate the normal target tissue towards pre-
neoplastic and neoplastic transformation. The initiated pheno-
type is then at risk for subsequent promotion and progression
predominantly due to aberrant hyperproliferation, down-
regulated apoptosis and abrogation of dependency on extrinsic
growth regulatory factors (2-5).

In progressive pathogenesis, intraepithelial neoplasia (IEN)
have been considered as relevant pre-cancerous lesions for
epithelial organ site carcinomas (6). The pathogenesis of colon
cancer is characterized by the presence of polypoid or non-
polypoid adenomas in FAP and HNPCC syndromes. At the
molecular levels, these lesions recapitulate defects in tumor
suppressor genes and DNA mismatch repair genes (3,4). These
IEN, because of their molecular/genetic and pre-neoplastic
characteristics, represent an important end-point for efficacy
of chemopreventive interventions.

Chemoprevention of epithelial organ site carcinogenesis,
using synthetic pharmacological agents or naturally occurring
dietary phytochemicals to inhibit, reduce or delay the multi-
step carcinogenic process has attracted intense scientific interest
in recent years. The ability of chemopreventive agents at low,
non-toxic levels to target early occurring carcinogenic events
represents a major promising aspect for clinical preventive
intervention (6,7).

Preclinical models developed from mice expressing
mutations in the tumor suppressor, APC, or DNA-mismatch
repair genes and demonstrating a quantifiable risk for intestinal
carcinogenesis provide valuable approaches to identify
molecular/genetic determinants for the risk of early-onset



1524

Table I. Characterization of the FAP and HNPCC models.
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Genotype
Transformation
Cell line APC Mih1l Model Immortalization AICF
C57COL +/+ +/+ Control + -
1638NCOL +/- +/+ FAP + +
MIh1COL +/+ +/- HNPCC + -
Milh1/1638NCOL +/- +/- HNPCC + +

familial/hereditary colon cancer and its prevention (2-4).
However, these models, unlike the human FAP and HNPCC
syndromes, exhibit adenomas predominantly in the small
intestine, rather than in the colorectum (8-11). Alternative
approaches that result in defined target site specificity may
minimize the need for extrapolation and maximize a clinically
relevant translational potential. In this context, it is noteworthy
that pharmacological or genetic modulation in APC mutant
mice has resulted in enhanced incidence of colonic adenomas
and adenocarcinoma (12-16).

The long-term objective of our research program has
been to develop reliable cell culture models for breast and
colon carcinogenesis and validate the developed models for
rapid mechanism-based screening of new chemopreventive
agents. To this end, several immortalized but non-tumorigenic
epithelial cell lines from histologically/clinically normal target
tissue have been developed. In these cell lines, exposure to
chemical carcinogens or transfection with selected clinically
relevant oncogenes results in aberrant cell cycle progression,
down-regulation of apoptosis, altered expression of cell cycle
regulatory and apoptosis associated gene products, and
anchorage-independent growth in vitro preceding tumori-
genesis in vivo (17-20). Additionally, the transformed cell
lines respond to treatment with several mechanistically distinct
chemopreventive agents, and exhibit effective modulation of
the perturbed surrogate end-point biomarkers for carcinogenic
risk (21-28). More recently, this technology has been extended
to develop sub-culturable colon epithelial cell lines from gene
knockout mouse models for FAP and HNPCC syndromes
(Telang et al, Proc. Am Assoc Cancer Res 43: abs 1007, 2002;
Katdare et al, Proc Am Assoc Cancer Res 43: abs. 624, 2002;
30,31,36).

The present review provides an in-depth discussion of
the data on preclinical animal models of FAP and HNPCC
syndromes, and summarizes recently completed studies on
the newly developed cell culture models for early-onset
familial/hereditary colon cancer.

2. Model systems and mechanistic biomarkers

In vivo models. Homologous recombination or random
chemically induced mutagenesis has been used to generate
a series of APC [+/-] mice that exhibit mutation in codons
474,716, 850 or 1638 of the APC tumor suppressor gene and
encode a truncated gene product. Similar recombination
approaches have also generated mouse models with mutations
in the DNA mismatch repair genes. Mlhl [+/-], Mlhl [-/-],

Msh6 [+/-] and Msh6 [-/-] mice exhibit accelerated small
intestinal carcinogenesis, which is further enhanced in APC
[+/-]/DNA-MMR [+/-] mice (11). These genetic defects are
similar to those observed in clinical HNPCC syndromes.
These mutant mice are predisposed to develop small intestinal
adenomas that frequently exhibit loss of the second APC
allele (2,8-10). However, because of a distinct target site than
that in clinical FAP and HNPCC syndromes (8-11), these
models are subject to extrapolation for their clinical
relevance and translatability.

Mechanistic biomarkers. The biomarkers traditionally utilized
to monitor tumorigenesis in preclinical animal models include
pathogenic markers such as adenoma incidence, latency and
multiplicity, and molecular/genetic markers such as loss of
heterozygosity, chromosomal aberration, microsatellite
instability, APC signaling and DNA damage/repair. The
modulations in these biomarkers also represent quantitative
parameters to evaluate the preventive efficacy of several
mechanistically distinct classes of pharmacological agents.

Cell culture models. Most of the available cell culture models
are derived from established human colon carcinoma cell
lines that have multiple pre-existing genetic defects such as
monoallelic and/or biallelic mutations or LOH for APC, p53,
Ras or DNA-MMR genes. These models, however, are of
limited utility in studies focused on examining the role of
clinically relevant genetic defects on early initiating events
that have an impact upon the risk of carcinogenesis.

Our currently ongoing research directions have focused
on developing subculturable colon epithelial cell lines from
mice that exhibit genetic predisposition to intestinal carcino-
genesis. We have utilized pathologically and histologically
normal descending colon from mice that express monoallelic
mutations in APC, Mlh1 or APC/MIh1 genes associated with
clinical FAP and HNPCC syndromes to establish the cell
culture models.

The data presented in Table I, lists the cell lines developed
from the mutant mice. The cell line, C57COL, developed from
descending colon of wild-type APC [+/+]/DNA-MMR [+/+]
C57BL/6] mouse represents the control cell line. These cell
lines have been characterized for the onset of spontaneous
immortalization by monitoring replicative senescence. Cells
undergoing apoptosis and lack of subculture-ability evidenced
the expression of this biomarker. It is noteworthy that C57COL
exhibited replicative senescence and apoptosis during p10-p16.
A minor subpopulation escaped replicative senescence and
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Table II. Aberrant hyperproliferation in FAP and HNPCC models.
Cell line Model Population Saturation density AICF (No. of
doubling time (h) cell no. (x10°) colonies)
C57COL Control 34 7.7 0
1638NCOL FAP 17 27.0 16.7+1.6
1638NCOL-CL,* FAP 15 48.0 18.5£1.2
MIlh1/1638NCOL HNPCC 20 15.0 132420
MiIh1/1638NCOL-CL,* HNPCC 17 21.0 152+1.4
Clonal derivatives from anchorage-independent colony.
Table ITI. Abrogated homeostatic growth control in FAP and HNPCC models.
Cell line Model Proliferation? Apoptosis? P:A
(P =% S+G,/M) (A =% Sub G) ratio
C57COL Control 24.6+3.3Y 4.3+1.1¢ 5.7+0.8
1638NCOL-CL, FAP 41.94£2.9¢ 1.4+0.9¢ 29.9+1.2
MIlh1/1638NCOL-CL, HNPCC 31.2£2.4¢ 2.840.9¢ 11.1+1.2

aFlow cytometry of confluent culture (at least 10* fluorescent events monitored). »*Mean + SD; n=6 per cell line; > 4°P=0.04.

was capable of extended life span in vitro, indicating the
onset of spontaneous immortalization. These immortalized
cells at p24 also exhibited re-expression of telomerase, which
was absent in early passage (p16) cells. In contrast, the APC
[+/-1, Mlh1 [+/-] and Mlhl [+/-]/APC [+/-] cells lacked
replicative senescence and were subculturable at least up to
p25. Furthermore, only the mutant cells exhibited a risk for
tumorigenic transformation, as evidenced by a high incidence
of anchorage-independent colony formation (AICF) in 0.33%
agar (soft agar) as suspension cultures.

The data presented in Table II, summarizes the growth
characteristics of mutant cell lines. The quantitative end-points
include population doubling time, saturation density and
AICF. Relative to the C57COL cell line from the wild-type
APC [+/4] C57BL/6J mouse, the mutant cell lines exhibit a
41-56% decrease in population doubling time, and a 2-5-fold
increase in saturation density. It is also of interest to note that
the mutant cells exhibit a 20-75% increase in the aneuploid
phenotype, while the C57COL cells are 100% diploid (data
not shown). Thus, the presence of pre-existing genetic
defects, such as monoallelic mutation in APC or in the DNA-
mismatch repair Mlhl gene, up-regulation of aneuploidy and
hyperproliferation taken together suggest that the mutant
cells may be at a greater risk for spontaneous carcinogenic
transformation. In this context, it is noteworthy that a high
incidence of aneuploid population is demonstrated in early
passage embryonic fibroblasts from APC mutant mice
(37.,38), and genes implicated in colon cancer exhibit altered
expression in non-involved colonic mucosa adjacent to

adenoma in APC mutant mice as well as in tissue samples
from colon cancer patients (39).

AICF represents a sensitive and specific surrogate end-
point biomarker for the risk of carcinogenic transformation.
Several studies have shown that spontaneously immortalized,
but non-tumorigenic cell lines acquire AICF in vitro prior to
tumorigenicity in vivo in response to treatment with chemical
carcinogens or targeted expression of oncogenes (17,18,20,23).
Furthermore, carcinoma derived cell lines also exhibit up-
regulated AICF. The data presented in Table II also compares
AICF in C57COL and mutant cell lines. It is clearly demon-
strated that, relative to the C57COL cell line, the parental
1638NCOL cell line and it's clonal derivative, 1638NCOL-
CL,, exhibit a 17- and 18-fold increase in the frequency of
anchorage-independent colonies, respectively. Similarly,
parental cells and the clonal derivative of the Mlhl/
1638NCOL cell line exhibit a 13- to 15-fold increase in the
frequency of anchorage-independent colonies. It is also
interesting to note that, unlike post-immortalized C57COL
cells, post-immortalized APC 1638NCOL, and Mlh1/
1638NCOL cells exhibit AICF, while MIh1COL cells do not.
These data together suggest that mutations in APC alone
and in APC+Mlhl but not in Mlhl alone may be critical for
enhancing the risk for spontaneous carcinogenic trans-
formation.

The data presented in Table III, analyses the cell cycle
progression. Relative to that in C57COL cells, aberrantly
proliferative clonal derivatives of 1638NCOL and Mlhl1/
1638NCOL cells exhibit an increase in the S+G,/M phase of the
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B. Anchorage-independent Colony Formation
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Figure 1. Treatment of 1638NCOL-CL, cells with a combination of SUL+DFMO. A, percent decrease in viable cell number by treatment with SUL (10 yM),
DEFMO (10 M) or SUL+DFMO (5+5 uM). Viable cell number in solvent control: mean + SD, n=6 at day 5 post-seeding. B, percent decrease in the number
of anchorage-independent colonies by treatment with SUL, DFMO or SUL+DFMO. Number of colonies in solvent controls: mean + SD, n=12 at day 14 post-

seeding.
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Figure 2. Treatment of MIh1/1638NCOL-CL, cells with a combination of SUL+DFMO. A, percent decrease in viable cell number by treatment with SUL (10 xM),
DFMO (10 uM) or SUL+DFMO (5+5 uM). Viable cell number in solvent controls: mean + SD, n=6 at day 5 post-seeding. B, percent decrease in the number
of anchorage-independent colonies by treatment with SUL, DFMO or SUL+DFMO. Number of colonies in solvent controls: mean + SD, n=12 at day 14 post-

seeding.

cell cycle and a decrease in the sub-G, (apoptotic) population;
thereby, increasing the P:A ratio.

Thus, the newly developed epithelial cell lines, because
of clinically relevant genetic defect (APC and/or DNA-MMR
mutation) at the appropriate target site (colon), and a
quantifiable risk for carcinogenic transformation, represent
valuable preclinical cell culture models for familial/hereditary
early-onset FAP and HNPCC colon cancer syndromes.

Cellular and molecular targets for carcinogenic risk and
chemo-preventive efficacy. In the multi-step carcinogenic
process early occurring gain of function mutagenic per-
turbations in oncogenes or loss of function mutagenic
perturbations in tumor suppressor genes induce aberrant
hyperproliferation in the target cell, thereby increasing the
risk for subsequent carcinogenic transformation. Thus, over-
expression of HER-2/neu oncogene and loss of function
mutations in BRCA-1 and BRCA-2 tumor suppressor genes
are noted as genetic risk factors for breast cancer (6,40,41),
while activating mutation in Ras oncogene and loss of function

mutations in APC and p53 tumor suppressor genes represent
genetic risk factors for colon cancer (3). Specific and sensitive
molecular, biochemical and cellular biomarker assays that
quantify cell proliferation, cell cycle progression, cellular
apoptosis and oncogene/tumor suppressor gene regulated
signaling pathways represent mechanistic end-points for
carcinogenesis as well as for cancer prevention. Our
previous studies on mammary and colon cell culture models
have demonstrated that, independent of the nature of carcino-
genic insult, the target cells exhibit perturbed expression of
relevant biomarkers in vitro preceding tumorigenesis in vivo
(17-20,23,30,31,33). Furthermore, initiated target cells in
response to mechanistically distinct chemopreventive agents
exhibit down-regulation of perturbed end-point biomarkers
(21-28,30,31,33-36).

3. Modulation of carcinogenesis

Pharmacological agents. The APCM" mouse, because of a
germ-line mutation in the APC tumor suppression gene,
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Figure 3. Treatment of 1638NCOL-CL, cells with a combination of CLX+ 5-FU. A, percent decrease in viable cell number by treatment with CLX (1 xM), 5-FU
(0.1 uM) or CLX+5-FU (1+0.1 xM). Viable cell number in solvent controls: mean + SD, n=6 at day 5 post-seeding. B, percent decrease in the number of
anchorage-independent colonies by treatment with CLX, 5-FU or CLX+5-FU. Number of colonies in solvent controls: mean + SD, n=12 at day 14 post-

seeding.
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exhibits a high incidence of intestinal adenomas resembling
clinical early-onset FAP syndrome (9,10). In recent years, the
APCMin model has provided important mechanistic leads for
the preventive efficacy of several classes of synthetic pharma-
cological agents, including non-streroidal anti-inflammatory
drugs (NSAIDs), selective enzyme inhibitors, growth factor
receptor antagonists and small molecule inhibitors (29,32 ,42-
49). These observations have demonstrated a direct correlation
between the modulation of pathogenesis and the relevant
molecular target for efficacy.

Natural phytochemicals. In addition to synthetic pharmaco-
logical agents, several naturally occurring dietary phyto-
chemicals have been noted to inhibit intestinal carcinogenesis
in genetic models for FAP syndrome (44,46-48). Natural
phytochemicals, partly due to their human dietary consumption,
may exhibit a favorable toxicity profile and resultant superior
compliance. The preventive efficacy of glucobrassinins present
in cruciferous vegetables, polyphenols present in tea and iso-
flavones present in soy have been evaluated in the preclinical

cell culture models for breast carcinogenesis (20-22,24,25,27).
The newly developed preclinical cell culture models for FAP
and HNPCC syndromes are currently being utilized to evaluate
the preventive efficacy of natural dietary phytochemicals, such
as curcumin and polyphenolic components of green tea.

Combinatorial chemoprevention. Combination chemotherapy
represents a widely acceptable mode of management for clinical
colon cancer. In contrast, clinical management of FAP is
currently restricted to NSAIDs and Coxibs as single agents
(49-53). The enhanced risk of cardiovascular problems
associated with Coxibs (54,57,58), however, emphasizes the
need to identify non-toxic efficacious combinatorial preventive
intervention. Preclinical studies on animal models of FAP
syndrome have provided evidence for enhanced efficacy
with low-dose combinations of mechanistically distinct
pharmacological chemopreventive agents (42,55). The
preventive efficacy of natural phytochemicals in combination
with pharmacological agents, however, remains to be firmly
established.
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A recent study on a colon carcinoma cell line has demon-
strated that the naturally occurring polyunsaturated fatty acid,
Docosahexaenoic acid, in combination with the selective
COX-2 inhibitor, Celecoxib, exhibits higher efficacy compared
to two agents used independently (56).

The experiments presented in Figs. 1-4, were designed to
obtain ‘proof of principle' evidence for the concept of
combinatorial prevention in the present cell culture models of
FAP and HNPCC syndromes. In the FAP model, low-dose
combination of SUL+ DFMO exhibited a 3.4-fold decrease
in saturation density and a 34.8% decrease in AICF relative
to that observed by SUL or DFMO used independently as
single agents (Fig. 1). A similar experiment in the HNPCC
model produced a 2.5-fold and a 45.9% decrease in the two
end-points (Fig. 2).

Preliminary analysis of cell cycle progression in the FAP
model revealed that SUL and DFMO independently, as well
as in combination, arrest cells in the G, phase of the cell
cycle. In contrast, in the HNPCC model, SUL accumulates
the cells in the S+G,/M phase, DFMO accumulates the cells
in the G, phase, and SUL+DFMO produces greater S+G,/M
arrest (data not shown).

The data generated from the experiment using the CLX+
5-FU combination in FAP and HNPCC models are presented
in Figs. 3 and 4. In the FAP model, low-dose combination of
CLX+5-FU produced a 3.1-fold decrease in saturation density
and a 19.6% decrease in AICF relative to that produced by
CLX or 5-FU as single agents (Fig. 3). A similar experiment
in the HNPCC model produced a 15.4-fold and a 53.8%
decrease in the two end-points (Fig. 4).

Cell cycle analysis in a preliminary experiment revealed
that, in the FAP model, CLX+5-FU induces G, arrest while,
in the HNPCC model, this combination produces a strong
cumulative synergistic effect on S+G,/M arrest (data not
shown).

Distinct differences in cell cycle progression due to
treatment with combinations of agents that differ in their
mechanism of action have prompted us to monitor the status
of relevant G, or G, specific cyclins and their respective down-
stream signaling molecules. These data are likely to identify
the molecular targets responsible for enhanced efficacy of the
combinations that exhibit additive/synergistic interactions
(32,35,42,55,56,59).

4. Conclusions and future perspectives

Mouse models for colon cancer with a genetic predisposition
to early-onset familial/hereditary carcinogenesis represent
valuable preclinical approaches to carcinogenesis and cancer
prevention. However, because of the prevalence of small
intestinal carcinogenesis in these models, a strong, direct
clinical relevance to colon cancer is dependent on extrapol-
ation.

Development and validation of reliable cell culture models
with the relevant genetic defect in an appropriate target organ
may reduce the need for extrapolation.

The data generated from the recent experiments discussed
in this review provide strong phenomenological evidence
that preclinical cell culture models for FAP and HNPCC
syndromes have an enhanced risk of spontaneous carcinogenic

TELANG et al: CELL CULTURE MODELS FOR PREVENTION OF COLON CANCER

transformation, and that this risk is modifiable by low-dose
combinations of mechanistically distinct chemopreventive
agents.

The future research directions are focused on elucidating
molecular mechanisms responsible for enhanced carcinogenic
risk and identifying molecular targets critical for the efficacy
of the combinatorial approach. These research directions are
expected to validate a mechanism-based rapid screen for a
rational prioritization of novel chemopreventive agents for
future in vivo animal experiments and subsequent clinical
trials.
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