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General Introduction



Chapter 1
CHEMICAL CARCINOGENESIS

Of the known carcinogenic agents (viruses, ultraviolet and ionizing radiations, and
chemicals), chemicals appear to be of major importance in the induction of human can-
cers. Cancer is one of the leading causes of death worldwide. Nearly 2.9 million inci-
dent cases of cancer diagnosis and 1.7 million cancer deaths were reported in 2004 (1).
Cancer can be caused by endogenous agents, like hormones, as well as exogenous
agents, like chemical carcinogens and ionizing radiation. There is evidence that a con-
siderable part of cancers is caused by exogenous factors and that these factors account
for more than 50% of the cancer risk (2). Therefore the prediction of the carcinogenic
potential of chemicals is tremendously important.

Chemical carcinogenesis is a multistage process. Initiation, the first stage, occurs rap-
idly and appears to be irreversible, generally as a result from one or more mutations of
cellular DNA. When a compound is able to covalently bind with DNA, the formed
adduct can be either incorrectly or not be repaired. This will eventually lead to the for-
mation of a mutation (3, 4). When these adducts are induced at sites with genes in-
volved in regulation of cell growth and cell differentiation, i.e. oncogenes and tumor-
suppressor genes, cancer development can be induced (5). Chemicals which are able to,
whether or not preceded by biotransformation, covalently bind to DNA and cause DNA
damage, and appear to be able to consistently do this in several in vitro tests, are called
genotoxic compounds (GTX). If this genotoxicity actually develops into carcinogenic-
ity, such chemicals are called genotoxic carcinogens.

The second stage, promotion, occurs over a longer period of time. Promotion is a com-
plex process and has been defined as the interruptible or reversible clonal expansion of
the single initiated cell, in order that additional genetic/epigenetic changes can occur. It
is followed by a progression stage. The proliferation rate of the cells is increased, en-
hancing the likelihood of genetic errors to occur which make already mutated cells more
cancerous. Also a clinically detectable tumor develops into its terminal, often malignant
form, which ultimately overwhelms the host, mainly by invasion and metastasis.
Carcinogens which do not demonstrate chemical reactivity with DNA and hence do not
form DNA adducts, but rather promote carcinogenesis by inducing effects that indi-
rectly lead to neoplastic transformation or enhance the development of tumors from pre-
initiated cells, are called nongenotoxic compounds (NGTX). When a carcinogen has
both initiating and promoting activities, it is called a complete carcinogen.
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General Introduction
PREDICTION GENOTOXIC AND OF CARCINOGENIC POTENTIAL

The classification of chemical compounds according to their carcinogenic potential is
frequently evaluated through application of chronic rodent bioassays, namely by using
rats and mice. These assays are used to estimate cancer risks for humans, but are very
expensive and time-consuming as they require the use of many animals and large quan-
tities of the test compound during what is usually a 2-year period of study. These
chronic rodent bioassays are also associated with ethical drawbacks. Furthermore the
reliability, relevance and effectiveness of these in vivo assays are subjected to many
uncertainties with regard to the extrapolation from animal to human risk. Therefore
demands to develop a reliable way of predicting in vivo carcinogenicity in humans with
a high predictive value by means of in vitro models are increasing (6).

Since many carcinogens are GTX, the testing whether a chemical has GTX properties is
the first step in the carcinogenic risk assessment. Most frequently used in vitro systems
for the identification of the GTX potency of chemicals are the bacterial Ames test, the
mouse lymphoma assay, the micronucleus test and the chromosomal aberration test (7).
These systems are relatively simple, accurate and much cheaper for the screening of
chemical compounds for their GTX potential. The main disadvantage of these classic in
vitro genotoxicity tests, however, is the generation of an extremely high false positive
rate when compared with in vivo genotoxicity and carcinogenicity data. (7).

The specificity of the bacterial Ames test, for example was 73.9%, while the mouse
lymphoma assay, the micronucleus test and the chromosomal aberration test had very
low specificity, even below 45%. Thus the predictive value of in vitro experiments for
in vivo effects is poor. In many cases, compounds that are genotoxic in vitro must be
further tested using in vivo genotoxicity tests (8). Because of this, a large number of
chemicals are subject to additional in vivo testing without the need for that, which thus
results in unnecessary experiments on animals. Therefore, new in vitro systems need to
be developed which are capable of reliably discriminating chemical compounds accord-
ing to their GTX potential. This is where alternative cellular models as well as the novel
genomics technologies come into the picture.

LIVER MODELS

The liver is the principal organ involved in the metabolism of many compounds includ-
ing pro-carcinogens, and also represents a major target organ for chemical carcinogens
in vivo (9, 10). Therefore the use of in vitro liver systems might be a relevant experi-
mental approach to screen potentially carcinogenic compounds. Hepatic cell lines, pri-
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Chapter 1

mary hepatocyte cultures and precision-cut liver slices from various species are well
established in vitro systems for these studies (9, 10, 11) and are presented in Table 1.
Immortalized cell lines are used frequently for assessing toxicity in vitro (12-17). How-
ever, these cell lines are usually derived from tumors and have adapted to growth in
culture: they lack liver tissue architecture, and cell-cell interactions and liver-specific
functions tend to vanish as culture time increases (18, 19). They often acquire a molecu-
lar phenotype quite different from liver cells in vivo.

Because precision-cut liver slices contain all the cell types present in whole liver and
maintain their three-dimensional structure and cell-cell interactions, these are thought to
better represent the in vivo situation. Therefore they are well accepted as an in vitro
system to study hepatotoxicity and biotransformation of compounds (20, 21), even after
cryopreservation and thawing (22, 23). They remain metabolically active for 2 days, so
they are more suited for short-term studies (24). However, poor penetration of com-
pounds into the inner cell layers of slices and inter-assay variability due to different
preservation of cells in different slices are reported (24, 25).

Primary mammalian hepatocytes largely retain their liver-specific functions when
freshly derived from the animal and are therefore considered to be the most relevant in
vitro model in hepatotoxicity studies (26). Hepatocytes used to be cultured on cell cul-
ture plates, but appeared to loose drug-metabolizing enzymes and other differentiated
liver-specific cell functions very rapidly (27). As it became evident later on that hepato-
cytes need cell-cell and cell-matrix interactions in order to survive, cell culture systems
were adapted. Cells cultured on a collagen layer, especially in a sandwich collagen-
collagen configuration, appeared to maintain hepatocyte polarity, bile canaliculae for-
mation and liver-specific functions (28, 29; 30, 31; 32).

Thus, for the prediction of in vivo toxicity in humans the use of primary human hepato-
cytes is preferential. The limited availability of donor material and the large variability
between the donors, however, has however hampered the use of human hepatocytes (11)
and resulted in the use of primary hepatocytes isolated from other mammals as an alter-
native to human tissue. One of these alternatives is represented by primary rat hepato-
cytes. These hepatocytes, however, show a rapid decline in liver specific functions, in
particular cytochrome P450 (Cyp450) enzyme activity (21, 33). Therefore the use of
primary mouse hepatocytes might be an alternative to the rat and human systems. Al-
though information about stability of liver specific functions in mice is scarce, the avail-
ability of transgenic mouse models and of the complete sequence of the mouse genome,
make primary mouse hepatocytes interesting for the purpose mechanistic investigations
(34).

12



General Introduction

Table 1 In vitro hepatocyte systems
System Complexity Ability to retain liver- Potential duration Ability to control
(level of interaction) specific functions of culture environment
Immortalized cell lines some cell to cell* poor to good* indefinite excellent
Primary hepatocyte cultures [cell to cell fair to excellent** days to weeks excellent
Liver slices cell to cell good to excellent good to excellent  good
(all cell types)

* varies with cell line; ** varies with culture conditions

TOXICOGENOMICS

The development of new, mechanism-based, in vitro assays with a high predictive value
for the screening of chemicals for their carcinogenic potential is feasible through the
availability of powerful novel technologies for monitoring the complete cellular ge-
nome, gene expressions, proteome expressions and metabolite levels. This enables high
throughput and multi-endpoints analyses for the effects caused by chemicals, thus pre-
senting opportunities for improved methods to identify and evaluate the carcinogenic
potential of chemicals, and for monitoring their effects.

The implementation of these technologies in toxicology together with the required bio-
informatics tools is called toxicogenomics and is envisioned to revolutionize current
hazard and risk assessment practices. Toxicogenomics provides the opportunity to im-
prove the in vitro-in vivo extrapolation, e.g. by developing “fingerprints”, a set of key
genes in a gene expression fingerprint for a given exposure to a particular chemical. By
defining specific classes of toxicity that need to be discriminated, and by using a range
of very well chosen model compounds that are prototypical for those classes, gene ex-
pression fingerprints specific for these classes can be generated. The application of
microarrays in toxicology is an interesting tool to generate those gene expression fin-
gerprints, which will be useful for prediction of the toxicity of a chemical, such as the
carcinogenic potential, and to reveal the mode-of-action of that compound (14, 17, 35-
44).

Microarrays

The intensive genome-sequencing and subsequent rapid accumulation of genomic-
sequence data has made it necessary to develop novel methods for the high-throughput
monitoring of gene expression (45). The monitoring of expression levels of thousands
of genes simultaneously was established by using miniaturised hybridization assays, the
microarrays (46). Microarrays consist of a platform on which cDNAs or oligonucleo-
tides are immobilized.
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In case of a two-colour experiment (Agilent or Operon) RNA from two cell populations,
for instance a test sample and a contol sample, is extracted and each sample is differen-
tially labelled with a specific dye fluorophore, Cy3 (green) or Cy5 (red). Equal amounts
of labelled RNA is hybridized to the microarray. The intensity of both fluorophoric
signals is measured and used to determine the ratio of expression for each gene in the
test sample compared to the control sample. This will result in the relative expression
level (46, 47).

In case of a one-colour experiment (Affymetrix, lllumina, Agilent) the RNA from each
sample or control is labelled, fragmented and hybridized to different microarrays. In this
case the absolute fluorescence value is determined and, after normalization, compared
with other samples or controls to detect variation of expression (48; 49, 50). The proce-
dures of both approaches are compared in Figure 1.
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Toxicogenomics, which combines classical toxicology with high-throughput genomic
technologies like microarrays, is focused on the identification of potential human toxi-
cants and their specific alterations in gene expression patterns and subsequent pheno-
typic responses of cells or organisms, on the identification of useful biomarkers of dis-
ease and exposure to toxic substances, and on understanding the molecular mechanisms
of toxicity.

The resulting gene expression patterns, so called transcriptomic fingerprints, can be
used for predicting toxic properties of chemicals, such as for classification of GTX and
NGTX carcinogens or non-carcinogens (12, 17). Furthermore, these gene expression
patterns can reveal underlying pathways associated with the compound.

Data analysis

The amount of the data generated with a microarray experiment is immense. Therefore
careful data analysis is essential for interpreting toxicological outcomes (45).

For the Affymetrix GeneChip arrays numerous quality control criteria can be applied,
such as normalization quality controls, including scaling factors, average intensities,
present calls, background intensities, noise, and raw Q values. Their values should be
within acceptable limits for all chips. Hybridization controls BioB, BioC, BioD, and
CreX, need to be identified on all chips and should yield in the expected increases in
intensities as described by Affymetrix.

The raw data are then imported into an integrated software system for managing, mining
and visualilzing microarray gene expression data. To adjust microarray data for effects
which arise from variation within or between chips, data need to be normalized. Most
frequently used methods for normalisation are Robust Multi-array Average (RMA) or
GeneChip RMA (50). Present-Marginal-Absent calls are used to identify and omit probe
sets of poor quality (51). Probe sets are a collection of probes designed to cover a given
sequence from a gene. Subsequently, the remaining probe sets are logarithmically (base
2) transformed, corrected for vehicle control if necessary, and subjected to statistical
analysis. ldentification of differentially expressed probe sets can be by simple fold-
change cutoffs or by (complicated) statistical tests. Taking into account the possible
false-discovery rate, the chance that a significant finding is false-positive, is crucial for
statistical analyses.

Thereafter several methods can be used to interpret and visualize microarray data, in-
cluding hierarchical clustering, k-means clustering, self-organizing maps (SOM) and
principal component analysis (PCA) (52, 53, 54, 55). These methods are used to iden-
tify groups of genes with similar expression patterns and are referred to as unsupervised
methods. Supervised clustering methods like support vector machines (SVM) or predic-
tion analysis of microarrays (PAM), are used when one has some previous information
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about samples that are expected to cluster together according to their gene expression
patterns (56). For the PAM software first a training set is made. This software uses a
modification of the nearest centroid method, which computes a standardized centroid
for each class in the training set. This is the average gene expression for each gene in
each class divided by the within-class standard deviation for that gene. Thereafter cross-
validation was repeated ten times. Cross-validation imitates how the classifier would
work on new data. This will result in a list of genes, i.e. classifiers. These classifiers are
then validated with a test set and classes are predicted.

Microarray data can also be analysed in a pathway perspective, which can lead to a
higher level of understanding of the system. Several tools have been developed for this
purpose.

The Gene Ontology (GO) consortium developed an ontology for genes to describe the
roles of genes and gene products in any organism (57). Genes can be listed together
according to their biology, function and location with GO analysis, but lacks informa-
tion about the relation between those genes (58). Therefore other methods, which give
information about the connections between genes and gene products, are available. An
example is MetaCore, which contains pathways and networks derived from text-mining
(59). All these methods require individual genes to be significantly up- or down-
regulated in order to contribute to the score of the significance of overlap between pre-
defined gene groups, like GO categories, and the subset of induced or repressed genes.
Recently, new pathway analysis methods have been developed for which no subset of
genes needs to be selected prior to analysis. T-profiler is such an example of a pathway
analysis tool. T-profiler can score GO categories or other pre-defined gene sets without
the need to apply cut-offs to the expression level of individual genes (60). It uses the t-
test to score the difference between the mean expression level of predefined groups of
genes and that of all other genes on the microarray. This method has been shown to be
useful in several genome-wide studies (61-66). Another pathway analysis tool which
does not require pre-selection is Gene Set Enrichment Analysis (GSEA). This tool takes
existing pathways and the entire biomolecular network knowledge into account. It uses
the statistical non-parametric Mann-Whitney test to calculate the P value to indicate
significant enrichment scores (67).

MODEL COMPOUNDS

As mentioned before, the use of well documented model compounds for well specified
classes of toxicity is essential to obtain specific transcriptomic fingerprints in order to
classify compounds according to their carcinogenic potential.

Based on their mechanisms of action, chemical carcinogens are classified as genotoxic
(GTX) or non-genotoxic (NGTX) carcinogens (12). A genotoxic compound may cova-
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lently bind with DNA and cause direct damage to DNA by adduct formation. These
lesions may not or incorrectly be repaired which leads to mutations and ultimately to the
formation of tumors (3). A non-genotoxic compound, on the other hand, lacks the abil-
ity to induce DNA damage directly or indirectly. Because NGTX compounds have
different features from GTX compounds, it may be hypothesized that GTX and NGTX
induce distinct gene expression profiles which consequently may be used for mecha-
nism-based classifying unknown compounds as GTX or NGTX (68, 69).

The compounds used in the studies described in this thesis are chosen to cover both GTX
and NGTX classes as well as true GTX compounds and false positive GTX compounds,
many taken from the Kirkland databases (70, 70, 71). These compounds and correspond-
ing results from in vivo and in vitro genotoxicity tests are presented in Table 2.

Genotoxic compounds

Benzo(a)pyrene

Benzo[a]pyrene (BaP) is a widespread environmental pollutant formed during the com-
bustion of organic products (World Health Organization, 1987) with both GTX and
NGTX characteristics. This polycyclic aromatic hydrocarbon (PAH) is a preferred sub-
strate for cytochrome P450 (Cyp450)-dependent monooxygenases (72). Those Cyp450
enzymes, together with epoxide hydroxylase, can convert BaP into its ultimate
genotoxic carcinogen benzo(a)pyrene-7,8-dihydrodiol-9,10-epoxide (BPDE) and forms
DNA adducts and DNA damage (73). BaP has been proved to be able to induce both in
vitro and in vivo genotoxicity in several studies and clearly introduces DNA adducts
(Table 2).

Aflatoxin B1

Aflatoxins consist of a group of primarily hepatotoxic mycotoxins, produced by some
strains of the fungi Aspergillus flavus and A. parasiticus (74, 75). The fungi are ubiqui-
tous and grow, under appropriate conditions of heat and moisture, on a variety of agri-
cultural products, like milk and other dairy products, intended for human and animal
consumption (76). Aflatoxin B1 (AFB1) is one of the most potent hepatocarcinogens. It
requires oxidation of the 8,9-vinyl bond to yield the biologically active AFB1-8,9-
epoxide, which binds covalently to DNA and thereby forming DNA adducts and chro-
mosomal aberrations (Table 2). Both activation and deactivation of AFB1 are mediated
by the microsomal cytochrome P450 system. (77)
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2-Acetylaminofluorene

2-Acetylaminofluorene (2-AAF), a synthetic chemical not generally present in the envi-
ronment, is one of the most intensively studied of all chemical carcinogens. 2-AAF was
produced as a synthetic chemical insecticide in the 1940’s until it’s toxicity was re-
vealed (78). Now it is extensively used as a model GTX compound.

The metabolic activation of 2-AAF is initiated by the cytochrome P450 dependent N-
hydroxylation, leading to the formation of N-OH-AAF, which is the main metabolite of
2-AAF in the liver and can already introduce DNA damage in the liver (79, 80, 81, 82).
2-AAF has proven to be genotoxic in several in vivo and in vitro studies and is able to
introduce gene mutations (Table 2).

Dimethylnitrosamine

Dimethylnitrosamine (DMN) is the most simple and widely occurring nitrosamine and
has been shown to be an acute hepatotoxic and potent carcinogenic compound (83-85).
It is present in many foods such as cured meat, cooked ham, smoked fish, and alcoholic
beverages (86). In order to express its toxic potential DMN needs to be metabolically
activated to form its reactive metabolite. The major step in this metabolic activation is
the cytochrome P450-dependent (Cyp450) oxidative demethylation of the alpha-carbon
to the monomethyl nitrosamine, an unstable metabolite which breaks down to the me-
thyldiazonium ion and eventually to the carbonium ion which alkylates the DNA (87,
88). The most important Cyp450, responsible for the activation of DMN is CYP2EL1 in
humans or mice (89, 90). DMN shows genotoxic effects in several in vivo and in vitro
studies (Table 2).

Mitomycin C

Mitomycin C (MitC) is an antitumor antibiotic frequently used in cancer chemotherapy
(92).

Early studies have demonstrated that enzymatic bioactivation of MitC is NADPH-
dependent (92, 93). It has also been shown that NADPH:cytochrome ¢ reductase and
xanthine oxidase activate MitC under hypoxic conditions and Cyp450 enzymes might
be involved in the anaerobic metabolism of MitC (92, 94, 95). Therefore activated MitC
can induce a variety of DNA adducts by cross-linkage and covalent binding to DNA.
MitC causes DNA damage and is shown to be genotoxic in several in vivo and in vitro
studies (Table 2).
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Non-genotoxic compounds

Cyclosporine A

Cyclosporine A (CsA), a neutral lipophilic cyclic undecapeptide isolated from the fun-
gus Hypocladium inflatum gams, is a potent immunosuppressant widely used to prevent
rejections after organ transplantation (107). Despite being highly efficacious for this
prevention, the use of CsA as an immunosuppressant is limited by severe side effects
including nephrotoxicity, neurotoxicity, and hepatotoxicity (96). It has been shown to
induce cell proliferation and cancer progression in different cell lines by a cell-
autonomous mechanism (97, 98). However, the precise mechanisms by which CsA
stimulates growth of carcinogen-initiated hepatocytes remain uncertain.

2,3,7,8-tetrachlorodibenzo-p-dioxin

Dioxins, like 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), are ubiquitous environ-
mental contaminants that are inadvertent by-products of various processes including
municipal waste combustion and phenoxy acid herbicides production (99, 100, 101).
They elicit a broad range of species-specific biochemical and toxic effects in animals
such as xenobiotic enzyme induction, tumor promotion and hepatotoxicity (102, 103,
104). Dioxins are considered to exert their toxicity by activating the transcription factor
AhR,(105).

The precise mechanism of action of TCDD remains unclear, but it is found to target
mitochondrial transcription and to induce mitochondrial stress signalling in vivo and
thereby promote tumor progression.

False-positive GTX carcinogens

The false-positive GTX compounds, chosen for this study, are considered to be non-
carcinogens, and to show only genotoxicity in in vitro tests but not to induce genotoxic-
ity in vivo.

o-Anthranilic acid

o-Anthranilic acid (ANAC) is used extensively in electrophoretic separations of oligo-
saccharides by SDS PAGE (106-108). ANAC is on of the metabolites of L-tryptophan
and is excreted in urine after conjugation with glycine or glucuronic acid without fur-
ther metabolism. However, ANAC can be metabolized to 5-hydroxyanthranilic acid
(109) in the presence of NADPH and molecular oxygen, stimulated by superoxide dis-
mutase (110). ANAC has been shown to introduce chromosomal aberrations in vitro
(Table 2). Also in the mouse lymphoma cell mutation test (MLA) ANAC is shown to be
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genotoxic. In the chromosomal aberrations test (CA) in vivo, however, ANAC is shown
to be equivocal genotoxic in the mouse.

2-(Chloromethyl)pyridine.HCI

2-(Chloromethyl)pyridine.HCI (2-CP) is an aromatic heterocycle frequently used as an
intermediate in the preparation of various compounds which have one or more of
hypocholesteremic, anti-hypotensive, anti-flammatory, analgesic, fungicidal or
bactericidal properties (111). 2-CP shows in vitro genotoxicity in the MLA and Ames
test and in the CA test, but shows no in vivo genotoxicity in the micronucleus (MN) and
CA tests in the mouse (Table 2).

4-Nitro-o-phenylenediamine

4-Nitro-o-phenylenediamine (4-NP) is a nitroaniline dye that has been used exclusively
at low levels in some semi-permanent hair colourings (112). It is a very powerful direct-
acting mutagen and its mutagenic potency can significantly be enhanced in the presence
of plant enzymes (113, 114, 115). Peroxidactic oxidation plays a major role in the
mutagen enhancement process and endogenous peroxidase activity such as that associ-
ated with the plant cytochrome P450-dependent enzyme systems may also play a role in
the activation of 4-NP (115). 4-NP shows in vitro genotoxicity in the MLA and Ames
test, but no in the CA test. In the mouse no in vivo genotoxicity was observed in the CA
test while equivocal genotoxicity was reported by means of the MN test (Table 2).

8-Hydroxyquinoline

8-Hydroxyquinoline (8-HQ) is a heterocyclic phenol amine used as cosmetic biocides,
fungicides, bacteriocides, and oxidation stabilizers in cosmetics. It is also used as re-
agents for detection of bismuth and as a chelating agent in analysis of trace metals in
industry (116). 8-HQ can be metabolized by Cyp450 enzymes to 8-hydroxyquinoline N-
oxide or various 8-hydroxyquinoline epoxides. The water-soluble reactive quinoline-
2,3-epoxide and 8-hydroxyquinoline sulfate are suggested to be the most important
intermediates responsible for the genotoxic activity of 8-HQ (117). 8-HQ shows in vitro
genotoxicity in the Ames and MLA test. Weak genotoxicity was detected in the CA test.
In the in vivo MN and CA assays, no in vivo geno