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CHAPTER 1

POLYCYCLIC AROMATIC HYDROCARBONS
Occurrence in the environment
Polycyclic aromatic hydrocarbons (PAHs) cover a wide range of structurally similar
compounds, which are present in the air after incomplete combustion of organic
compounds. Main sources are diesel engine exhaust, industry and the burning of wood
(1).
Humans are daily exposed to PAHs because of their common occurrence in the
environment, in the diet and in the air. Concentrations in the air vary according to the
time of the year and the location. PAH concentrations are higher in winter than in
summer (2) and are higher in urban areas than in the rural environment (1-3). Concentrations of individual PAHs vary between 1 and 30ng/m3 (1,3). Not only the concentrations in the air vary, but also the composition of the PAH mixture. Some compounds are present in higher concentrations than others, depending on the source of
PAH production. In the air, most PAHs are bound to dust particles and can enter the
lung and the rest of the body by means of inhalation.
Apart from exposure through air, other sources of PAH-exposure are grilled meat,
vegetables and tobacco smoke. The intake of the latter also occurs through the lung,
while PAHs from grilled meat and vegetables enter the body through the gastrointestinal tract. Minor sources of exposure are drinking water and soil. Once entered the
body, PAHs can be adsorbed and distributed via blood throughout the whole body,
and thereby all organs are exposed to PAHs. The adverse effects of PAHs on humans
are diverse; among others they can induce carcinogenesis.
Structure of PAHs
PAHs have a planar structure and consist of several fused benzene rings, to which for
some PAHs a methyl group is added to one of the benzene rings. Mechanisms for the
adverse effects of PAHs could be partly explained by their structural properties. Bayregions and Fjord-regions in their molecular structure (Figure 1.1) are important
characteristics of PAHs for some of their properties, such as their ability to bind to the
Aryl hydrocarbon receptor (Ah-receptor). Bay-regions are more potent in binding to
the Ah-receptor, although Fjord-region PAHs appear to be more carcinogenic. A
planar structure of PAHs is required for their binding as a substrate to the Cytochrome
P450 enzyme, Cytochrome P450 1A1 (CYP1A1). Binding of PAHs to CYP1A1 is
important for their metabolism. Affinity to bind to the Ah-receptor is one of the
predictors of the carcinogenic potency of PAHs (4-6). See also Biotransformation.
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FIGURE 1.1. Bay and Fjord region within PAH structures.

Biotransformation
Biotransformation is the enzymatic modification of generally lipophilic chemicals to
more water soluble compounds, which are more readily excreted. Biotransformation
may be divided into phase I reactions, which introduce a polar group in the molecule,
and phase II reactions, which conjugate an endogenous hydrophilic substance with a
polar group in a molecule. The conjugated product is than water soluble. Sometimes, a
phase III reaction is defined as the excretion of the compound out of the cell. Phase I
reactions can either be reduction, hydrolysis or oxidation reactions, of which the latter
is the most important. Cytochrome P450 enzymes, a major class of phase I enzymes,
play an important role in the oxidation of xenobiotic lipophilic compounds. The
introduction of a polar group into a molecule not only increases its suitability to
undergo conjugation reactions in phase II, but may also increase its reactivity towards
other substances. These phase I reactions leading to the formation of more reactive
compounds than the mother compound, are called bioactivation reactions and play an
important role in the adverse effects caused by PAHs (7). Due to structural similarities
the metabolism of PAHs is generally similar. Metabolism for benzo[a]pyrene (B[a]P) is
shown in Figure 1.2. First B[a]P is metabolized into epoxides by Cytochrome P450
enzymes, which are metabolised by epoxide hydrolased into diols. These diols are again
a substrate for Cytochrome P450 enzymes, which convert the diols into diolepoxides.
Several conformations of these diolepoxides exist, of which the most dominant and
the most reactive compound in producing tumours, is (+)-B[a]P-7,8-diol-9,10-oxide.
Also B[a]P radicals may be formed, leading to the formation of quinones and semiquinones, which react with DNA and may also induce oxidative DNA damage.
Many PAHs can bind to the Ah-receptor, which thereafter translocates to the nucleus
and induces the expression of several Ah-receptor controlled genes, among which
those for enzymes of the Cytochrome P450 class. Several of these enzymes, like
CYP1A1, CYP1A2 and CYP1B1, are important for the metabolic activation of PAHs
(8,9).
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FIGURE 1.2. Metabolism of benzo[a]pyrene and the metabolites formed.
From: R.W.L.Godschalk (10).

It is generally believed that Cytochrome P450 activity is involved in the bioactivation
of PAHs into reactive metabolites leading to DNA adduct formation and thereby
induce the carcinogenic effect of PAHs (11). However, recent studies in knock-out
mice showed a dual role of Cytochrome P450 enzymes in the biotransformation of
PAHs, as the levels of DNA adducts found in mice lacking the CYP1A1 gene, was
higher than in wild type mice (12,13). This was also found for dibenzo[a,l]pyrene
(DB[a,l]P) in CYP1B1 knock-out mice (14). These results suggest that the balance
between activation and deactivation as determined by Cytochrome P450 enzymes, is
crucial in the bioactivation of PAHs. Knocking out a Cytochrome P450 gene also
show that PAHs are efficiently bioactivated by other biotransformation enzymes. It
has been suggested that CYP1B1 is more important in activating PAHs to toxic and
carcinogenic metabolites than CYP1A1 (15).
Carcinogenesis by PAHs

Development of cancer
Carcinogenesis is a multistep process which is often divided into three stages, namely
initiation, promotion and progression. In chemical carcinogenesis, initiation encompasses the binding of a compound to DNA resulting in genetic alterations like mutations and chromosomal defects. When a compound binds to DNA and thereby forms
a DNA adduct, this DNA adduct may lead to the change of a nucleotide during DNA
replication and thereby the adduct is fixed in the DNA as a mutation. Compounds
inducing genetic damage (mutations) are called genotoxic compounds. However, DNA
repair mechanisms can repair the damaged DNA and thereby prevent the mutation to
be fixed in the DNA (16). Mutations in critical genes (like tumour suppressor genes,
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proto oncogenes, or genes involved in apoptosis or DNA repair) (17) are the key event
in the initiation of carcinogenesis.
The next stage of carcinogenesis, the promotion stage, involves the development of an
initiated cell into a more cancerous cell, by inducing its proliferation and reducing its
differentiation. This means that initiated cells will start developing into tumours by
increased growth and reduced cell communication with surrounding cells. These cells
usually have an instable genome and mechanisms which would lead to apoptosis in
these cells are repressed. Some carcinogenic compounds are able to induce these
properties in initiated cells and are therefore called promoters or non-genotoxic carcinogens (18,19). When a compound is both an initiator as well as a promoter, the
compound is called a full carcinogen, which acts on different stages of the carcinogenic
process. Many PAHs are considered full carcinogens, as they affect various biological
processes leading to initiation and promotion of cancer development (Figure 1.3).

FIGURE 1.3. Effect of PAHs on biological processes leading to the development of cancer.

Carcinogenesis related biological processes affected by PAHs
As mentioned before, an important property of PAHs is their ability to bind to the Ahreceptor and thereby induce the expression of several genes for enzymes involved in
metabolism of xenobiotic compounds, such as several members of the Cytochrome
P450 family (20). These enzymes are among others involved in metabolism of PAHs to
their DNA-reactive intermediates, and may also induce oxidative stress and DNA
damage. This is summarized in Figure 1.2.
Induction of DNA damage can initiate the cell to develop into a tumour. However,
protective mechanisms of the cell can prevent the damaged cell to develop into a
tumour cell. Fixation of DNA damage induced by PAHs can be prevented by activation of ATM and ATR proteins which signal downstream to CHK1 and CHK2 pro-
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teins and p53. Activation of this pathway will lead to cell cycle arrest and thereby
allowing the cell to repair DNA damage. If the PAH-induced DNA-damage is too
high to be repaired, p53 triggers the induction of apoptosis, and at even higher doses
necrosis will occur (21,22). Thereby a fixation of the DNA-damage and a possible start
of tumour initiation is prevented. Blocking these DNA-damage pathways may lead to
tumour development.
As an initiated cell can only develop into a tumour if proliferation is induced and
differentiation inhibited, effects on these processes may progress tumour development.
Inhibition of intercellular communication for initiated cells, reduces the growth suppression by surrounding cells. By increased proliferation the initiated cell can develop
into a tumour. PAHs have been shown to affect these processes (18,23,24). Also,
PAHs may increase nutrient availability for pre-tumoric cells and thereby providing the
cells with nutrients to grow and develop into a tumour (25,26).

PAH air pollution and cancer
The induction of cancer by PAHs has first been shown through occupational exposure
(coke oven workers and chimney sweepers) (5). In 1915 was found that PAHs are
responsible for these carcinogenic effects (5,27), by the tumour induction at application sites in rabbits. The main target organ for PAH induced carcinogenesis seems to
be the lung, but also cancer of the bladder, skin, larynx and kidney occurs, mainly after
occupational exposure (28). In the 1980s, it has been estimated that in Sweden 4% of
all lung cancer cases could be contributed to air pollution, while recently air pollution
was estimated to increase lung cancer risk by 8% (29). This can mainly be attributed to
PAHs. However, due to restriction on burning of fossil fuels and on emission of air
pollutants and due to changes in composition of car fuels, the PAH concentrations in
the air are decreasing (1).
Carcinogenic potency of PAHs
Since PAHs cover such a wide range of different compounds, knowing the relative
carcinogenic potency of each compound can be valuable for estimating the risk associated with PAH exposure. Of all PAHs, most research has been done on
benzo[a]pyrene (B[a]P). B[a]P is often used as a reference compound in studies to
which the effects of other PAHs are related to B[a]P. For instance, tumour induction
by several PAHs has been assessed and expressed relative to B[a]P. This is called a
Toxic Equivalency Factor (TEF), and expresses the carcinogenic potency of a PAH
relative to B[a]P (30). Another ranking for PAHs is substantiated by the Potency
Equivalency Factor (PEF), which additionally includes data from carcinogenicity tests
(31), and also expresses the carcinogenic potency of PAHs relative to B[a]P. However,
the suitability of B[a]P as a reference compound to estimate the risks of exposure to
PAH mixtures has been questioned, since risk assessment of PAHs is mostly based on
the exposure of coke-oven workers. The composition of emissions from other sources

12

GENERAL INTRODUCTION
differs from coke-oven emissions. B[a]P, for instance, is a major component in cokeoven emissions but only has a minor contribution in environmental air (5). Also, the
use of B[a]P TEFs was found to be imperfect, since the carcinogenic risk of PAH
mixtures is highly dependent on the exposure route (32).
Some PAHs are highly mutagenic, but were unable to induce carcinogenesis by their
lack in promoting abilities. Other PAHs are good promoters but lack an initiation
activity and are thereby not cancerous. It has been suggested that mutagenic potency
reflects the cancer initiation potency, whereas binding to the Ah-receptor reflects the
promotive effects of PAHs (4).
Effects of PAH Mixtures
As exposure to PAHs usually occurs in mixtures, it is important to study not only the
effects of individual compounds, but also to assess the effects of mixtures. In theory
many interactions between two or more compounds may exist. Mostly, the interaction
is based on a biological endpoint, like tumorigenesis. Firstly, compounds may show
additivity, which means that the effect of the mixture equals the sum of the compounds individually. Secondly, mixtures of compounds may show antagonism, in
which one compound suppresses the effects of the other compound, resulting in a
lower effect than additivity suggests. And finally, mixtures may show synergism, in
which the effects of a mixture is enhanced compared to the summed effects of the
individual compounds (33).
The TEF approach (see also Carcinogenic potency of PAHs) is often used for assessing the toxic potencies of PAH mixtures. However, this approach does not take into
account the interactive effects PAHs may elicit, as it assumes additivity. For instance,
when a mixture consists of a PAH which is able to bind to the Ah-receptor and induce
the expression of biotransformation enzymes, together with a PAH that is not able to
induce these enzymes, the result may be increased metabolism of the non-inducing
PAH. This would imply an increased carcinogenic potency of non-Ah-receptor binding PAHs. Also, mixtures consisting of a PAH with initiating properties and a PAH
with promoting properties might show synergistic effects on tumour formation. On
the other hand, Cherng et al (34) have shown that mixtures of an Ah-receptor binding
PAH with a non-Ah-receptor binding PAH show lower induction of CYP1A1 than
expected based on additivity. This would imply a lower carcinogenic potency than
expected (antagonism). However, only little is known about the interactive effects of
PAHs and the molecular mechanisms occurring at PAH-mixture exposure. Most
previous research suggest an additive or slightly antagonistic response of complex
PAH mixtures.

13

CHAPTER 1

TARGET ORGANS
Lung

PAH exposure and lung
As mentioned above, the first organ that is exposed to the PAHs in the air is the lung.
Therefore the lung may be exposed to high concentrations of PAHs. Since lung tissue
expresses high levels of several biotransformation enzymes which are important for
PAH metabolism, PAHs can be metabolised in the lung and thereby cause their toxic
effects. These biotransformation enzymes are inducible in lung tissue (35), which
makes these cells more susceptible for adverse PAH effects. This makes the lung an
interesting tissue to study PAH-induced effects, like carcinogenicity.

Histology and function
The lung is the essential respiration organ, whose principal function is to transport
oxygen from the air into the bloodstream, and to excrete carbon dioxide from the
bloodstream into the air. This exchange of gasses is accomplished in specialized cells
that form millions of tiny, exceptionally thin-walled air sacs called alveoli. Figure 1.4
shows a schematic overview of the alveoli.

FIGURE 1.4. Schematic overview of the alveoli (based on
http://www.lab.toho-u.ac.jp/med/physi1/respi/respi4,5/respi4,5.html).

When breathing all air passes the bronchi and bronchioles before reaching the respiratory zone. Mucus is secreted by cells of the bronchi and bronchioles and serves to trap
small particles in the inspired air and thereby performs a filtration function. As a result
of this filtration function, particles larger than about 6 µm do not normally enter the
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respiratory zone of the lungs. The cleansing action of cillia and macrophages (nonspecific immune cells) in the lungs is diminished by cigarette smoke (36).
Via the terminal bronchioles and respiratory bronchioles, the bronchiles transition into
the alveoli. The joint surface area of the alveoli is enormous. The walls of the alveoli
which separate air and blood are extremely thin, a property which contributes to the
rapid and efficient exchange of gases. This of course implies that any gaseous pollutants in the inhaled air can also be absorbed quickly and efficiently (37). The alveoli are
lined with type I and type II pneumocytes. Gaseous exchange takes place via type I
pneumocytes. Type II pneumocytes produce pulmonary surfactant and contain a
considerable amount of biotransformation enzymes. In case of damage to the alveolar
epithelium, regeneration takes place by proliferation of type II pneumocytes. Another
cell type present in the alveoli is the clara cell, which main function is to protect the
bronchial epithelium. Clara cells and type II pneumocytes are responsible for detoxifying harmful substances inhaled into the lungs, by their expression of high levels of
biotransformation enzymes (38).
Liver

PAH exposure and liver
Another organ of interest is the liver, which is the most important organ in biotransformation of xenobiotic compounds. Not only compounds ingested through food are
passing the liver and can be metabolized before they enter the rest of the body, but
also compounds entering through other routes (through the lung) will pass the liver
and can be metabolized (see Histology and function). By first passing the liver, the
liver plays an important role in preventing the rest of the body to be exposed to
xenobiotics and damaging agents.
Like for other xenobiotic compounds, the liver also participates in the metabolism of
PAHs independently of the route of entry for PAH exposure (5). Also, DNA adducts
have been found in liver as well as in other organs after exposure to B[a]P (39). As
PAHs are bioactivated, it is believed that primarily formed metabolites, or the ultimate
reactive intermediates, are formed in the liver and subsequently released into the
extrahepatic tissues (40). This suggests an important role for the liver in PAH mediated
carcinogenesis.

Histology and function
Liver is the largest intestinal organ, and lies immediately beneath the diaphragm in the
abdominal cavity. It plays a major role in metabolism and has a number of functions in
the body including glycogen storage, plasma protein synthesis, and biotransformation.
All compounds that are absorbed in the intestine are transported to the liver through
the portal vein, and thereby the liver is the first organ exposed to compounds from

15

CHAPTER 1

food. The liver also produces bile, which is important in digestion of food in the small
intestine. A schematic diagram of the liver is shown in Figure 1.5.

FIGURE 1.5. Schematic overview of the liver (41).

Liver cells, or hepatocytes, form hepatic plates that are one to two cells thick. The
plates are separated from each other by large capillary spaces, called sinusoids. The
sinusoids are highly permeable and lined with phagocytic Kupffer cells, which play a
role in removing xenobiotics and debris from the blood by phagocytosis. The plate
structure of the liver and the high permeability of the sinusoids allow each hepatocyte
to have direct contact with the blood (42).
The hepatic plates are arranged into functional units called liver lobules. The middle of
each lobule is a central vein, and at the periphery of each lobule are branches of the
hepatic portal vein and of the hepatic artery, which opens into the sinusoids between
the hepatic plates. The central veins of different liver lobules converge to form the
hepatic vein, which carries blood from the liver to the inferior vena cava (42).
Liver lobules are surrounded by Kiernan’s spaces, which is a triangular connective
tissue space containing the portal triad, where a branch of the portal vein, a branch of
the hepatic artery and a bile ductile meet. Such spaces of Kiernan also contain lymph
vessels (41).
The hepatocytes can be divided into 3 zones, going from zone 1 at the portal vein to
zone 3 at the central vein. Zone 3 receives blood which already contains exchange
products from zones 1 and 2. Zone 2 is a transitional area between zones 1 and 3. It is
obvious that zone 3 is mostly affected by circulatory (ischemia, anoxemia, congestion)
16

GENERAL INTRODUCTION
and nutritional disorders. The cells of zone 1 are active primarily in glycolysis and
glycogen metabolism, the glucuronidation of xenobiotics, the pinocytosis of nutrients,
the metabolism of proteins and the formation of plasma proteins. In addition, they are
probably also active in the secretion of bile salts in the plasma. In comparison to zone
3, this zone has wider bile canaliculi, and contains more mitochondria and less smooth
endoplasmatic reticulum (SER).
Important functions of zone 3 are the storage of glycogen and the formation of fat and
pigments. Chemical substances are metabolized in the liver via oxidation or reduction.
The oxidative enzymes need oxygen and NADPH or NADH. The NADPH and
NADH reductase reactions take place primarily in the cells of zone 3. Zone 3 cells
contain an ample amount of SER with mixed function oxidases (cytochrome P450
enzymes), and express higher levels of both Phase I and Phase II enzymes than the
other zones (43). The liver can remove hormones, drugs, xenobiotics and other biologically active molecules from the blood by (1) excretion of these compounds in the
bile, (2) phagocytosis by the Kupffer cells that line the sinusoids, and (3) biotransformation of these molecules within the hepatocytes (42).

In vitro and in vivo liver models
In order to study the effects of toxic compounds on different organs in humans,
various models are used, which can be divided in in vitro (cell and organ cultures) and in
vivo models (animal models). Most often in vivo animal models better resemble the in
vivo human situation; however, in vitro models can be more easily studied and are
valuable for gaining insight into the in vivo situation. Two commonly used in vitro
models for liver will be discussed, namely a human hepatoma cell line (HepG2) and
precision-cut rat liver slices (or liver slices).
The advantage of an in vitro cell system is that effects on the tissue of interest can be
studied, without ethical considerations of an animal experiment and with higher
throughput. Although the effect of compounds on the tissue is studied without the
interactive effect of other organs or cells, in vitro models are valuable for gaining insight
into mechanistic aspects.
As metabolism is important to study the effects of xenobiotic compounds, like PAHs,
it is important that in vitro models express biotransformation enzymes (metabolically
competent) and that the expression of these enzymes is under similar control as in vivo.
Both HepG2 cells and liver slices are able to metabolize PAHs, indicating that biotransformation enzymes are active in these cells (44-46). Furthermore, B[a]P exposure
also modulated gene expression in HepG2 cells, including genes involved in biotransformation (47). In addition it was shown that other mutagens are also activated by
HepG2 cells (48). In other studies using rat liver slices metabolism of xenobiotics was
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proved (49), and induction of DNA adduct formation after B[a]P exposure was shown
(50). Therefore, both models are suitable to study the effect of PAHs.
Many studies have been done on the comparison between in vitro cell models, and on
the comparison with in vivo data. Wilkening et al (51) studied the differences between
HepG2 cells and freshly isolated human hepatocytes. Although, they found that freshly
isolated hepatocytes are more sensitive towards the mutagens tested and HepG2 cells
expressed biotransformation enzymes at a lower rate, the effects upon xenobiotic
exposure on gene expression and enzyme activities are generally similar. A comparison
between liver in vivo, liver slices and freshly isolated hepatocytes on gene expression
was done by Jessen et al (52), who found that both in vitro systems show in generally a
higher than 80% concordance with in vivo liver, although the compound-induced
changes were less in vitro than in vivo. Furthermore, both in vitro systems showed good
similarity in response. Boess et al (53), found that in primary rat hepatocyte cultures,
gene expression changes most rapidly soon after cell isolation and culture initiation and
stabilizes with time, among others leading to lower levels of biotransformation enzymes. As in vitro cells systems generally show similar responses, both the HepG2 cell
line and precision-cut rat liver slices are suitable for our studies on PAHs.

MICROARRAY TECHNOLOGY IN TOXICOGENOMICS
Microarray technology
Microarray technology provides the opportunity to assess the differential gene expression of large numbers of genes simultaneously by comparing levels of mRNA. Microarrays are glass slides onto which DNA probes (either cDNA probes or oligonucleotides) are printed, as shown in Figure 1.6. Each probe is specific for a single gene.
Microarray slides may contain hundreds to thousands of different probes. To assess
gene expression modulation by treatment of cells with a chemical compound, the level
of expression after treatment should be compared to a control or reference. To do so,
RNA is isolated from test and reference samples and reverse transcribed into cDNA.
The cDNA may be labelled with a fluorescent dye during transcription, or labelling
may done afterwards. In several microarray systems a two dye design is used (54,55),
though the application of a single dye or more than two dyes is also possible. In case
of a two dye system, the test sample and reference sample are labelled with a different
dye to distinguish between RNA from test and from reference sample. Equal amounts
of both samples are applied on a microarray slide and hybridized with the probes.
Each cDNA molecule hybridizes with the target probe for that gene. In order to
determine the amount of labelled cDNA bound to the probes, the slides are scanned
with lasers (each one corresponding to a specific dye). The intensity of the fluorescent
signal of that spot is a measure for the number of RNA copies for that gene. By
comparing intensities for each spot between dyes, a ratio for the RNA copies of a gene
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between control and experiment can be obtained. This ratio reflects the increase or
decrease of gene expression in response to the treatment.

FIGURE 1.6. Schematic representation of gene expression analysis by DNA microarrays.

Microarray applications in toxicogenomics
Microarray technology in toxicological studies can result in insight on several levels.
Altered transcription and translation of mRNA can result in altered protein levels and
thereby altered biological processes. As many biological processes can be regulated on
the level of gene expression, microarray technology creates the opportunity to assess
many biological processes simultaneously. Thereby, microarray technology can be
useful in studying the effects of compounds on a wide range of processes.
This technology may be useful in assessing differences in carcinogenic potency of
PAHs. The general overview of changes in gene expression patterns, or “transcriptomic fingerprints”, can be used to classify carcinogenic and non-carcinogenic compounds. It has been shown previously that gene expression analysis indeed can be used
for classification of compounds on their genotoxic properties and insights could be
obtained about mechanisms (47,56). As the changes in gene expression upon exposure
to a compound also gives information on altered biological processes, these could be
related to carcinogenic potency of a compound (57,58). Thereby application of microarrays in toxicological studies may be useful for obtaining predictive as well as
mechanistic information on PAH carcinogenic potency (59).

19

CHAPTER 1

PROPERTIES OF SELECTED PAHS
PAHs differ in their carcinogenic and mutagenic potencies and in their occurrence in
the air. Here, this will be discussed for six PAHs, namely benzo[a]pyrene (B[a]P),
benzo[b]fluoanthene (B[a]F), fluoranthene (FA), dibenzo[a,h]anthracene (DB[a,h]A),
dibenzo[a,l]pyrene (DB[a,l]P) and 1-methylphenanthrene (1-MPA). Table 1.1 shows
data on carcinogenic and mutagenic potency and the occurrence in the air for these
PAHs. Their chemical structures are shown in Figure 1.7. Some of these compounds
are highly carcinogenic, like DB[a,l]P, though have a low occurrence in ambient air,
whereas compounds like 1-MPA have a low carcinogenic potency and a high occurrence in the air. Furthermore, binding to the Ah-receptor does not necessarily correlate
with carcinogenic potency. Whereas DB[a,h]A has a high carcinogenic potency and
relatively high affinity for the Ah-receptor, DB[a,l]P also has a high carcinogenic
potency but a relatively low affinity for the Ah-receptor. Diversity in properties of the
selection of PAHs may help to relate the effects of these compounds, on for example
gene expression, to the known properties, like carcinogenic potency.
TABLE 1.1. Data on carcinogenic potency, mutagenic potency, occurrence in the air and Ah-receptor
binding for the six selected PAHs.
Occurrence
Mutagenic
Carcinogenic
Ah-receptor
in air
potency
potency 1
binding2

Benzo[a]pyrene

++

++

1.0

1.0

Benzo[b]fluoranthene

+++

++

0.1

0.24

Fluoranthene

+++

++

0.001

0.0047

Dibenzo[a,h]anthracene

+

++

5.0

7.64

Dibenzo[a,l]pyrene

?

+++

10

0.0057

+++

+

0.001

N/A

1-methylphenanthrene
1

= Toxic Equivalency Factor, TEF (3,30,31,60); 2 = Induction Equivalency Factor, IEF (61)

The International Agency for Research on Cancer (3,60) classified PAHs and several
other compounds according to their carcinogenic potential. B[a]P is classified as being
probably carcinogenic to humans (group 2A), so is DB[a,h]A. DB[a,l]P and B[b]F are
classified in group 2B, which are compounds possibly carcinogenic to humans. FA and
1-MPA are classified in group 3, which are the compounds being unclassifiable as to
carcinogenicity in humans. However, many of these compounds have shown to induce
tumours in rodents, and may have effects on different stages of carcinogenesis. FA was
found to induce tumours in a mouse bioassay (62), but is thought to be inactive as a
full carcinogen. 1-MPA was found to have a high mutagenic activity in bacteria, but did
not induce tumour formation (63), indicating that this compound might be a good
20

GENERAL INTRODUCTION

initiator of carcinogenesis, but a poor promoter. Both FA and 1-MPA are classified as
being weakly carcinogenic. However, since PAH mixtures in the air also contain
promoters of carcinogenesis, these compounds may contribute to the effects of airborne PAHs on carcinogenesis.
The carcinogenic potency of PAHs may vary according to the level of exposure.
DB[a,h]A was found to have a higher carcinogenic potency (TEF) at low concentrations than at high concentrations (30). Carcinogenic potency may also vary across
mouse and rat strains and between organs, but in general, the tumour induction relative to B[a]P is similar (64). Therefore, the relative carcinogenic potency of PAHs
(Toxic Equivalency Factor (TEF) and Potency Equivalency Factor (PEF)) might be a
useful approach to classify PAHs.

Benzo[a]pyrene

Benzo[b]fluoranthene

Dibenzo[a,h]anthracene

Dibenzo[a,l]pyrene

Fluoranthene

1-methylphenanthrene

FIGURE 1.7 Chemical structures of six PAHs with their Bay and Fjord regions.

B[a]P is the most extensively studied PAH and is a full carcinogen causing local and
systemic carcinogenic effects (3). B[a]P is also embryotoxic and teratogenic in mice
(60). Human exposure to B[a]P occurs primarily through the smoking of tobacco,
inhalation of polluted air and by ingestion of food and water contaminated with
combustion effluents.
B[b]F is present as a major compound of the total PAHs in the air and induces DNA
adduct formation and mutations in mouse lung (3,60,65). B[b]F also induced lung

21

CHAPTER 1
adenoma formation in mice in a dose dependent manner but forms fewer tumours
compared to B[a]P (64).
1-MPA is present in the air in relatively high concentrations. 1-MPA is inactive as an
initiator of carcinogenesis, but was found to be mutagenic to Salmonella typhimurium
(60,63).
DB[a,l]P is one of the most potent PAHs in inducing carcinogenesis and has been
identified in several sources. It is present in the air is at relatively low concentrations.
DB[a,l]P is considered an in vivo mutagen on the basis of in vitro mutagenicity tests and
DNA adduct formation in vivo. Its tumourigenicity has been demonstrated in a number
of studies conducted in rodents (66). Main target of DB[a,l]P carcinogenicity is the
mammary gland (67).
DB[a,h]A has been identified as a minor compound in many sources, like coal tar,
soots, coke oven emissions and cigarette smoke and it is associated with human cancer.
Noteworthy, the carcinogenic potency of DB[a,h]A varies with the route of administration and the dose, and has been reported to be up to 10 times more potent then
B[a]P (64,66). DB[a,h]A is considered to be equally carcinogenic to B[a]P at high
concentrations, but to be on average 5 times more carcinogenic at low concentrations.
FA is found in relatively high concentrations in the air and increases lung and liver
tumours in neonates after i.p. injection in a dose-dependent manner (62,68). However,
FA did not show evidence of tumour initiating activity in experimental animals (60).
FA down-regulates intracellular communication (69), which suggests that FA may be a
tumour promoter and not an initiator (44).

OBJECTIVES AND OUTLINE OF THE THESIS
Aim of the thesis
As human exposure to PAHs occurs daily, it is important to be able to estimate the
human cancer risks due to PAH exposure. Many different PAHs are present in the
ambient air, and, although structurally alike, they can differ greatly in their carcinogenic
potency. Although many data on the carcinogenic effects of PAHs are available for a
selected number of PAHs, only limited information is present on many other PAHs. It
is still unclear why some PAHs are carcinogenic whereas other PAHs are not. PAHs
are known to directly and indirectly affect the expression of many genes, and gene
expression profiling is nowadays considered an important tool for predictive and
mechanistic toxicology. It can be hypothesized that PAHs with different carcinogenic
potency will also differ in the gene expression profiles they induce in cells and organs.
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Therefore, this thesis aims to apply gene expression profiling in order to provide a
rational for improving current risk assessment for ambient air PAHs.
As global gene expression profiles reveal the effects of compounds on many different
processes simultaneously, gene expression analysis may be useful in revealing differences on several biological processes and may gain insight into the mechanisms of
carcinogenicity of PAHs. So we first assessed gene expression profiles of PAHs induced in in vitro liver models, and related these profiles to the carcinogenic potency of
PAHs. Also, the expression of one or more genes might be predictive for the carcinogenic potency of PAHs, which could be important in risk assessment of PAHs.
Secondly, in order to gain insight into the mechanisms and biological processes involved in PAH carcinogenicity in vivo, we assessed gene expression profiles of PAHs at
doses inducing equal levels of mutations. Carcinogenic potency differs between PAHs,
and as mutations are the initiating effect of carcinogenesis, we aim to find similarities
and differences in gene expression modulation by PAHs at equally mutagenic doses.
Exposure to PAHs occurs mainly in mixtures (30,31), and it is mostly unclear whether
different PAHs affect the effects of other PAHs. Our last aim was to gain insight into
the interactive effects between PAHs that occur on gene expression. Gaining insight
into the interactive effects occurring in PAH mixtures might help to improve cancer
risk assessment of PAHs.
Outline of the thesis
First a method was developed for using four different dyes instead of the commonly
used two dyes in microarray analyses (Chapter 2). By this new method we aimed to
increase throughput and reduce costs, without limiting the data. This method is applied
in Chapters 3, 4, 5 and 6. Chapters 3 and 4 describe the gene expression modulation
and DNA adduct formation in respectively HepG2 cells and rat liver slices exposed to
six PAHs described previously. We investigated whether gene expression profiling can
be discriminative for their carcinogenic potencies. In Chapter 5 the effects of the four
most carcinogenic PAHs on gene expression modulation in lung and liver of mice was
assessed, and related to the mutagenic potency of the compounds. Chapters 5 and 6
focus on the effects of binary PAH mixtures in HepG2 cells and rat liver slices respectively. The effects of mixtures on gene expression modulation and DNA adduct
formation were compared to the effects of the individual compounds, in order to
assess the interaction between PAHs in the mixture.
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ABSTRACT
DNA microarrays are widely used in gene expression analyses. To increase throughput
and minimize costs without reducing gene expression data obtained, we investigated
whether four mRNA samples can be analyzed simultaneously by applying four different fluorescent dyes. Following tests for cross-talk of fluorescence signals, Alexa 488,
Alexa 594, Cyanine 3 and Cyanine 5 were selected for hybridizations. For selfhybridizations, a single RNA sample was labelled with all dyes and hybridized on
commercial cDNA arrays or on in-house spotted oligonucleotide arrays. Correlation
coefficients for all combinations of dyes were above 0.9 on the cDNA array. On the
oligonucleotide array they were above 0.8, except combinations with Alexa 488, which
were approximately 0.5. Standard deviation of expression differences for replicate
spots were similar on the cDNA array for all dye combinations, but on the oligonucleotide array combinations with Alexa 488 showed a higher variation. In conclusion,
the four dyes can be used simultaneously for gene expression experiments on the
tested cDNA array, but only three dyes can be used on the tested oligonucleotide
array. This was confirmed by hybridizations of control with test samples, as all combinations returned similar numbers of differentially expressed genes with comparable
effects on gene expression.
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INTRODUCTION
DNA microarray technology is widely used for gene expression analysis studies (1-5),
as it is a high throughput technique by which the expression of all genes in a whole
genome can be studied in a single assay. For many microarrays, the probe consists of
cDNA or oligonucleotides spotted on a glass slide, and the target is fluorescent labelled cDNA (or cRNA). Both direct as well as indirect labelling protocols are applied:
either, one target cDNA or cRNA is labelled with a single dye and hybridized on a
microarray slide, or two targets are labelled with two different dyes, one for the reference and one for the test sample, and co-hybridized on a microarray slide. In dual label
experiments, most often Cyanine 3 (Cy3) and Cyanine 5 (Cy5) are used as fluorescent
dyes, although other dyes have been suggested (6). In this way differential expression
for thousands of genes between two different RNA samples can be measured simultaneously. Usually these experiments are time consuming, and, because microarray slides
and fluorescent labels are expensive, the experiments are also high in costs. Moreover,
several replicates need to be performed to increase statistical significance and to detect
small differences in gene expression (7,8).
The application of four different dyes to label targets would be a major advantage as
fewer microarrays will be required, leading to a reduction of costs and time without
compromising gene expression data. A larger number of samples can be compared
directly on a single microarray by labelling with more dyes, suggesting that fewer arrays
will be required and that the hybridization design can be further optimized (9,10). For
instance, in the case that four samples need to be compared in all combinations, a
dual-label common reference design requires four arrays for a single analysis of each
sample, whereas a four-label design would require no common reference because all
samples can be hybridized on a single array and only one array for a single analysis of
each sample is needed. This will reduce variation, since variation between signal intensities for two dyes on a single spot is much smaller than variation between spots on
different arrays (11). Furthermore, day to day variation is reduced since it is possible to
achieve more hybridizations on the same day (12). In toxicogenomics assessments, as
well as in other research areas, the approach to use multiple dyes can be of high value
as it allows comparing several exposure conditions or time series simultaneously.
Forster et al (13) were the first to study the feasibility of using a third dye (Alexa 594)
for labelling in microarray based gene expression analyses. Although they found that
Alexa 594 gave a small signal in the Cy3 channel during scanning and Cy3 gave a small
signal in the Alexa 594 channel, they concluded that Alexa 594 could be used besides
Cy3 and Cy5 for direct comparison of two experimental samples and measuring these
samples in relation to a reference sample.
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The goal of our study was to investigate whether more than three different fluorescent
dyes can be applied in gene expression studies using DNA microarrays. This was
studied using microarrays with cDNA and oligonucleotide probes by hybridizing with
a single sample labelled with four dyes (a quadruple self-hybridization or further stated
as self-hybridization). Self-hybridization experiments are useful for measuring microarray data variability since any deviation from the expected value of 0 (for log transformed data) is caused by systemic or technical variation (13,14). We also studied the
application of more than two dyes for gene expression changes caused by exposure of
cells to benzo[a]pyrene, to verify that the new dyes can be applied simultaneously in
microarray studies. In the present study, we demonstrate that on our cDNA arrays
four dyes can be applied, but that hybridization on the oligonucleotide arrays should be
restricted to three dyes.

MATERIALS AND METHODS
Cross-talk analysis of fluorescent dyes
Two ARES™ Alexa fluor® dyes (Alexa 488 and 594) (Molecular Probes, Leiden, The
Netherlands) and conventionally used Cyanine3 (Cy3) and Cyanine5 (Cy5) (Amersham
Biosciences, Uppsala, Sweden) were tested for cross-talk of excitation / emission
signals. All dyes were dissolved according to the producer’s manual and applied on a
glass slide. The slide was scanned with a ScanArrayExpress microarray scanner (Packard BioChip Technologies, Perkin Elmer life sciences, Boston, USA) with laser wavelengths for Alexa 488, Cy3, Alexa 594 and of 488, 543.8, 594 and 632.8 nm respectively, and emission filter of 522, 570, 614 and 670 nm respectively. The images were
analyzed with ImaGene (BioDiscovery, USA). Fluorescence of each dye at the scanning settings of all tested dyes was measured and four dyes were selected for further
use (see Results).
Source of RNA samples
RNA was isolated from cultured HepG2 cells or from rat liver or precision-cut liver
slices and used for the microarray hybridizations. HepG2 cells were cultured in Minimal Essential Medium (MEM) supplemented with 1% non-essential amino acids, 1%
sodium-pyruvate, 2% penicillin/streptomycin and 10% Foetal Bovine Serum (all from
Gibco/BRL, Breda, The Netherlands) in T25 culture flasks at 37˚C and 5% CO2.
HepG2 cells were exposed to 3, 10 or 30 µM of Benzo[a]pyrene (B[a]P, from SigmaAldrich, the Netherlands) and a vehicle control (DMSO) during 6 hours in two independent experiments. DMSO concentration in de cell culture media was 0.1%. After
exposure, media was removed and 1 ml Trizol (Gibco/BRL, Breda, The Netherlands)
was immediately added to the cells.
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A male Wistar albino rat (200 g) was killed by cervical dislocation, and the liver after
removal, was snap frozen in liquid nitrogen and stored at -80˚C. Liver tissue (8.6 g)
was crushed using a mortar and pester. An amount of 0.05 g crushed liver tissue was
dissolved in 1 ml Trizol reagent. Additionally, precision-cut liver slices were obtained
by using a Krumdieck tissue slicer (15). Cylindrical liver cores with a diameter of 8 mm
were sliced into 250 µm thick slices. In the two independent experiments, slices were
exposed to 3, 10 or 30 µM BaP or a solvent control (DMSO 0.067%) during 24 hours.
After exposure, slices were snap frozen in liquid nitrogen and RNA was isolated in a
manner similar to that of the whole liver tissue.
RNA isolation and cDNA synthesis
RNA was isolated from the Trizol solutions according to the producer’s manual and
purified with the RNeasy mini kit (Qiagen Westburg bv., Leusden, The Netherlands).
RNA quantity was measured on a spectrophotometer and the quality was determined
on a BioAnalyzer (Agilent Technologies, Breda, The Netherlands). Only RNA samples
which showed clear 18S and 28S peaks were used for labelling and hybridization. In
order to generate sufficient large uniform samples for the multiple self hybridizations,
RNA samples from several isolations were pooled.
RNA was reverse transcribed into cDNA in quadruplicate with amino-allyl labelled
dUTP (Sigma-Aldrich, St Louis, USA) and subsequently labelled with one of the dyes
(based on Van Delft et al (16)). For each sample, a mixture of 10 µg of RNA and 6 µg
of random hexamer primers were incubated in 18.5 µl at 70˚C for 10 minutes and snap
frozen on dry ice / ethanol for 30 seconds. Thereafter DTT (final concentration 10
mM), 0.5 mM dATP, dCTP and dGTP, 0.3 mM dTTP, 0.2 mM 5-(3-amino-allyl)2’deoxyuridine-5’-triphosphate (aa-dUTP), and 400 U Superscript II reverse transcriptase (Invitrogen, Life Technologies, Breda, The Netherlands) were added to a final
volume of 30.1 µl and incubated overnight at 42˚C. RNA was hydrolyzed by adding 10
µl of 1M NaOH and 10 µl of 0.5M EDTA followed by an incubation of 15 minutes at
65˚C. To neutralize, 10 µl of 1M HCl was added. cDNA samples were purified to
remove unincorporated amino-allyl dUTP and buffers using a QIAquick PCR Purification Kit (Qiagen Westburg bv., Leusden, The Netherlands) according to the producer’s
manual. However, in order to eliminate interference of amines during labelling, buffers
were substituted by phosphate buffers (wash buffer: 5 mM KPO4 pH 8.0, 80% ethanol; elution buffer: 4 mM KPO4 pH 8.5). The sample was eluted in duplicate using 30
µl elution buffer and dried in vacuo. Following amino-allyl labelling, cDNA targets
were resolved in 4.5 µl of 0.1M Na2CO3 pH 9.0 and 4.5 µl of a 2.25 µM of Cy TM5 or
CyTM3 Monofunctional Reactive Dye esters (Amersham Biosciences, Uppsala, Sweden)
was added. Samples were incubated in the dark at room temperature for 1 hour.
Targets to be labelled with Alexa dyes were resolved in 5 µl of MilliQ, 3 µl of labelling
buffer (Sodium bicarbonate, prepared according to the producers’ manual) and 2 µl of
a 6.3 µM of ARES™ Alexa Fluor® (Molecular Probes, Leiden, The Netherlands)
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(dissolved in DMSO according to the producers’ manual) was added. The sample was
incubated for 1 hour in the dark at room temperature. After incubation 35 µl of 100
mM NaAc pH 5.2 was added to the Cy-labelled targets and 90 µl MilliQ was added to
the Alexa labelled targets. The samples were purified using a QIAquick PCR Purification Kit (Qiagen Westburg bv, Leusden, The Netherlands) to remove unincorporated
dyes. To the rat liver targets, additional 4 µl of 100 U/ml Poly-dA (Amersham Biosciences, Uppsala, Sweden) and 3 µl of 1 mg/ml mouse Cot1-DNA (Invitrogen, Breda,
The Netherlands) were added to block an unspecific binding of the targets to the array.
The targets were dried in vacuo.
Microarray hybridizations
HepG2 targets were hybridized to the PHASE-1 Microarray Human-600 (PHASE-1
Molecular Toxicology, Santa Fe, USA), containing 597 sequence verified cDNA clones
from human genes, representing a number of toxicologically relevant, as well as control, genes, each printed in quadruplicate. Hybridization and washing was done according to the producer’s manual as previously described [15]. The labelled cDNA target
was dissolved in 30 µl hybridization buffer (50% formamide, 5x SSC, 0.1% SDS, 0.1
mg/ml Salmon Sperm DNA) and incubated for 15 minutes in the dark at room temperature. The target was denatured by heating for 5 minutes at 95˚C, centrifuged for 3
minutes at maximum speed, and placed in a heat block at 70˚C until further use. The
target (28 µl) was applied on the cover slip (24x32mm) and the microarray was placed
on top of the cover slip. The slide was hybridized overnight in a humidified hybridization chamber (Corning, Life Sciences, The Netherlands) in a water bath at 42˚C. After
incubation, the slide was placed in wash buffer (2x SSC, 30-34˚C)
˚ to remove the cover
slip, and washed 5 minutes in 2x SSC / 0.1% SDS, 5 minutes in 0.1x SSC / 0.1% SDS,
2 times 5 minutes in 0.1x SSC at 32ºC, and 1 minute in MilliQ all at room temperature.
The slide was centrifuged to dry.
Rat liver targets were hybridized on an Operon rat oligonucleotide array containing
5700 oligonucleotides (Operon, Qiagen, Venlo, The Netherlands) printed in triplicate
on Corning UltraGAPS Coated Slides (Corning Life Sciences, New York, USA) by the
Genome Centre Maastricht (Maastricht University, Maastricht, The Netherlands).
Hybridization and washing was done according to Corning’s protocol for oligonucleotide arrays. The labelled cDNA target was dissolved in 65 µl hybridization buffer (30%
formamide; 5x SSC; 0.1% SDS) and incubated for 15 minutes in the dark at room
temperature. The target was denatured by heating for 5 minutes at 95°C, centrifuged
for 2 minutes at maximum speed, and kept at room temperature until further use. The
microarray slide and cover slip (24x60mm) were prehybridized for 45 minutes in
preheated prehybridization buffer (5x SSC; 0.1% SDS; 1% BSA) at 42˚C. Slides and
cover slips were washed several times in MilliQ followed by dipping in isopropanol
and centrifugation to dry. The target (60 µl) was applied on the cover slip and the
microarray was placed on top of the cover slip. The slide was hybridized overnight in a
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humidified hybridization chamber (Corning, Life Sciences, The Netherlands) in a water
bath at 42˚C. After incubation, the slide was placed in wash buffer (2x SSC / 0.1%
SDS) at 42˚C to remove the cover slip. The slide was washed for 2 times 5 minutes in
2xSSC / 0.1% SDS at 42°C, 2 times 10 minutes in 0.1x SSC / 0.1% SDS at room
temperature and 4 times 1 minute in 0.1x SSC at room temperature. The slide was
centrifuged to dry.
Microarray data analysis
The microarray slides were scanned on a ScanArrayExpress (Packard Biochip Technologies, Perkin Elmer life sciences, Boston, USA). All four channels were scanned at
several different settings for laser power and / or photo multiplier tube (PMT Gain).
Settings were optimized such that the signal of the highest fluorescent spots is just
below the maximum measurable level. Laser power settings were set at 100% and PMT
Gain was adjusted, unless otherwise stated. The images (10 micron resolution; 16 bit
tiff) were processed with ImaGene 5.0 software (Biodiscovery Inc., Los Angeles, USA)
to quantify spot signals. Irregular spots were manually or automatically flagged and not
included in the data analysis.
For the self-hybridizations, data from ImaGene were exported to Microsoft Excel
(Microsoft, USA) for transformations and analysis. For each spot, mean local background signal was subtracted from the mean spot signal, negative signals were excluded, and the resulting net spot signal data were log transformed. These log transformed background corrected expression signals for all combinations of dyes at all
scanner settings were plotted and analyzed by linear regression and correlation coefficients (R2) were calculated. Furthermore, standard deviations of 10log transformed
expression ratios for each gene (for 3 or 4 replicate spots, depending on the array
used), were plotted against the mean 10log transformed expression signals and analyzed
by regression analysis.
For the B[a]P exposed samples, data from ImaGene were transported to GeneSight
software version 4.1.5 (Biodiscovery Inc, Los Angeles, USA) for transformations and
analyses. For each spot, background was subtracted; flagged spots and spots with a net
expression level below 5 were omitted. Data were log base 2 transformed and expression difference between exposed and control were calculated. Data normalization was
done by LOWESS and centring expression differences by subtracting mean values (the
latter only for the oligonucleotide arrays). Data of replicate spots were combined while
omitting outliers (>2 standard deviations). In order to estimate the number of differentially expressed genes following a treatment, the confidence analysis tool from GeneSight was used. For confidence analyses, for each B[a]P concentration, data of the two
replicate arrays with the same dye combination were combined. Up-regulated and
down-regulated genes were identified at 99% confidence intervals with up-regulation
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or down regulation levels set at 0.2 (2log-scale) for the cDNA arrays and respectively
99.5% and 0.5 for the oligonucleotide arrays.

RESULTS
Selection of fluorescent dyes
Four different dyes were tested for signal cross-talk at the emission / excitation settings of the ScanArrayExpress, namely Alexa 488, Alexa 594, Cyanine 3 and Cyanine 5.
Therefore, the fluorescence of each dye at scanner settings of all tested dyes was
measured. Results are summarized in Table 2.1. Since none of these dyes gives hardly
any signal at settings for any other dye, it can be concluded that all dyes can be used
simultaneously and were therefore considered suitable for use in microarray experiments. These dyes were further examined on two different microarray platforms.
TABLE 2.1. Cross-fluorescence of tested dyes. Fluorescence of dyes at scanner settings of all dyes expressed as a percentage of fluorescence at its own settings (the latter was set to 100%).
Dye

Alexa 488

Alexa 594

Cy3

Cy5

100.0
0.9
0.0
0.1

0.0
100.0
2.2
0.1

1.1
1.3
100.0
0.2

0.0
13.0
0.0
100.0

Settings

Alexa 488
Alexa 594
Cy3
Cy5

Optimizing laser power and PMT gain settings
The cDNA microarray from PHASE-I Molecular Toxicology was hybridized with a
single cDNA target labelled with four different dyes (Cy3, Cy5, Alexa 488 and Alexa
594). Initial laser power settings for Alexa 488, Alexa 594, Cyanine 3 and Cyanine 5
were respectively 93, 91, 89 and 80%, and initial PMT gain settings were respectively
72, 71, 61, 60%. In order to obtain the optimal scan settings for each dye, the array is
scanned at different laser power and PMT gain setting. Figure 2.1 shows, as an example, the data for varying laser power and PMT gain settings for Alexa 594.
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Figure 2.1a

Figure 2.1b

FIGURE 2.1. Results for the PHASE-I cDNA microarray scanned with varying aser power(a) or varying
PMT gain (b) on Alexa 594 fluorescence signals. Average 10log transformed fluorescence data for each
gene of the dyes at varying setting (y-axis) was plotted against the initial fluorescence data (x-axis).
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In the scatter plots of data of one scan versus another, in general the data points
indicate parallel lines when the settings are varied between the scans, implying that the
fluorescent signals are consistent for all levels of gene expression when targets are
labelled with these dyes. The larger distribution of the data points at low signals is a
normal effect, which is due to reduced accuracy to measure signals from low expressed
genes. Compared to Alexa 594, varying laser settings gave similar results for Alexa 488.
For Cy3 and Cy5, the data points in the scatter plots run parallel for each setting.
Varying laser settings gave similar results for all tested dyes. The Alexa 488 and Alexa
594 graphs, however, show a minor disturbance in the lines of the data points when
the laser is varied (shown for Alexa 594 in Figure 2.1a). This suggests that for these
two dyes, a fixed laser power should always be applied, whereas the other dyes allow
some variation. Furthermore, these data indicate that laser power and PMT gain can be
varied to some extend without affecting relative gene expression levels, as long as there
is no saturation of signal intensities.

FIGURE 2.2. Photobleaching of Alexa 488, Alexa 594, Cy3 and Cy5 after repetitive scanning of the
microarray. Mean signal intensity is presented after repetitive scanning, relative to the signal at the first
scan.

We also tested photo bleaching of the 4 dyes by scanning the microarray slide up to 5
times with the same scanner settings for all 4 dyes, and plotted the mean signal intensities as percentage of the signal intensity at the first scan (Figure 2.2). As is evident,
photo bleaching occurs for all dyes as for all the signals decreases. The reduction was
highest for Alexa 488 and least for Alexa 594, but was always small (<11% between
the first and second round of scanning). Furthermore, the signal-to-noise ratio did not
change for either of the dyes after repetitive scanning (data not shown). Therefore, we
conclude that the photo bleaching is not expected to hamper gene expression analyses
on microarrays.
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Correlation coefficients between dyes at different laser power settings
The influence of laser power and PMT gain settings on the correlations between the
combinations of dyes to a trend line was examined. A cDNA microarray was scanned
at the initial settings (mentioned above), and with a laser power of 70% or 100% and
with adjusted PMT gain until none of the spots gave saturated signals. Results are
shown in the Table 2.2. These correlation coefficients show that for all possible combinations of dyes, increasing the laser power, and thereby reducing the PMT gain,
results in a higher correlation coefficient. This suggests that these cDNA microarrays
with targets labelled with Alexa 488, Alexa 594, Cy3 and Cy5, and scanned with the
ScanArrayExpress, could best be scanned at 100% laser power setting and adjusted
PMT gain settings, in order to obtain the smallest variation in gene expression values.
Although the correlations are high and differences are marginal, the poorest correlation for the first array was found for Alexa 488 combined with Cy5 (0.935), and the
highest correlation for Alexa 594 with Cy3 (0.988).
TABLE 2.2. Correlation coefficients for all genes on the PHASE- I cDNA array between combinations of
dyes at different scanner settings for 1 array, and at laser power 100 settings for 5 arrays.

Settings
Dye combination
Alexa 488 vs Alexa 594
Alexa 488 vs Cy3
Alexa 488 vs Cy5
Alexa 594 vs Cy3
Alexa 594 vs Cy5
Cy3 vs Cy5

Mean

array1

laser power = 100 (n=5)

laser = 70

original settings

laser=100

mean

±

stdev

0.953
0.916
0.890
0.958
0.946
0.975

0.967
0.941
0.935
0.983
0.978
0.981

0.965
0.955
0.935
0.988
0.979
0.987

0.953
0.923
0.942
0.938
0.986
0.926

±
±
±
±
±
±

0.020
0.044
0.014
0.053
0.005
0.062

0.940

0.964

0.968

0.945

±

0.025

Original scanner settings for Alexa 488, Alexa 594, Cy3 and Cy5 are: laser power 93, 91, 89 and 80%
respectively, and PMT Gain 72, 71, 91, 60% respectively; * The correlation coefficient between Alexa 594 –
Cy5 is significantly higher than the correlation coefficient for any dye combination with Alexa 488, and the
combination Alexa 594-Cy3 has a significantly higher correlation coefficient than Cy3-Cy5 (t-test, p<0.05).

The reproducibility was tested by several other self-hybridizations of different RNA
samples. Table 2.2 shows the results for the correlation coefficients calculated for all
combinations of dyes. Numerical data from the table indicate that correlation coefficients for the repeated experiments are similar with mean correlation coefficients
varying between 0.923 (Alexa 488 and Cy3) and 0.986 (Alexa 594 and Cy5).
For the rat oligonucleotide microarray, also self-hybridizations with targets labelled
with Cy3, Cy5, Alexa 488 and Alexa 594 were also conducted and the laser power was
set to 70 or 100% with adjustment of the PMT gain until no saturation of fluorescence
occurred. Table 2.3 represents the correlation coefficients for these settings, and
similar on this array, the correlations for all combinations of dyes are higher at laser
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power settings of 100% compared to 70%. However, in all cases the correlation
coefficients were smaller (varying between 0.486 and 0.887) compared to the cDNA
array. Furthermore, Table 2.3 shows that correlations between Alexa 488 and any other
dye are much lower than the correlation for any of the other combinations. This is
probably due to the high background fluorescence for Alexa 488 on these arrays
compared to the spot signals. The ratio of mean spot signal to mean background
variation (signal-to-noise ratio) was clearly lower for Alexa 488 then for the other dyes
(namely, 1.25, 1.65, 2.88 and 1.88 for Alexa 488, Alexa 594, Cy3 and Cy5, respectively).
The high background signal in the Alexa 488 channel can not be due to autofluorescence of the Corning slides alone as it was not observed when scanning an
unhybridized microarray.
TABLE 2.3. Correlation coefficients for all genes on the oligonucleotide array between combinations of
dyes at different scanner on 1 array, and at laser power 100 settings for 7 arrays. Alexa 488 labeled samples
were only hybridized on the first array.

Dye combination

Settings

array1

laser power = 100 (n=7)

laser = 70

laser=100

mean

Alexa 488 vs Alexa 594

±

0.118

0.561

Alexa 488 vs Cy3

0.080

0.512

Alexa 488 vs Cy5

0.127

0.486

Alexa 594 vs Cy3

0.334

0.857

0.855

±

0.034

Alexa 594 vs Cy5

0.279

0.808

0.853*

±

0.029

Cy3 vs Cy5

0.313

0.887

0.890

±

0.052

Mean

0.208

0.685

0.843

±

0.077

stdev

* The correlation coefficient between Cy3 – Cy5 is significantly higher than the correlation coefficient of
Alexa 594 – Cy3 (t-test, p<0.05).

To reduce the background binding on the oligonucleotide arrays, we applied several
different hybridization and washing protocols. We varied BSA concentration in the
hybridization buffer, added tRNA, Cot1 or PolyA and used a commercial hybridization
buffer (DIG Easy Hyb granules, Roche, Germany). We also varied the concentrations
SSC and SDS in the washing buffers. The best results for all dyes were obtained by
using the hybridization protocol as described in “Microarray hybridizations” of the
Methods section. The data from this most optimal protocol are presented here.
With the exclusion of Alexa 488, the other dyes were tested in several more selfhybridizations with for each array a different RNA sample in order to confirm the
reproducibility. Table 2.3 shows the correlation coefficients for all combinations of the
3 dyes. The correlation coefficients are similar for all repetitive experiments with mean
values varying between 0.854 and 0.891.
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Standard deviation in relation to spot intensity for all combinations of dyes
The standard deviation for the 10log transformed expression ratios of the 3 or 4 replicate spots per gene on the arrays was calculated and plotted against the mean signal
intensity of the corresponding dyes (Figure 2.3). For both arrays, the standard deviation decreased with increasing gene expression level. For the cDNA array, the standard
deviation was equal for all combinations of dyes at a 10log signal intensity of 3 and
higher. At lower signal intensities, however, the standard deviation for combinations of
any dye with Alexa 488 were higher than for Cy3-Cy5 combinations, and standard
deviations for combinations with Alexa 594 are intermediate. For the oligonucleotide
array, the standard deviation for all combinations of dyes with Alexa 488 is higher at
any signal intensity than for any other combination of dyes.

Figure 2.3a

Figure 2.3b

FIGURE 2.3. Standard deviation of 10log transformed expression ratios for the 3 replicate spots of each
gene (y-axis) plotted against the mean 10log transformed signal intensities (x-axis) for the corresponding
dyes for all combinations of dyes for the cDNA array (a) and the oligonucleotide array(b). Regression lines
are based on a power model.
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Identification of modulated genes for various dye combinations
As microarrays are intended to identify genes that are differentially expressed between
different RNA samples, we tested the applicability of four dyes by analyzing RNA
samples from cells exposed to 3 concentrations of B[a]P versus a vehicle control.
Table 2.4 shows the labelling and hybridization schedule for the B[a]P exposed samples on the arrays (per array, four RNA samples were simultaneously hybridized),
which was conducted to the two independent treatments (see Materials and Methods).
Every dye was used for every RNA sample, but not each dye combination was applied
for each combination of control and test sample. For every B[a]P concentration a
confidence analysis was performed to select modulated genes for each dye combination separately. Also, for all dye combinations combined (paired data), a confidence
analysis was conducted. For the cDNA array 20, 31 and 45 genes were found modulated for paired data of respectively 3, 10 and 30 µM. For the oligonucleotide array 121,
97 and 195 genes were found modulated for paired data of respectively 3, 10 and 30
µM. Modulated genes for each dye combination were compared to modulated genes
found all dye combinations paired. Table 2.5 and 2.6 summarize the results for respectively the cDNA arrays and the oligonucleotide arrays; they present numbers of modulated genes for specific dye combinations as a percentage of numbers of modulated
genes by all dye combinations combined (in bold). On average, this percentage is
approximately 45%, although in some cases it is clearly lower or higher. This deviation,
however, is not consistent for a dye or a combination of dyes, so it can be concluded
that all dyes perform equally well in identifying differentially expressed genes. Also in
these Tables, the different dye-combinations are compared to each other, all as a
percentage of modulated genes by all dye combinations (in italics). Once again differences are observed, which are not sufficient consistent to conclude that one combination of dyes performs worse or better than another to identify modulated genes.
TABLE 2.4. Labelling schedule for B[a]P exposed samples.

array no.

fluorescent label

Cy3

Cy5

Alexa 594

Alexa 488

1

0 µM

3 µM

10 µM

30 µM

2

10 µM

0 µM

30 µM

3 µM

3

3 µM

30 µM

0 µM

10 µM

4

30 µM

10 µM

3 µM

0 µM

Each HepG2 sample is labelled with each fluorescent dye. Rat liver samples were labelled as shown by array
number 1-3, without the application of Alexa 488.
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TABLE 2.5. Performance of a dye combination in revealing modulated genes in HepG2 cells treated with
3(a), 10(b) or 30(c) µM B[a]P using a cDNA array. For 3, 10 and 30 µM, 20, 31and 45 genes were modulated by analysis with all dyes combined.

Table 5a
Cy5-Cy3

Cy5-Cy3

50*

Cy3-A594

40

Cy3-A594

A488-Cy5

A594-A488

50

A488-Cy5

25

35

50

A594-A488

40

40

25

40

Cy3-Cy5

A594-Cy3

Cy5-A488

A488-A594

Table 5b

Cy3-Cy5

29*

A594-Cy3

23

58

Cy5-A488

6

10

16

A488-A594

26

39

13

74

Cy3-A488

A488-Cy3

Cy5-A594

A594-Cy5

Table 5c

Cy3-A488

35*

A488-Cy3

24

53

Cy5-A594

22

33

38

A594-Cy5

16

20

16

31

* In bold the intersection of two gene lists indicating the modulated genes for a dye combination as
percentage of all modulated genes found by analysis of all dye combinations combined. In italics the
intersection of three gene lists indicating the modulated genes for two dye combinations as percentage of
all modulated genes found for all dye combinations combined. The first dye was used for B[a]P treatment,
the second for the control.
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TABLE 2.6. Performance of a dye combination in revealing modulated genes in B[a]P treated liver slices
using an oligonucleotide array.
dye combination

B[a]P concentration

exposed

-

control

3 µM

Cy5

-

Cy3

36*

Cy3

-

Alexa 594

64

Cy3
Alexa 594
Cy5
Alexa 594

-

Cy5
Cy3
Alexa 594
Cy5

10 µM

30 µM

11

47
48

13
51
38

8

* In bold the intersection of two gene lists indicating the modulated genes for a dye combination as
percentage of all modulated genes (for 3, 10 and 30 µM: 121, 97 and 195 genes respectively) found by
analysis of all dye combinations combined. In italics the intersection of three gene lists indicating the
modulated genes for two dye combinations as percentage of all modulated genes found for all dye combinations combined. The first dye was used for B[a]P treatment, the second for the control.

Additionally, the performance of the dye combinations was evaluated by comparing
the gene expression difference. Figure 2.4, which represents the results for the experiment with HepG2 cells on DNA microarrays with the application of four dyes simultaneously, can be used as an example. For each dye combination a similar effect on
gene expression is observed and it can be summarized that all dye combinations result
in similar gene expression changes. For the rat liver slices similar results were found.
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Figure 2.4a

Figure 2.4b

Figure 2.4c
FIGURE 2.4. Gene expression difference for several genes, in varying relative gene expression level of high
(FASN and HIST1H2AL), middle (CYP1A2, HMGCS1, VMP1 and IGFBP1) and low (CYP1A1,
SLC22A3), as measured by different dye combinations by using four dyes simultaneously on cDNA
microarrays in RNA samples from HepG2 cells exposed to 3, 10 or 30 µM B[a]P during 6 hours, in
respectively Figure 4a, 4b and 4c. . Error bars indicate the standard deviation for the replicate spots.
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DISCUSSION
We have investigated the applicability of four fluorescent dyes in gene-expression
analysis by microarrays. By using more than two dyes in microarray experiments,
without lessening the data obtained, costs and time can be decreased as fewer microarrays are needed.
Initially, several dyes were tested for cross-talk on the ScanArrayExpress reader, and
ultimately 4 dyes were tested for parallel use in microarray experiments. Today, Cy3
and Cy5 are the most widely used dyes in microarray experiments and much research
has been done on these dyes (4,8,11,17,18), although Alexa 555 and Alexa 647 have
been suggested by Cox et al (6). It was our intention to select dyes that could complement Cy3 and Cy5 and we show that Alexa 488 and Alexa 594 are suited for this and
can be used for parallel hybridization in microarray experiments. All dyes were applicable on the tested cDNA arrays. On the tested oligonucleotide arrays, however, only
three dyes, namely Alexa 594, Cy3 and Cy5, could be used.
Selection of fluorescent dyes
Based on cross-talk signals, four dyes – Alexa 488, Alexa 594, Cy3 and Cy5 – were
found suitable for hybridization on microarrays and some cross-talk did occur for this
combination. The highest fluorescence for a dye at settings of another dye was observed for Cy5, namely 13% cross-talk at the settings for Alexa 594. This cross-talk
may influence differential gene expression analyses, especially if the signals for Cy5 and
Alexa 594 differ drastically within a spot. Therefore, in order to minimize artificial gene
expression differences, scan settings should be optimized such that emission intensities
are gross similar (e.g. by assuring that the brightest spots are on the edge of saturation).
Furthermore, dye swap design on replicate arrays will reduce the bias resulting from
cross-talk, and algorithms can be developed to eliminate this bias.
Dye bias
Dye bias is the difference in labelling efficiency between different dyes as one dye can
be better incorporated than another; this can affect the gene expression data (19-21).
When using more than one dye, dye bias may occur and most likely, it is enhances with
increasing number of dyes. Dye bias can be reduced by using the indirect amino-allyl
labelling instead of direct labelling, but it is not clear whether dye bias is fully eliminated (11). However, dye bias can be eliminated by LOWESS normalization of the
data, combined with a labelling and hybridization design in which each target is labelled with each different dye (22). Liang et al (7) showed that the correlation between
predicted and observed gene expression ratios increased by adding a second microarray
with dye switching. This confirms that accuracy can be improved by adding dye swap
replicates and applying a balanced labelling design. A balanced labelling design with
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four dyes may increase the number of required arrays, but still saves the total number
of arrays. For example, when 3 treatments and a control are to be compared using 4
data points per comparison, 16 microarrays are needed for a common reference
design, 12 arrays for a block design (treatment vs control on an array), 8 when using a
loop design, but only 4 with 4 dyes and the design shown in Table 2.4.
Applicability of selected dyes
The applicability of the dyes was analyzed in four different ways. First by calculating
the correlation coefficients between dyes in self-hybridizations, second by calculating
the standard deviation of their log ratio per gene for replicate spots in the selfhybridizations, third by comparing numbers of modulated genes for all dye combinations in samples exposed to B[a]P and finally by comparing gene expression modulation for several genes from samples exposed to B[a]P.
When applied on the cDNA array, all combinations of dyes gave high correlation
coefficients (>0.9) and thus seem suitable for parallel hybridization in microarray
experiments. On the oligonucleotide array, the correlation coefficients were high for all
combinations (>0.8), except for combinations with Alexa 488 (≅0.5). The correlation
coefficients for all combinations of dyes on both arrays are constant in multiple repeated hybridizations. These results are supported by the plots for the standard deviation of the replicate spots. For the cDNA array, the standard deviation is equal for all
combinations of dyes at high gene expression level. However, for the oligonucleotide
array the standard deviation of the signal intensity of high expressed genes for all
combinations with Alexa 488 is higher than the standard deviation for all other combinations of dyes. Since the correlation coefficient of Alexa 488 with other dyes is low
and the standard deviation for Alexa 488 is high, it is not advisable to use Alexa 488
for labelling and hybridization on the oligonucleotide array.
The correlation coefficients observed for all combinations of Alexa 488 with any other
dye on the oligonucleotide array are lower than any of the other correlation coefficients. This was due to a high background signal and a lower signal-to-noise ratio in
the Alexa 488 channel, which can not be attributed to autofluorescence. This background signal was much less pronounced on the cDNA array, which may be explained
by a different coating of the microarray slides. Alexa dyes have a net negative charge,
which may cause non-specific electrostatic interaction with positively charged molecules (23). This may be a reason for why the dye adhered differently to the two different microarray slides. However, this does not explain why the background binding for
Alexa 594 is much less in comparison to that of Alexa 488.
For all dyes tested on the oligonucleotide array, many genes showed a low gene expression level compared to the cDNA array. In general, weak signals are detected with
lower accuracy than strong ones (24). This is reflected by the higher standard devia-
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tions for lower signals in the plots for the cDNA and oligonucleotide array (Figure
2.3). Lyng et al (24) showed that reliable data for mean signal intensities were only
achieved within a range of 200 to 50,000 (no background correction performed). This
clarifies the lower correlation coefficients found for the oligonucleotide array compared to the cDNA array.
For all dye combinations, percentages of modulated genes relative to modulated genes
for all dye combinations combined are generally equal (Tables 2.5 and 2.6). This
indicates that any dye combination has approximately the same sensitivity to identify
differentially expressed genes, and that the traditional combination of Cy3-Cy5 is not
necessarily preferable above the others. Therefore, we consider all dyes suitable for
usage in gene expression studies by microarrays. This was further substantiated by the
observation for several differentially expressed genes that the level of modulation is in
the same range for all dye combinations.
Although Forster et al (13) used a different approach to test the use of Alexa 594
besides Cy3 and Cy5 in microarray analysis, their conclusions are in agreement with
that of this study. Forster et al (13) tested the use of different combinations of two
dyes in hybridization, and found some cross-talk between Cy3 and Alexa 594 and
between Cy5 and Alexa 594. Although, some cross-talk was observed between Cy5 and
Alexa 594 (13%), only small cross-talk was noticed (<3%) for Cy3 and Alexa 594 in
this study. Forster et al (13) also found a more linear relation between Cy3 and Alexa
594 than for Cy3 and Cy5. However, we noticed only a small difference in correlation
coefficient for Cy3 / Cy5 and for Alexa 594 / Cy3 (Table 2.2 and 2.3). These differences could be due to the different testing methods and different arrays used.

CONCLUSIONS
All our experiments demonstrate that for gene expression analyses on microarrays
Alexa 594 is best suited as a third dye in addition to Cy3 and Cy5, and that Alexa 488
can be applied as a fourth dye on some microarray platforms, but unfortunately not on
all array platforms. The general applicability of four dyes on other microarray systems
is therefore uncertain, and needs to be investigated on a case-by-case basis.
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ABSTRACT
Polycyclic aromatic hydrocarbons (PAHs) can occur in relatively high concentrations
in the air, and many PAHs are known or suspected carcinogens. In order to better
understand differences in carcinogenic potency between PAHs, we investigated modulation of gene expression in human HepG2 cells after 6h incubation with varying doses
of benzo[a]pyrene (B[a]P), benzo[b]fluoranthene (B[b]F), fluoranthene (FA),
dibenzo[a,h]anthracene
(DB[a,h]A),
1-methylphenanthrene
(1-MPA)
or
dibenzo[a,l]pyrene (DB[a,l]P), by using cDNA microarrays containing 600 toxicologically relevant genes. Furthermore, DNA adduct levels induced by the compounds were
assessed with 32P post-labeling, and carcinogenic potency was determined by literature
study. All tested PAHs, except 1-MPA, induced gene expression changes in HepG2
cells, although generally no dose-response relationship could be detected. Clustering
and principal component analysis showed that gene expression changes were compound specific, since for each compound all concentrations grouped together. Furthermore, it showed that the six PAHs can be divided into 3 groups, firstly FA and 1MPA, secondly B[a]P, B[b]F and DB[a,h]A and thirdly DB[a,l]P. This grouping corresponds with the carcinogenic potencies of the individual compounds. Many of the
modulated genes are involved in biological pathways like apoptosis, cholesterol biosynthesis and fatty acid synthesis. The order of DNA-adduct levels induced by the PAHs
was: B[a]P >> DB[a,l]P > B[b]F > DB[a,h]A > 1-MPA ≥ FA. When comparing the
expression change of individual genes with DNA adduct levels, carcinogenic potency
or Ah-receptor antagonicity (the last two were taken from literature), several highly
correlated genes were found, of which CYP1A1, PRKCA, SLC22A3, NFKB1A,
CYP1A2 and CYP2D6 correlated with all parameters. Our data indicate that discrimination of high and low carcinogenic PAHs by gene expression profiling is feasible.
Also, the carcinogenic PAHs induce several pathways which were not affected by the
least carcinogenic PAHs.
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INTRODUCTION
Polycyclic Aromatic Hydrocarbons (PAHs) occur in the environment owing to incomplete combustion of organic fuels and cover a wide range of different compounds.
Exposure to some of these compounds is known to cause cancer in mice and is also
suspected to be carcinogenic in humans (1-5). Although PAHs have similar structural
properties, their carcinogenic potency can differ greatly. Despite that some PAHs
occur in low concentrations in the environment, they can substantially contribute to
the carcinogenic risk of exposure to environmental PAH mixtures. At the same time,
other PAHs that occur in high concentrations in the environment are regarded as noncarcinogenic (1,2,6,7). PAHs can be carcinogenic because of their interaction with
DNA and cause mutations in oncogenes or tumor suppressor genes and thereby
initiate tumor formation (8).
PAHs are metabolically activated by Cytochrome P450 enzymes or by peroxidases to
reactive intermediates that can damage DNA by covalently binding (9). The formation
of DNA adducts by PAHs has been shown both in vitro (10) as well as in vivo (4,11).
The DNA adduct forming potency differs between the compounds (8) and has been
shown to correlate with carcinogenic potency (12). Ross et al (11) suggested that timeintegrated DNA adduct levels are a better predictor for carcinogenicity of PAHs than
DNA adduct levels at a certain time point.
Some PAHs are known to activate the Aromatic hydrocarbon receptor (Ah-receptor)
(13-15) and thereby upregulate the expression and activity of several biotransformation
enzymes, including CYP1A1 and CYP1A2 (16-18). The ability to bind to the Ahreceptor has been suggested to reflect tumor promoting activity of PAHs (19).
Changes in the expression of genes regulated downstream of Ah receptor binding,
could be considered representative for the tumor promoting potency of a PAH. The
ability to bind to the Ah-receptor and induce CYP1A1 and CYP1A2 also affects the
DNA binding potency of these compounds, and has been suggested to determine the
genotoxicity of PAHs (20).
The Toxic Equivalency Factor (TEF) approach is mostly used to compare the carcinogenicity of PAHs. The TEF estimates the toxicity of a compound, relative to another
compound, in case of PAHs mostly to benzo[a]pyrene (B[a]P). Although based on
limited information and multiple endpoints in cancer development (21,22), several
authors have estimated a TEF for PAHs (23,24). Another ranking for carcinogenicity
of PAHs is developed by Collins et al (25), who estimated a Potency Equivalency
Factor (PEF) for PAHs relative to B[a]P and based these factors on bioassay data.
According to the authors, PEF is an estimation of the carcinogenic activity rather than
a true carcinogenic potency.
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For a better understanding of the differences in carcinogenic potency between PAHs
and ultimately to improve carcinogenic risk assessment of PAHs, more knowledge is
required about the biological and cellular effects induced by these compounds. To our
opinion, information about alterations in gene expression following exposure of cells
to a PAH, might be highly valuable for risk assessment. By gene expression profiling
using DNA microarray technologies, early biological changes induced by a compound
on a cellular system can be investigated. Indeed this technology has proven to yield
mechanistic information about the mode-of-action of the compounds (26,27). Furthermore, different classes of carcinogens can be discriminated from each other at
gene expression level, as they induce different gene expression patterns (28,29).
The aim of the current study was to investigate the changes in gene expression patterns
in response to several PAHs which may help further understand the mechanism of
carcinogenesis of these compounds. Therefore, we exposed human hepatoma cells
(HepG2) to six PAHs selected on their diverge environmental occurrence and their
range in carcinogenic potency. These were benzo[a]pyrene (B[a]P), benzo[b]fluoranthene (B[b]F), fluoranthene (FA), dibenzo[a,h]anthracene (DB[a,h]A), dibenzo[a,l]pyrene (DB[a,l]P) and 1-methylphenanthrene (1-MPA). HepG2 cells are metabolic
competent, which is important for the metabolic activation of PAHs (30,31) and the
cells express similar biotransformation enzymes as human liver (32,33). These cells are
a suitable model for human liver and are useful to study regulation of drugmetabolizing enzymes on gene level (34). Cells were exposed to different concentrations of the PAHs and the effects at gene expression were studied in relation to their
carcinogenic, DNA binding and Ah-receptor binding potencies.

MATERIALS AND METHODS
Chemicals
Benzo[a]pyrene (B[a]P, purity 97%, CAS no. 50-32-8), benzo[b]fluoranthene (B[b]F,
purity 98%, CAS no. 205-99-2), fluoranthene (FA, purity 99%, CAS no. 206-44-0),
dibenzo[a,h]anthracene(DB[a,h]A, purity 97%, CAS no. 53-70-3) and dibenzo[a,l]pyrene (DB[a,l]P, purity 99.6%, CAS no. 191-30-0) were obtained from Sigma-Aldich
(Zwijndrecht, the Netherlands). 1-Methylphenanthrene (1-MPA, purity 99%, CAS no.
832-69-9) was obtained from LGC Promchem (Teddington, United Kingdom). All
chemicals were dissolved in DMSO.
Cell culture and treatment
HepG2 cells were cultured in Minimal Essential Medium (MEM) supplemented with
1% non-essential amino acids, 1% sodium-pyruvate, 2% penicillin/streptomycin and
10% Foetal Bovine Serum (all from Gibco/BRL, Breda, The Netherlands) in T25
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culture flasks at 37°C and 5% CO2. One day before treatment, cell cultures at 70 - 80%
confluency were harvested and cells were undiluted divided among new culture flasks,
in order to obtain a homogeneous cell population for each treatment. The next day,
the medium was replaced with fresh medium containing 3, 10 or 30 µM of a PAH or a
vehicle control (DMSO, 0.1%). The cells were exposed during 6 h, and two independent experiments were conducted. After exposure, media was removed and 1 ml Trizol
(Gibco/BRL, Breda, The Netherlands) was immediately added to the cells.
RNA isolation and cDNA synthesis
RNA was isolated from the Trizol solutions according to the producer’s manual and
purified with the RNeasy mini kit (Qiagen Westburg bv., Leusden, The Netherlands).
RNA quantity was measured on a spectrophotometer and quality was determined on a
BioAnalyzer (Agilent Technologies, Breda, The Netherlands). Only RNA samples
which showed clear 18S and 28S peaks were used for labeling and hybridization.
Every RNA sample was reverse transcribed into cDNA in quadruplicate with aminoallyl labeled dUTP (Sigma-Aldrich, St Louis, USA) and subsequently labeled with one
of the four dyes, namely Cy3, Cy5, Alexa 488 and Alexa 594. Four instead of two dyes
were applied, in order to reduce the variation (four related samples are on one array
instead of three) and the number of arrays (as described by Staal et al (35)).
Microarray hybridizations
Targets were hybridized on the Human-600 Microarray (PHASE-1 Molecular Toxicology, Santa Fe, USA), containing 597 sequence verified cDNA clones from human
genes, representing a number of toxicologically relevant, as well as control, genes, each
printed in quadruplicate. On every array, four samples were simultaneously hybridized,
each with a different fluorophore. Hybridization and washing was done according to
the producers’ manual as previously described (35). The hybridization design is shown
in Table 3.1.
TABLE 3.1. Labeling and hybridization of RNA from cells exposed to the shown PAH concentration.
Dye

Array no.

Cyanine 3

Cyanine5

Alexa 594

Alexa 488

1

10 µM

0 µM

30 µM

3 µM

2

3 µM

30 µM

0 µM

10 µM
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Microarray data analysis and data mining
The microarray slides were scanned on a ScanArrayExpress (Perkin Elmer life sciences, Boston, USA). All four channels were scanned at 100% laser power and adjusted photo multiplier tube (PMT) gain, such that the signal of the highest fluorescent
spots is just below the maximum measurable level. The images (10 micron resolution;
16 bit tiff) were processed with ImaGene 5.0 software (Biodiscovery Inc., Los Angeles,
USA) to quantify spot signals. Abnormal spots were manually and automatically
flagged and not included in the data analysis.
Data from ImaGene were transported to GeneSight software version 4.1.5 (Biodiscovery Inc, Los Angeles, USA) for transformations, normalizations and analyses. For each
spot, background was subtracted; flagged spots and spots with a net expression level <
5 were omitted. Data were log (base 2) transformed and expression difference between
exposed and control were calculated. Data normalization was done by LOWESS. Data
of replicate spots were combined while omitting outliers (>2 SD). Samples from each
biological replicate were hybridized twice, thereby providing four hybridizations per
PAH concentration (two biological replicates with for each replicate two technical
replicates). Significantly modulated genes were found by a t-test between gene expression differences of each PAH concentration compared (four replicates) to selfhybridizations (four replicates) of the control samples labeled with the same dyes at
p<0.05. A Holm’s correction of the p-values was used to reduce false positives in these
multiple tests.
Pathway analysis was done by the use of GenMAPP version 2.0 beta (Gladstone
Institutes, University of California, San Fransisco, USA) and local maps from GenMAPP (human std 20040614). For each compound all modulated genes were included
in the analysis. Pathways, with a Z-score > 2.0 and > 1 modulated gene, were assumed
to be affected by the PAH.
DNA adduct analysis
After removal of the aqueous phase during RNA isolation using Trizol, the remaining
phases were used for DNA isolation according to manufacturer’s protocol. DNA
adduct levels were determined according to the procedure originally described by
Reddy and Randerath (36) with modifications described by Godschalk et al (37). By
including samples with known DNA adduct levels (1 adduct per 106, 107 or 108 nt),
DNA adduct levels were quantified (detection limit 1 adduct 108 nt).
Adduct spots on the chromatograms were located and quantified using a phosphor
imager (FLA-3000, Fuji, Paris, France) and AIDA/2D densometry software.
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Correlation analysis
For correlation with carcinogenic potency, we used TEF values proposed by Nisbet
and LaGoy (23), for B[a]P, B[b]F, FA and DB[a,h]A. We complemented these with the
PEF values proposed by Collins et al (25) for DB[a,l]P, and estimated a TEF for 1MPA based on IARC data (1,2) according to the method proposed by Nisbet and
LaGoy (23). The resulting TEF values were; 1.0 for B[a]P, 0.1 for B[b]F, 0.001 for FA
and 1-MPA, 5.0 for DB[a,h]A and 10 for DB[a,l]P. For correlation with Ah-receptor
antagonicity, IEF values determined by Machala et al (13) were used. We used the
values after 6 hours exposure and calculated the values relative to B[a]P. They were 1
for B[a]P, 0.37 for B[b]F, 0 for FA, 12.99 for DB[a,h]A and 0.05 for DB[a,l]P.
After log (base 2) transformation, DNA adduct levels, TEF and IEF were correlated
with the expression changes of genes differentially expressed by at least one concentration of one compound. Since after log transformation, DNA adduct formation, TEF
and IEF were normal distributed (according to the Kolmogorov-Smirnov test in SPSS,
p<0.05), Pearson correlation coefficients of gene expression were calculated using
SPSS for windows 11.5 (SPSS Inc., Chicago, USA).

RESULTS
Gene expression modulation
All PAHs, except 1-MPA, induced statistical significant gene expression changes.
Figure 3.1 shows for each compound expression changes of the genes which were
significantly modulated by that compound at least one concentration. Several genes
were modulated by many compounds, for example CYP1A1, CYP1A2, VMP1,
IGFBP1 and HIST1H2AL. B[a]P modulated the highest number of genes, namely 36,
B[b]F, DB[a,h]A, DB[a,l]P and FA modulated 18, 31, 16 and 3 genes respectively. For
most genes and compounds, no dose dependent effect on gene expression is observed.
Only for DB[a,l]P a dose-response relation could be seen for most genes. Names,
abbreviations, GenBank accession numbers and gene expression differences of the 62
modulated genes are listed in Table 3.2. Additional data files are available at
http://fdgwgratsrv0401.unimaas.nl/data.
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Figure 3.1c

Figure 3.1d

Figure 3.1e
FIGURE 3.1. Genes significantly modulated by a PAH for at least one of the concentrations of B[a]P (a),
DB[a,h]A (b), B[b]F (c), DB[a,l]P (d) and FA (e). Significant modulations (compared with selfhybridizations) are indicated with an asterix. Standard deviation is indicated as error bars.

.
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TABLE 3.2. List of modulated genes, their abbreviations, full names and GenBank accession numbers
Columns 3-7 show the significant gene expression changes and standard deviation for the corresponding
compound, with its concentration in superscript.
Abbreviation

Genbank

B[b]F

B[a]P

DB[a,h]A

DB[a,l]P

FA

accession
number

ACAA2

X12966

ACOX1

U07866

APG4C

QJ_320169

AXIN1

AF009674

BCL2L1

-0.21

±

0.1610

-0.28

±

0.1430

-0.25

±

0.1030

±

0.0730

±

0.0930

0.33

±

0.153

0.16

Z23116

-0.18

-0.40

±

0.1630

-0.17

±

0.1530

BCL3

M31732

CCNA2

X51688

CEACAM5

M17303

0.17

±

0.0430

CP

M13699

0.28

±

0.2410

CPS1

XM_010819

CRABP2

NM_001878

-0.36

±

0.1130

CYB5

XM_008817

0.18

±

0.1030

0.29

±

0.1730

CYP1A1

K03191

2.72

±

0.653

3.88

±

0.953

2.90

±

0.553

2.51

±

0.6810

2.75

±

0.7710

3.90

±

1.1410

2.72

±

0.6010

2.68

±

0.6330

2.87

±

0.7130

3.63

±

0.8530

2.98

±

0.5030

2.52

±

0.363

1.97

±

0.333

3.19

±

0.193

2.49

±

0.4530

2.52

±

0.3230

2.05

±

0.5310

3.07

±

0.1610

2.28

±

0.5030

3.16

±

0.1930

2.73

±

0.633

3.02

±

0.0010

3.08

±

0.463

2.95

±

0.6910

3.14

±

0.0030

2.87

±

0.6210

2.98

±

0.7530

3.27

±

0.4430

2.20

±

0.5830

2.06

±

0.8730

CYP1A2

CYP2D6

CYP2E1

NM_000761

X08006

AF084225

-0.18

±

0.0630

-0.26

-0.26

1.44

±

±

±

0.1330

0.1230

0.5730

DBI

XM_002478

E2F1

M96577

EDN1

D49471

0.69

±

0.3530

ERBB2

X03363

-0.16

±

0.0630

FASN

M58569

GADD45A

M60974

HAMP

AF309489

U55206

0.64

60

0.073

XM_004453

±

0.2430

-0.25

-0.47

±

0.2010

-0.43

±

0.0830

-0.43

±

0.1130

0.81

±

0.123

0.85

±

0.3810

0.90

±

0.2530

±

0.213

-0.31

±

0.083

±

0.0710

-0.38

±

0.1610

-0.56

±

0.193

-0.57

±

0.233

-0.48

±

0.1410

-0.70

±

0.2410

-0.66

±

0.2330

-0.60

-0.54

HIST1H2AL

±

NM_004104

FGA

HDAC1

-0.19

±

0.063

-0.28

±

0.123

-0.23

±

0.1030

0.57

±

0.1630

0.20

±

0.253

-0.51

±

0.1430

0.26

±

0.1230

1.03

± 0.3930

0.51

± 0.293

0.38

± 0.3210
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Abbreviation

Genbank

B[b]F

B[a]P

DB[a,h]A

DB[a,l]P

FA

accession
number

HIST1H3D

HMGCR

HMGCS1

XM_004419

M11058

x66435

-0.19

-0.26

±

0.1530

±

0.0710

-0.42

±

0.083

-0.46

±

0.2210

-0.48

±

0.2130

-0.25

±

0.1430

-0.79

±

0.2730

-0.44

±

0.193

-0.44

±

0.1710

-0.49

±

0.2010

-0.98

±

0.2030

-0.64

±

0.1530

HMGCS2

XM_001425

-0.45

±

0.3030

HPRT1

NM_000194

0.30

±

0.1810

0.61

±

0.3130

0.43

±

0.093

0.44

±

0.2510

0.42

±

0.2130

ID1

ID2

X77956

D13891

-0.02

IGFBP1

JAG1

M37484

M31145

0.083

0.36

±

0.1010

±

0.0710

0.33

±

0.0830

0.32

±

0.0830

0.81

±

0.2830

XM_009082

LGALS3

M57710

MAPT

MCL1

MKI67

NFKBIA

±

0.2630

1.74

±

0.333

1.09

±

0.083

2.79

±

0.323

0.69

±

0.293

1.46

±

0.2910

1.32

±

0.1410

2.25

±

0.3010

0.95

±

0.3630

1.09

±

0.2730

1.61

±

0.3230

2.37

±

0.2430

0.37

±

0.1410

0.47

±

0.1630
-0.49

±

0.1630

0.64

±

0.163

0.74

±

0.233

0.73

±

0.2410

0.75

±

0.2430
0.47

±

0.0830

0.20

±

0.083

0.27

±

0.0810

0.30

±

0.0830
-0.33

±

0.1230

0.32

±

0.093

0.47

±

0.063

0.33

±

0.1330

0.36

±

0.1610

0.31

±

0.1330

0.48

±

0.1630
-0.28

±

0.1230

-0.28

±

0.0930

0.21

±

0.0830

0.41

±

0.1230

-0.23

±

0.1630

0.81

AF028593

LDLR

0.2010

±

0.35

0.40

IGF1

±

0.60

±

0.243

X14474

L08246

NM_002417

M69043

0.27

±

0.1330

NGFR

XM_008437

PBP

X85033

PCNA

J04718

PIM1

M16750

0.33

±

0.1930

PRKCA

NM_002737

-0.31

±

0.143

-0.32

±

0.1210

-0.38

±

0.1430

PTK2

L13616

RAD52

L33262

0.46

±

0.1810

RECQL

L36140

0.29

±

0.1210
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Abbreviation

Genbank

B[b]F

B[a]P

DB[a,h]A

DB[a,l]P

FA

accession
number

SAT

SCD

SLC22A3

M55580

0.32

±

0.2210

0.53

±

0.1730

-0.37

±

0.173

-0.41

±

0.1910

-0.30

±

0.1930

AB032261

-0.50

AJ001417

SLC2A1

K03195

SLC9A1

M81768

0.17

±

0.0830

SPP1

J04765

0.33

±

0.1030

TGM2

M98478

UBD

XM_004212

0.36

±

0.133

0.34

±

0.1810

0.40

±

0.1330

-0.29

±

0.1510

-0.35

±

0.1730

UGT2B11

AF016492

UQCRB

XM_018456

VAT1

XM_008209

VMP1

NM_030938

0.21

±

0.103

0.46

±

0.0910

0.37

±

0.083

0.42

±

0.2230

0.41

±

0.0810

±

0.2130

0.63

0.45

±

0.1330

-0.26

±

0.0930

0.55

±

0.233

0.33

±

0.1110

-0.17

±

0.093

0.32

±

0.173

0.33

±

0.1210

0.39

±

0.073

±

0.1830

0.18

±

0.103

0.18

±

0.1210

Hierarchical clustering of the PAH treatments, using the 62 genes that were modulated
by at least one treatment is shown in Figure 3.2. The data shows that for each compound all concentrations induce similar responses, since for each compound the three
concentrations are close together on the dendrogram. This indicates that compoundspecific gene expression profiles are induced. Also, differences and similarities between
the compounds on gene expression patterns can be observed. FA and 1-MPA, which
affect only a small number of genes, induce similar gene expression changes as they
group closely together. Furthermore B[a]P, B[b]F and DB[a,h]A induce gross similar
gene expression changes. DB[a,l]P is found to have a different gene expression profile
compared to the other compounds, but higher in the dendrogram, it groups with
B[a]P, B[b]F and DB[a,h]A and not with FA and 1-MPA. This figure also shows the
dendrograms for the genes. Most noteworthy is that all induced cytochrome P450
genes (CYP1A1, CYP1A2, CYP2D6 and CYP2E1) and IGFBP1 respond similar to all
treatments and different from all other genes.
Differences in treatment related responses are also visualized by principal component
analysis (Figure 3.3). Comparable to clustering data, this again shows that for each
PAH the three dose levels are close together implying similar response on gene level. It
also shows discrimination of the PAHs indicating the presence of PAH-specific gene
expression profiles.
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FIGURE 3.2. Hierarchical clustering of PAH treatments and genes, using the 62 that were significantly
modulated by at least one of the treatments (see Table 3.2). Clustering with average cluster linkage and
Euclidean distance metric was used.

FIGURE 3.3. Principal component analysis of all PAH treatments using the 62 genes that were significantly modulated by at least one of the treatments (see Table 3.2).
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Pathway analysis
Pathway analysis by GenMAPP of the significantly modulated genes per compound
revealed several affected pathways for most compounds. An overview is shown in
Table 3.3. Modulation of gene expressions suggest that apoptosis was induced by
DB[a,l]P and DB[a,h]A, cholesterol biosynthesis was inhibited by B[a]P and B[b]F and
fatty acid synthesis was inhibited by B[a]P and DB[a,l]P. Furthermore some other
pathways appear affected by one of the six compounds.
TABLE 3.3. Affected pathways in response to PAH treatment as revealed by analysis with GenMAPP.

Apoptosis
Cholesterol Biosynthesis
Fatty acid biosynthesis path 2
Fatty Acid Synthesis
G Protein Signaling
Nucleotide Metabolism
Wnt signaling

B[a]P

B[b]F

↓
↓
↓
?
↑

↓

DB[a,h]A
↑

DB[a,l]P
↑

FA

1-MPA

↓

↓

Induction of the pathway is indicated with an arrow pointing upwards (↑), inhibition with an arrow
pointing downwards (↓) and unknown with an question mark (?). Blank cells mean that for that PAH the
pathway was not significantly affected.

DNA adduct formation
DNA adduct levels were measured by 32P-postlabeling in the same samples as used for
gene expression profiling. Results are summarized in Table 3.4. B[a]P exposure results
in the highest number of DNA adducts (up to 1.9 adducts per 105 nucleotides), and
that FA and 1-MPA DNA adduct levels were not detected (detection limit 1 adduct
per 108 nucleotides). No dose-response relations could be detected.
TABLE 3.4. DNA adduct levels in HepG2 cells exposed to PAHs.

3 µM
10 µM
30 µM

B[a]P

B[b]F

DB[a,h]A

DB[a,l]P

FA

1-MPA

blank

1857 ± 780*
839 ± 280
1238 ± 112

131 ± 28
100 ± 50
85 ± 38

30 ± 19
36 ± 31
34 ± 27

203 ± 184
576 ± 181
336 ± 209

0±0
0±0
1±1

2±1
3±3
4±0

3±0

* Number of DNA adducts per 108 nt (Mean ± SD)
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Correlation studies
DNA adduct levels for all compounds and all concentrations were correlated with the
expression changes of all 62 modulated genes. Significant correlations coefficients with
an R2 > 0.4 are shown in Table 3.5. The expression of several genes showed significant
correlation with DNA adduct levels, for instance, that of CYP1A1 (R=0.818,
p<0.001).
TABLE 3.5. Pearson correlation analysis of gene expression changes and DNA adduct levels for all tested
PAHs and doses.
Gene

CYP1A1
PRKCA
SLC22A3
PTK2
GADD45A
NFKBIA
CYP1A2
HAMP
HIST1H2A
CYP2D6
JAG1

Pearson Correlation

p-value

0.818
-0.762

<0.001
<0.001

-0.761
-0.746
0.719
0.690

<0.001
<0.001
<0.001
<0.001

0.655
0.653
-0.650
0.670

<0.001
<0.001
<0.001
<0.001

0.658

<0.001

All log (base 2) transformed data. Only significantly correlating genes are shown with an R2>0.4.

Expression changes of significantly modulated genes were also correlated with a
parameter for carcinogenic potency, TEF, and for Ah-receptor binding potency, IEF.
Both parameters are based on literature data (see materials and methods). Since for
every compound we hardly observed dose-response relations in gene expression
changes, the same TEF and IEF value was used for all concentrations. Significant
correlation coefficients with R2 above 0.4 are shown in Tables 3.6 and 3.7. CYP1A1,
PRKCA, SLC22A3, NFKB1A, CYP1A2 and CYP2D6 appeared to correlate with all
parameters, and several other genes correlated with one or two parameters.
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TABLE 3.6. Pearson correlation analysis of gene expression changes and TEF for all tested PAHs and
doses.
Gene

CYP1A2
ID2
NFKBIA
AXIN1
CYP1A1
SLC22A3
PTK2
CYP2E1
IGF1
BCL2L1
PRKCA
FASN
UBD
CYB5
CPS1
GADD45A
CYP2D6
PCNA
VAT1

Pearson Correlation

p-value

0.846
0.844

<0.001
<0.001

0.821
-0.802
0.790
-0.783

<0.001
<0.001
<0.001
<0.001

-0.752
0.744
0.734
-0.727

<0.001
<0.001
0.001
0.001

-0.718
-0.699
0.694
0.677

0.001
0.001
0.001
0.002

-0.669
0.657
0.670
0.646

0.002
0.003
0.003
0.004

0.634

0.005

All log (base 2) transformed data. Only significantly correlating genes are shown with an R2>0.4
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TABLE 3.7. Pearson correlation analysis of gene expression changes and IEF for all tested PAHs and
doses.
Gene

CYP1A2
IGF1
CYP2E1
CYB5
NFKBIA
VAT1
CYP2D6
TGM2
CYP1A1
ERBB2
PIM1
UQCRB
HAMP
BCL2L1
UBD
BCL3
MAPT
SLC22A3
LGALS3
PRKCA
NGFR
ACAA2
IGFBP1
RAD52

Pearson Correlation

p-value

0.925
0.921
0.886

<0.001
<0.001
<0.001

0.877
0.871
0.865
0.869

<0.001
<0.001
<0.001
<0.001

-0.836
0.836
-0.822
0.810

<0.001
<0.001
<0.001
<0.001

-0.806
0.785
-0.784
0.776

<0.001
0.001
0.001
0.001

0.774
0.742
-0.739
0.724

0.001
0.002
0.002
0.002

-0.705
-0.701
-0.698
0.673

0.003
0.004
0.004
0.006

0.668

0.006

All log (base 2) transformed data. Only significantly correlating genes are shown with an R2>0.4.

DISCUSSION
Differential gene expression
As modulation of gene expression in human liver cells, i.e. HepG2 cells, and might
reveal a toxic outcome (38), we studied this after exposure of the cells to several PAHs,
and related gene expression differences to parameters for genotoxicity, carcinogenic
potency and Ah-receptor binding potency. Based on a diverse carcinogenicity and
abundance in the air, we used B[a]P, B[b]F, FA, DB[a,l]P, DB[a,h]P and 1-MPA to
study the effects on gene expression in HepG2 cells.
All tested PAHs, except 1-MPA, were able to modulate gene expression at concentrations up to 30 µM. However, a clear dose-response was not observed. Only DB[a,l]P
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showed a dose-response relation in gene expression difference for many genes. This
indicates that in general a maximum induction was already achieved at the lowest
concentration. The fact that also DNA adducts show no clear dose-response relations,
suggests that saturation of metabolism of the PAH compounds is responsible for the
absence of dose-response effects on gene expression. However, Bláha et al (39) did not
find a maximum induction level in the CALUX assay at similar concentrations we
tested. Also, in liver and lung slices a dose response was seen up to 80 µM (40). The
difference with our results could be due to a different cell system.
Of all 600 genes on the microarray, 62 genes were found modulated by one or more
compounds. Principal component and hierarchical clustering analysis using these 62
genes, show that for each compound the response on gene expression profiles is
grossly independent of the concentration, as all concentrations of a single compound
are grouped closely together. This indicates that each compound induces a unique gene
expression profile in HepG2 cells. Moreover, in the hierarchical clustering at the next
higher level, the compounds are grouped into carcinogenic (B[a]P, B[b]F, DB[a,h]A
and DB[a,l]P) and non-carcinogenic (FA and 1-MPA). Furthermore, the most carcinogenic PAH (DB[a,l]P) is separated from the less carcinogenic compounds (B[a]P,
B[b]F and DB[a,h]A). Taken into account that we examined only 6 PAHs, our results
suggest the possibility to discriminate carcinogenic from non-carcinogenic PAHs,
based on gene expression profiles.
Pathway analysis
Pathway analysis by GenMAPP revealed that several pathways appeared to be affected
by the PAHs (Table 3.3). According to the modulated gene expression, apoptosis was
induced by DB[a,h]A and DB[a,l]P. We did not find induction of the apoptotic pathway in our experiments by B[a]P, although B[a]P, and several other PAHs, have been
shown to induce apoptosis in in vitro cell systems (20,41,42). This could be due to the
relative short exposure time of 6 hours.
Modulated gene expression suggests an inhibition of cholesterol synthesis by B[a]P and
B[b]F. It has been shown that the cholesterol content and the cholesterol biosynthesis
are elevated in proliferating normal tissue and in tumors (43), and are suggested to be
an indicator for neoplasmatic growth (44). Since decreased cholesterol synthesis has
been shown to inhibit cell growth (43), our results suggest a cell growth reduction by
B[a]P and B[b]F in HepG2 cells which may allow the cell to recover from damage by
PAHs. However, it is unclear whether PAHs indeed affect cholesterol synthesis.
Exposure to B[a]P or DB[a,l]P leads to an inhibition of genes involved in fatty acid
synthesis. It has been reported that tumorigenic tissue expresses a higher level of Fatty
Acid Synthase (FAS) than normal tissue (45,46). Also, it has been shown that inhibition
of FAS will result in apoptosis in human cancer cells (46,47). This would suggest that
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B[a]P and DB[a,l]P induce a protective response by inhibition of fatty acid synthesis.
In literature we did not find a relation between PAH exposure and fatty acid synthesis
pathway. However, Iwano et al (48), previously studied the effect of 3methylcholanthrene on the expression of several genes in HepG2 cells, and found a
down-regulation of FASN and SCD. These enzymes are involved in fatty acid synthesis and are also downregulated in our study.
Furthermore, the Wnt signaling pathway was down regulated in response to DB[a,l]P.
Genes involved in Wnt signaling (APC, β-catenin and AXIN) are often mutated in
human cancers (49,50). As down-regulation of AXIN by DB[a,l]P is involved in this
pathway, and as AXIN is a tumor suppressor gene (49), this would suggest a tumorigenic potency of DB[a,l]P. However, no data on the influence of PAHs on the Wnt
signaling pathway is known from literature.
The two pathways affected by B[a]P, G protein signaling and nucleotide metabolism,
could not be related to carcinogenicity based on literature data.
Taken together, the affected pathways are generally involved in defense mechanisms
which protect against cancer. An up-regulation of apoptosis would eliminate damaged
cells, and by inhibiting the cell cycle and cholesterol biosynthesis, the damage due to
the PAHs could be repaired. Other pathways, like fatty acid synthesis would suggest a
less neoplastic phenotype of the cells after exposure to PAHs, which could be a defense mechanism of the cell against carcinogenic compounds.
DB[a,h]A and DB[a,l]P are the most carcinogenic of all tested compounds, and both
are also the only two which induce apoptosis. This suggests that induction of apoptosis
is related to high carcinogenic potency. Other affected pathways do not seem to relate
with carcinogenicity of the PAHs. As FA and 1-MPA modulate only a few or no gene
significantly, they affect no biological pathways.
DNA adduct formation
PAHs have been shown to form DNA adduct adducts in several tissues, including
skin, lung and liver (10,40,51,52). The order of DNA adduct levels induced by the
PAHs in HepG2 cells is B[a]P >> DB[a,l]P > B[b]F > DB[a,h]A > 1-MPA ≥ FA. This
differs from the order found in several other studies, namely DB[a,h]P > DB[a,h]A >
B[a]P > B[b]F (10,40,51,52). This difference could be due to the difference in tissue
(lung versus liver), in model system (in vivo versus in vitro), in species (rat or mouse
versus human), or exposure time. However, Topinka et al (10) also found that in rat
hepatocytes B[a]P induced higher DNA adduct levels than B[b]F, and Segerback and
Vodicka (52) found the same order of DNA adduct levels as we did, for B[a]P, B[b]F,
DB[a,h]A and FA in DNA directly exposed to the PAHs in the presence of rat S9-mix.
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Correlation studies
We correlated the 62 genes that were modulated by at least one concentration of one
compound with DNA adduct formation, TEF and IEF and found that several genes
gave a high correlation coefficient. Some genes correlated with all three parameters
tested, namely CYP1A1, PRKCA, SLC22A3, NFKB1A, CYP1A2 and CYP2D6.
Although these genes might be used for qualitative carcinogenic risk assessment of
PAHs, they are not specific for either one of the parameters. The other correlating
genes might be important for a single biological function or effect, like DNA adduct
levels or Ah-receptor antagonicity. Sjorgen et al (19) related several parameters, for
example Ah-receptor binding, EROD assay data, Ames test data and carcinogenicity of
PAHs and found that the affinity of PAHs to bind to the Ah-receptor correlates with
carcinogenic potency of the compounds.
As expected, we found significant correlation between IEF and the gene expression of
the modulated cytochome P450 enzymes. These enzymes are also involved in the
metabolism of PAHs and they are known to be induced via the Ah-receptor following
exposure to PAHs (14,18). Also, we found a correlation between DNA adduct formation and expression of GADD45, which can be explained by the DNA damage induced by the PAHs. Pathway analysis of the significantly correlating genes revealed
only pathways involved in metabolism, which is probably due to the highly correlating
cytochrome P450 enzymes.

CONCLUSION
Our data indicate that qualitative cancer risk prediction of PAH by gene expression
profiling is feasible, i.e. the discrimination of carcinogenic PAH from non-carcinogenic
PAH. This may help in the characterization of risks of other PAHs for which carcinogenic potency is unknown. Additionally, some genes appeared to correlate with all
three carcinogenic parameters, indicating a relationship between the expression of
these genes and carcinogenicity of PAHs.
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ABSTRACT
Polycyclic aromatic hydrocarbons (PAHs) differ markedly in their carcinogenic potencies. Differences in transcriptomic responses upon PAH exposures might improve our
current understanding of the differences in carcinogenicity, and therefore gene expression modulation by six PAHs in precision-cut rat liver slices was investigated. Gene
expression modulation of benzo[a]pyrene (B[a]P), dibenzo[a,l]pyrene (DB[a,l]P),
benzo[b]fluoranthene (B[b]F), fluoranthene (FA), dibenzo[a,h]anthracene (DB[a,h]A)
and 1-methylphenanthrene (1-MPA) was assessed after 6 h (B[a]P, DB[a,l]P) and 24 h
(all compounds) exposure, using oligonucleotide arrays. DNA-adduct formation was
determined using 32P post-labelling.The effects of PAHs on gene expression and on
DNA-adduct formation were much more pronounced after 24 h exposure than after a
6 h exposure. Each compound induced gene expression changes dose-dependently and
gene expression profiles were generally compound-specific. B[a]P, B[b]F and DB[a,h]A
displayed comparable gene expression profiles, and so did DB[a,l]P, FA and 1-MPA.
Only the carcinogenic PAHs (B[a]P, B[b]F, DB[a,l]P and DB[a,h]A) induced the
oxidative stress pathway. DNA-adduct levels were: DB[a,l]P >> B[a]P > B[b]F ≥
DB[a,h]A > FA ≥ 1-MPA. The expression of only a few genes was found to correlate
significantly with DNA-adduct formation, carcinogenic potency or Ah-receptor binding capacity (the last two taken from literature). These genes differed between the
parameters. Our results indicate that PAHs generally induce a compound-specific
response on gene expression and that discrimination of carcinogenic from noncarcinogenic compounds is partly feasible using this approach. Only at a specific
pathway level, namely oxidative stress response, PAHs with high and low carcinogenic
potency could be discriminated.
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INTRODUCTION
Polycyclic aromatic hydrocarbons comprise a large and ubiquitous class of structurally
related environmental chemicals that differ greatly in their carcinogenic potency (1,2).
An indication of their carcinogenic potential may be derived from a consideration of
their structural properties, such as the presence of fjord and bay regions, in relation to
their metabolism (3,4). Several other properties may help define the carcinogenic
potency of PAHs, such as their ability to interact covalently with DNA following
metabolic activation (5-9). Although DNA-adduct formation has been shown to
correlate with the mutagenic potency in the case of PAHs (6), the various PAH-DNAadducts may be differently repaired by the cellular DNA-repair mechanisms, and
thereby induction of mutations (5), and additional events are required to transform a
normal cell into a malignant one.
In the liver, PAHs are metabolically activated by the CYP1 family of cytochromes
P450, whose genes are under transcriptional control of the Aromatic hydrocarbonreceptor (Ah-receptor) (10). The principal catalysts of the activation of PAHs are
CYP1A1 and CYP1B1 which, although poorly expressed in the liver, are highly inducible by these compounds (11). After metabolic activation, PAHs form adducts with
DNA, induce mutations, and thereby initiate carcinogenesis (5,12). Many PAHs are
ligands for the Ah-receptor, leading to transactivation of Ah-receptor mediated gene
expression, including CYP1. Consequently, PAHs can increase their own metabolism
including the activation pathways (13). The ability to bind to the Ah-receptor is considered to be a critical factor in determining the genotoxicity of PAHs (14). For comparison of PAHs in their ability to bind to the Ah-receptor, we used the data of
Machala et al (13), who expressed Ah-receptor binding of a PAH as an Induction
Equivalency Factor (IEF).
Ranking of PAHs according to their carcinogenic potencies is currently based on
several parameters, such as the ability to generate DNA-adducts, mutagenicity and
tumour forming potency. In order to compare the different PAHs, the Toxic Equivalency Factor (TEF) has been introduced (15,16), based on the formation of carcinomas, full carcinogenesis and DNA-adduct formation. Another ranking for carcinogenicity of PAHs is developed by Collins et al (17), who estimated a Potency Equivalency Factor (PEF) for PAHs relative to B[a]P, based on bioassay data. However, for
many PAHs these data are not currently available. Since none of the short term endpoints, e.g. DNA-adduct formation, mutagenicity, Ah-receptor binding, is solely
indicative of PAH carcinogenicity, the development of additional methods that can
improve their ranking would be advantageous.
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Gene expression profiling by DNA microarray technology has proved to be a useful
tool in revealing mechanisms of toxicity and in toxicity classification of compounds
(18,19). Thus this technology can improve our appreciation of the carcinogenic potency of chemicals. By studying the effects of a PAH on the expression of a large set of
genes, a compound-specific “transcriptomic fingerprint” may be obtained that reveals
mechanistic information related to its carcinogenicity. Data derived from studies with a
large number of PAHs may eventually improve our understanding of the differences in
carcinogenic potency between PAHs, and might enable us to discriminate better
between carcinogenic from less or non-carcinogenic compounds.
To better understand the difference in carcinogenic potency among PAHs, we investigated the transcriptomic fingerprints induced by PAHs with a wide range of carcinogenic activity in precision-cut rat liver slices. Precision-cut liver slices is a frequently
used in vitro model with an increasing number of applications, including transcriptome
profiling studies (20). In this model, cells are refrained in an environment with normal
cell-cell and cell-matrix contacts, and remain to express high levels of metabolic enzymes that are important in PAH-mediated effects. The effects of PAHs on gene
expression were examined for a total of 5700 genes simultaneously and compared with
DNA-adduct formation, carcinogenic potency and Ah-receptor binding.

MATERIALS AND METHODS
Chemicals
Benzo[a]pyrene (B[a]P, purity 97%, CAS no. 50-32-8), benzo[b]fluoranthene (B[b]F,
purity 98%, CAS no. 205-99-2), fluoranthene (FA, purity 99%, CAS no. 206-44-0),
dibenzo[a,h]anthracene (DB[a,h]A, purity 97%, CAS no. 53-70-3) and
dibenzo[a,l]pyrene (DB[a,l]P, purity 99.6%, CAS no. 191-30-0) were obtained from
Sigma-Aldich (Zwijndrecht, the Netherlands). 1-Methylphenanthrene (1-MPA, purity
99%, CAS no. 832-69-9) was obtained from LGC Promochem (Teddington, United
Kingdom). All chemicals were dissolved in DMSO.
Preparing and exposure of precision-cut liver slices
Rat livers were obtained from male Wistar rats (175-250g) killed by cervical dislocation.
Livers were immediately excised and slices (250 µm) were prepared using a Krumdieck
tissue slicer (Alabama Research and Development Corp., Munsford, AL, USA) as
previously described (21). Slices were pre-incubated for 30 minutes at 37˚C in RPMI
supplemented with 5% foetal calf serum, 0.5 mM L-methionine, 1 µM insulin, 0.1 mM
hydrocothsone-21-hemisuccinate and 50 µg/ml gesntomycin in 12 well plates on a
shaking incubator (5% CO2 and 95% air). After pre-incubation, the slices were transferred to 12 well plates containing fresh media and to which was added 3, 10 or 30 µM
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of the PAHs or a solvent control (DMSO, 0.067% v/v). In each of two independent
experiments, three slices were used for each treatment. After 6- or 24-h exposure, the
slices were removed from the medium and immediately frozen in liquid nitrogen.
RNA isolation, cDNA synthesis and dye labelling
After crushing the liver slices under liquid nitrogen, RNA was stabilized by dissolving
the crushed powder in Trizol (Gibco/BRL, Breda, the Netherlands) and isolated
according to the manufacturer’s manual. RNA was purified using the RNeasy mini kit
(Qiagen Westburg bv., Leusden, The Netherlands) with DNase treatment, quantity was
measured spectrophotometrically in 50mM NaOH and quality was determined using a
BioAnalyzer (Agilent Technologies, Breda, The Netherlands). OD 260nm/280nm
were 1.79 ± 0.13. Only RNA samples which were not degraded (clear 18S and 28S
peaks) were used for labelling and hybridization. To obtain sufficient RNA for microarray analysis, for each treatment two or three liver slices were pooled.
RNA samples were reverse transcribed into cDNA in triplicate with amino-allyl labelled dUTP (Sigma-Aldrich, St Louis, USA) and subsequently labelled with one of the
three dyes, namely Cyanine 3 (Cy3), Cyanine 5 (Cy5) or Alexa 594 (A594), as was
described previously (22). The labelling schedule is shown in Table 4.1.
TABLE 4.1. Labelling and hybridization design of RNA samples from each experiment with a PAH.
Array no.
1
2
3

Cyanine 3
0 µM
10 µM
3 µM

Cyanine 5
3 µM
0 µM
30 µM

Alexa 594
10 µM
30 µM
0 µM

Microarray hybridization and data analysis
Dye-labelled samples were hybridized on an Operon rat oligonucleotide array containing 5700 oligonucleotides (v1.2.1, Operon, Qiagen, Venlo, The Netherlands) printed in
triplicate on Corning UltraGAPS Coated Slides (Corning Life Sciences, New York,
USA) by the Genome Centre Maastricht (Maastricht University, Maastricht, The
Netherlands). Hybridization and washing were performed according to Corning’s
protocol for oligonucleotide arrays and as described previously (22).
The microarray slides were scanned on a ScanArrayExpress (Packard Biochip Technologies, Perkin Elmer life sciences, Boston, USA). All three channels were scanned at
100% laser power and PMT Gain was adjusted, such that the signal of the highest
fluorescent spots was just below the maximum measurable level. The images (10
micron resolution; 16 bit tiff) were processed with ImaGene 5.0 software (BioDiscov-
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ery Inc., Los Angeles, USA) to quantify spot signals. Irregular spots were manually or
automatically flagged and excluded from the data analysis.
Data from ImaGene were transported into GeneSight software version 4.1.5 (BioDiscovery Inc. Los Angeles, USA) for further analysis. For each spot, local background
was subtracted and flagged spots as well as spots with a net expression level < 20 were
omitted. Data were log base 2 transformed and expression differences between exposed and control calculated. Data normalization was carried out using LOWESS and
centring expression differences by subtracting mean values. Data of replicate spots
were combined while omitting outliers (> 2 SD). To detect significantly modulated
genes, first genes were selected using the confidence analysis tool from GeneSight (up
or down regulation of 0.1 and 99% confidence limit) using the averaged data per
treatment. This was followed by a Student’s t-test analysis (p < 0.01) between the gene
expression differences at each PAH concentration compared to self-hybridizations of
RNA labelled with the same dyes. Genes were assumed significantly modulated if they
were found in both the confidence analysis and the Student’s t-test.
Unsupervised clustering was performed by hierarchical clustering analysis and principal
component analysis using GeneSight tools. Classification analysis by supervised clustering was achieved using the nearest-shrunken-centroid method using the PAM
software tool (http://www-stat.stanford.edu/~tibs/PAM/, 27-09-2005 (23)). Genes
used for classification were selected by multiple cross-validations based on the leaveone-out procedure. At the lowest misclassification rate, the smallest number of genes
for that rate was selected for classification analysis into carcinogenic or noncarcinogenic.
Pathway analysis
Pathway analysis was carried out using GenMAPP version 2.0 software (Gladstone
Institutes, University of California, San Fransisco, USA) and local maps from GenMAPP (Gene database Rn_contributed_20041216 and maps Rn_std_20041102 from
www.GenMAPP.org) (24,25). For each treatment, all modulated genes were included
in the analysis, with the exclusion of flagged genes. Pathways with a Z-score > 2 and at
least two genes affected, were assumed to be significantly affected by the treatment.
DNA-adduct analysis
After removal of the aqueous phase during RNA isolation using Trizol, the remaining
phases were used for DNA isolation according to the manufacturer’s protocol. DNAadduct levels were determined according to the procedure originally described by
Reddy and Randerath (26) with the modifications introduced by Godschalk et al (27).
By including samples with known DNA-adduct levels (1 adduct per 106, 107 or 108 nt),
it was possible to quantify DNA-adduct levels (detection limit 1 adduct per 108 nt).
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Adduct spots on the chromatograms were located and quantified using a phosphor
imager (FLA-3000, Fuji, Paris, France) and AIDA/2D densitometry software.
Correlation analysis
For correlation of gene expression changes with carcinogenic potency, TEF values
from Nisbet and LaGoy (16) were used for B[a]P, B[b]F, FA and DB[a,h]A. These
were complemented with the PEF values proposed by Collins et al (17) for DB[a,l]P,
and we estimated a TEF for 1-MPA based on IARC data (1,2) according to the
method proposed by Nisbet and LaGoy (16). The resulting TEF values were; 1.0 for
B[a]P, 0.1 for B[b]F, 0.001 for FA and 1-MPA, 5.0 for DB[a,h]A and 10 for DB[a,l]P.
For correlation with Ah-receptor binding, IEF values determined by Machala et al (13)
were used. The values after 24 hours exposure were used and expressed relative to
B[a]P. They were 1 for B[a]P, 0.24 for B[b]F, 0 for FA, 7.64 for DB[a,h]A and 0.01 for
DB[a,l]P.
After log (base 2) transformation, DNA-adduct levels, TEF and IEF were correlated
with the expression changes of modulated genes by at least one concentration of the
compound. Since after log transformation, DNA-adduct formation, TEF and IEF
were normally distributed (according to the Kolmogorov-Smirnov test in SPSS, P <
0.05), Pearson correlation coefficients of gene expression with TEF, IEF (both for
each concentration separately) and DNA-adduct formation (for all concentrations)
were calculated using SPSS for windows 11.5 (SPSS Inc., Chicago, USA).

RESULTS
After 6 h exposure, B[a]P modulated 30 genes and DB[a,l]P 41 modulated genes.
When exposure was extended to 24 h, the number of modulated genes rose to 56 for
B[a]P and 111 for DB[a,l]P. Only three genes were found to overlap between both
time points for B[a]P and for DB[a,l]P this was one gene. Hierarchical clustering as
well as principal component analysis of the 83 genes modulated by B[a]P at either 6 or
24 h together with self-hybridizations showed that the 6 h exposure resembles the selfhybridizations more closely than the longer exposure (Figure 4.1); similar results were
obtained for DB[a,l]P. Furthermore, at 6 h, DNA-adduct levels in B[a]P- or DB[a,l]Ptreated liver slices were approximately 6% of those following a 24 h exposure (data not
shown). Collectively, these data led us to conclude that the PAHs have only limited
effects on gene expression and DNA-adduct formation after 6 h exposure compared
with 24 h, and therefore we focused on the 24 h time point only for the remaining four
compounds.
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FIGURE 4.1. Hierarchical clustering of B[a]P treatments for 6 or 24 h and self-hybridizations, using the 83
genes that were significantly modulated by at least one of the treatments. Clustering with average linkage
and Pearson distance metric was used.

All six compounds modulated gene expression in liver slices after 24 h exposure. B[b]F
modulated the highest number of genes, namely 165 genes for all concentrations
combined, followed by DB[a,h]A (115 genes), DB[a,l]P (111 genes), FA (77 genes),
B[a]P (56 genes), and finally 1-MPA (27 genes). Overall, 425 genes were modulated by
at least one treatment after 24 h exposure, and in general a dose-dependent effect on
gene expression modulation was observed (see supplemented data file at
http://fdgwgratsrv0401.unimaas.nl/data, including information on probe ID, gene
names, abbreviations, GenBank accession numbers and gene expression differences).
Hierarchical clustering of the PAH treatments and the 425 modulated genes shows
that for each compound, except for DB[a,l]P, all doses cluster together, indicating a
compound-specific response on gene expression (Figure 4.2). Higher in the dendrogram, it can be seen that B[a]P, DB[a,h]A and B[b]F elicit, to some extent similar
responses on gene expression. Similar observations were made for DB[a,l]P, FA and 1MPA. This finding is supported by the principal component analysis (PCA) using the
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425 modulated genes (Figure 4.3). Moreover, using PCA the compounds are split in
the same two groups, indicating a distinction between the gene expression profiles of
both groups. However, PCA also shows a similarity on gene expression response after
DB[a,l]P and DB[a,h]A treatment, which are both in the lower part of the plot. Thus
using both of these unsupervised clustering methods, the most carcinogenic PAH
(DB[a,l]P), is grouped together with the two least carcinogenic (FA and 1-MPA).

Figure 4.2. Hierarchical clustering of PAH treatments and genes using the 425 genes that were significantly
modulated by at least one of the treatments. Clustering with average linkage and Pearson distance metric
was used.
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Figure 4.3. Principal component analysis of all PAH treatments using the 425 genes that were significantly
modulated by at least one of the treatments. PC1 explains 23.4% of the variance between treatments, PC2
13.3% and PC3 9.8%.

Furthermore, we investigated whether a sub-group of the 425 genes would be better
classifiers for discrimination of the highly carcinogenic PAHs (B[a]P, DB[a,l]P,
DB[a,h]A and B[b]F) from the weakly carcinogenic PAHs (FA and 1-MPA). In this
approach the supervised clustering method, the nearest-shrunken-centroid method was
employed. When all treatments for all PAHs are used, 16 classifier genes were selected
to best discriminate carcinogenic from non-carcinogenic PAHs, namely CYP1A1,
CYP1A2, NQO1, PGRMC1, SPP1, EPHX1, CYP1B1, MPL3, GSTM1, TTR, RT1-N1,
GBP2, DIG1, AOX1, GRAG16 and CTSK. Using these genes, it was noted that all
treatments, except the two lowest doses of DB[a,l]P, were correctly classified as being
non-carcinogenic or carcinogenic (Figure 4.4). In addition, this method was applied to
predict the carcinogenic potency of a PAH based on data derived from the 5 other
PAHs. This was done at all concentrations studied, and the results are shown in Table
4.2. B[a]P, B[b]F and DB[a,h]A were always correctly classified, whereas DB[a,l]P was
always misclassified. Classification of 1-MPA and FA based on data of the remaining 5
compounds was not possible since at least two compounds are required in each class
for classification.
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FIGURE 4.4. Classification by the nearest-shrunken-centroid method of PAH treatments (24 h) in high (h)
or low (l) carcinogenic potency based on the expression of CYP1A1, CYP1A2, NQO1, PGRMC1, SPP1,
EPHX1, CYP1B1, MPL3, GSTM1, TTR, RT1-N1, GBP2, DIG1, AOX1, GRAG16 and CTSK.

TABLE 4.2. Prediction by the Nearest-shrunken-centroid method of carcinogenic potency of a PAH based
on gene expression data of the five other PAHs per concentration. Classification of FA and 1-MPA was
not possible since at least two compounds are needed in each class.
PAH concentration

DB[a,l]P

B[a]P

B[b]F

DB[a,h]A

FA

1-MPA

3 µM
10 µM

Wrong
Wrong

Correct
Correct

Correct
Correct

Correct
Correct

Not done
Not done

Not done
Not done

30 µM

Wrong

Correct

Correct

Correct

Not done

Not done

Pathway analysis by GenMAPP based on the modulated genes for each PAH and
exposure concentration, revealed several affected pathways, which are listed in Table
4.3. Only oxidative stress was affected by more than one compound, namely by
DB[a,l]P, DB[a,h]A, B[a]P and B[b]F. It is noteworthy that these are all PAHs with a
medium or high carcinogenic activity.
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TABLE 4.3 Affected pathways (or groups of related genes) in response to PAH treatment as revealed by
analysis with GenMAPP.
DB[a,l]P

ACE-Inhibitor
pathway
Apoptosis

DB[a,h]A

B[a]P

B[b]F

?

FA

1-MPA

AGTR2
KNG

?

CASP3
CASP8
NFKB1

Cholesterol
Biosynthesis
Electron
Transport
Chain
Glycolysis and
Gluconeogenesis
GPCRDB Class
A Rhodopsinlike
HSP70 and
Apoptosis
Irinotecan
pathway
Mitochondrial
fatty acid
betaoxidation
Nuclear
Receptors
Oxidative
Stress1

↑

HMGCR
IDI1

↑

COX6A1
ATP5E

↓

GCK
PKM2

↑

OPN1SW
TRHR2

↑

CASP3
CASP8

↓

BCHE
UGT1A6

↑

DCI
SLC25A20

↑

NR1H3
RXRG

↓/?

GPX1
NFKB1

↓

CYP1A1

↓

CYP1A1

↓

CYP1A1

GSTA2

NQO1

GSTA2

NQO1

UGT1A6

GSTT2

UGT1A6

TXNRD1

NQO1
UGT1A6
TXNRD1

Regulation of
Actin Cytoskeleton
TGF Beta
Signalling
Pathway

↓

F2
FN1

↓

LTBP1
NFKB1

Induction of the pathway is indicated with an arrow pointing upwards (↑), inhibition with an arrow
pointing downwards (↓) and unsure with a question mark (?). The modulated genes in the pathway are
listed at the corresponding pathway. 1 Down-regulation of oxidative stress implies increased antioxidant
production and decreased ROS formation.
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DNA-adducts were measured by 32P-postlabelling in the same samples used for gene
expression profiling (Table 4.4). DB[a,l]P exposure resulted in the highest number of
DNA-adducts (up to 912 adducts per 108 nt), followed by B[a]P (up to 35 per 108 nt),
B[b]F (up to 15 per 108 nt) and DB[a,h]A (up to 12 per 108 nt). In most cases dosedependent DNA-adduct formation was observed. No or virtually no DNA-adducts
above background were detected after exposure of the liver slices to FA or 1-MPA.
TABLE 4.4. DNA-adduct levels (adducts per 108 nt; mean ± SD) in precision-cut rat liver slices after
exposure to PAHs.
PAH concentration

DB[a,l]P

B[a]P

B[b]F

DB[a,h]A

FA

1-MPA

vehicle control
3 µM

4.3 ± 1.4
130 ± 80.3

0.64 ± 0.55
2.4 ± 0.3

2.2
17 ± 6.0

2.6 ± 0.4
8.7 ± 0.8

1.2 ± 0.6
0.72 ± 0.29

4.9 ± 0.9
2.4 ± 1.2

10 µM
30 µM

455 ± 111
912 ± 197

14 ± 7.4
35

12.2
15 ± 0.9

15 ± 3.2
12. ± 4.1

0.71
9.2 ± 5.6

4.4 ± 0.8
2.7 ± 0.1

DNA-adduct levels (after log transformation) were correlated with the expression
changes for each of the 425 modulated genes. Significantly correlating genes (p < 0.05)
with an R2 > 0.4 are shown in Table 4.4. Only six genes satisfied these criteria.
The expression changes for the 425 significantly modulated genes were also correlated
with carcinogenic potency (TEF) and Ah-receptor binding capacity (IEF). Significantly
correlating genes (p<0.05) with a R2>0.4 are shown in Table 4.5. Two genes correlated
with carcinogenic potency and 24 genes with Ah-receptor binding. No genes were
found to correlate with more than one parameter. More detailed information on
correlation coefficients and fold changes of the genes can be found in the supplemented data file (http://fdgwgratsrv0401.unimaas.nl/data).
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TABLE 4.5. Genes with significant correlation (p<0.05 and R2>0.4) between expression and DNA-adduct
levels, TEF or IEF (all log base 2 transformed data).
DNA-adduct formation

TEF

IEF

SERPINB10
SNAP25
GTF2A1

AOX1
NOS2

ADAR
AHCY
CASP12

RPB1
AMEL
MMP9

CLDN3
CROT
CTSK
CXCL2
CYP1A1
CYP1A2
CYP2A1
DEFB1
FABP1
GSTA2
HSD17B2
IFITM3L

DISCUSSION
To better understand the difference in carcinogenic potency among PAHs, we examined the effect of six PAHs on gene expression in precision-cut rat liver slices in
relation to carcinogenic potency, DNA binding capacity and Ah-receptor binding.
After 24 h exposure, all tested PAHs modulated gene expression in a dose dependent
manner. Although no genes were found to be modulated by every PAH, CYP1A1 and
BEST5 were both up-regulated by five of six compounds (not by 1-MPA or DB[a,h]A
respectively). Further, AFAR, DIG1, EPHX1 and GSTM1 were all up-regulated by the
carcinogenic PAHs but not by the non-carcinogenic PAHs (FA and 1-MPA). Interestingly, these four genes are all involved in mechanisms to prevent carcinogenic damaging events and thereby protecting the cell, which may explain their modulation solely
by carcinogenic PAHs (28-30).
Hierarchical clustering and principal component analyses using all 425 modulated
genes both indicate that, in general, each compound has a specific gene expression
pattern. Only the 3 µM treatment with DB[a,l]P had a different gene expression pattern than the higher concentration treatments, which is probably due to a marginal
effect on gene expression at this low dose. Although the response on gene expression
of DB[a,l]P seems to show some similarity with the response of DB[a,h]A treatment
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(Figure 4.3), all compounds can be divided into two groups, one consisting of B[a]P,
DB[a,h]A and B[b]F and the other of 1-MPA, FA and DB[a,l]P. The first group
comprises only carcinogenic PAHs, whereas the other group contains a highly carcinogenic compound, DB[a,l]P in addition to two relatively non-carcinogenic compounds.
Thus, the two groups do not perfectly correspond with carcinogenicity based on
studies carried out in precision-cut rat liver slices. The separation in these two groups
might be explained by the poor induction of Ah-receptor dependent gene expression
(CYP1A1, CYP1A2 and CYP1B1) by DB[a,l]P and the two relatively non-carcinogenic
compounds, whereas B[a]P, B[b]F and DB[a,h]A are all strong inducers of Ah-receptor
dependent gene expression. In contrast, in HepG2 cells, a human hepatoma cell line,
exposed to identical PAHs at similar concentrations carcinogenic and non-carcinogenic
PAHs could be discriminated in hierarchical clustering (31). This discrepancy most
probably reflects differences in the in vitro system employed and the species differences.
In order to investigate whether within the total of 425 genes a sub-group of genes
exists that can be used to discriminate PAHs regarding carcinogenicity, classification
analyses by the nearest-shrunken-centroid method was performed. Though the gene
numbers could be reduced, still B[a]P, B[b]F and DB[a,h]A were constantly and correctly classified as being carcinogenic, whereas DB[a,l]P was wrongly classified as
having a low carcinogenic potency. This incorrect classification of DB[a,l]P may be
caused by the minor induction of the CYP1A1 gene by DB[a,l]P only at the highest
concentration, whereas the other carcinogenic PAHs induce CYP1A1 to a higher
extent and at all concentrations. Noteworthy, DB[a,l]P was found to induce CYP1A1
in HepG2 cells, which probably contributed to the more accurate classification of
PAHs in these cells.
These results suggest that HepG2 cells are a more suitable model for PAH classification of their carcinogenic potency based on gene expression profiling. However, we
tested only six compounds and used arrays with only a limited part of all genes. A
larger number of compounds and arrays covering the whole transcriptome, may
improve the classification of PAHs in liver slices.
Pathway analysis can be useful in revealing the processes in which the modulated genes
are involved and, thereby, may elucidate PAH induced carcinogenic mechanisms. All
carcinogenic PAHs modified genes involved in oxidative stress (which implies an
increased antioxidant production and decreased ROS formation), whereas the least
carcinogenic PAHs, FA and 1-MPA, failed to do so. This observation would imply that
affecting oxidative stress might be an important characteristic or classifier for carcinogenic PAHs. PAHs are known to induce oxidative stress following metabolism to yield
compounds such as quinones (reviewed in (4)). Our observation might be a protective
mechanism of the liver cells to oxidative damage induced by PAHs. Nuclear receptors
were affected by DB[a,l]P as for instance the RXR receptor was down-regulated and
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the LXR (or oxysterol) receptor was up-regulated. Over-expression of the RXR receptor has been shown to inhibit growth of carcinoma cells (32), which means that our
observed down regulation may be seen as a tumour promoting activity of DB[a,l]P.
Furthermore, DB[a,l]P seems to influence apoptosis and HSP70 suggesting a stress
response of the liver slices. Accordingly, the regulation of actin cytoskeleton is downregulated in response to DB[a,l]P which also indicate induction of apoptosis. Additionally, DB[a,l]P decreased the TGF beta protein signalling pathway. TGF-beta serves as a
tumour suppressor pathway in normal tissue and is known to be over-expressed in
advanced stages of carcinogenesis (33). DB[a,h]A influenced the electron transport
chain pathway which may be related to its carcinogenic mode of action. There is
evidence that defects in electron transport activities is linked to carcinogenic outcome,
as for instance was shown for brain tumours (34). Further, DB[a,h]A showed elevation
of cholesterol biosynthesis pathway, which could be interpreted as cell growth promotion by DB[a,h]A, since in proliferating normal tissue and tumours cholesterol biosynthesis is enhanced (35). Treatment with B[b]F was found to down-regulate glycolysis
and gluconeogenesis. Although the energy requirement of hepatic cancer cells increases, gluconeogenesis decreases in poorly differentiated cells (36). This seems to
indicate a preliminary carcinogenic response to B[b]F treatment. Overall, some of the
perturbed pathways point to either a protective mechanism of the cell against carcinogenic insult or promotion of the carcinogenic process. Thus, with the exception of
effects on oxidative stress, all PAHs appear to have a different effect on liver slices.
At pathway level, some similarities between the current study on liver slices and the
data from our previous study in HepG2 cells were found. In both cell systems, the
apoptosis pathway, cholesterol biosynthesis and effects on fatty acid synthesis or
degradation were observed. Only the HMGCR gene in the cholesterol biosynthesis
pathway and the NFKB gene in the apoptosis pathway were modulated in liver slices
and HepG2 cells. Other genes (caspases in the apoptosis pathway) were not affected in
HepG2 cells or genes (others) were not present on the arrays used in the HepG2
experiment. Thus, modulation of these pathways appear important responses to PAH
exposure
The order of DNA binding capacity in liver slices was: DB[a,l]P >> B[a]P > B[b]F ≥
DB[a,h]A > FA ≥ 1-MPA. This order differs slightly from literature data (7-9), where it
is in general: DB[a,l]P > DB[a,h]A > B[a]P > B[b]F. Most of these data, however, were
obtained in in vivo studies conducted in the lung, whereas the current studies were
carried out in vitro in the liver. DNA-adduct formation in rat hepatocytes in vitro, in the
presence of rat S9-mix, resulted in the same order of DNA binding capacity for B[a]P,
B[b]F, DB[a,h]A and FA as observed in the present studies (9). In HepG2 cells the
order of DNA binding capacity was B[a]P >> DB[a,l]P > B[b]F > DB[a,h]A > 1-MPA
≥ FA showing that DB[a,l]P induces far more DNA-adducts in liver slices than in
HepG2 cells. DNA-adduct formation has been shown to be higher in CYP1A1
knockout mice after B[a]P exposure compared to wild types (37), and therefore
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CYP1A1 activation results in lower DNA-adduct levels. DB[a,l]P only marginally
induced the expression of CYP1A1 in liver slices, but it caused a more markedly
induction of CYP1A1 in HepG2 cells, and may therefore induce higher levels of
DNA-adducts in liver slices than in HepG2 cells.
Correlation of gene expression changes with DNA-adduct formation, carcinogenic
potency and Ah-receptor binding revealed several highly correlating genes. As expected, many genes known to be regulated via the Ah-receptor were seen to correlate
with IEF. These were genes from the cytochrome family (e.g. CYP1A1 and CYP1A2),
from the UDP glucuronyltransferase 1 family (UGT1A1, UGT1A6 and UGT1A7),
SLC21A5, NQO1 and GSTA2. These genes are also modulated in rats following
exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin, the highest affinity ligand known for
this receptor (38). In comparison with HepG2 cells only the Ah-receptor controlled
genes CYP1A1 and CYP1A2 correlated in both cell systems with IEF. Other genes
were either not significantly modulated in HepG2 cells, or were not present on the
arrays used for these experiments. The functions of some significantly correlating
genes could be related to carcinogenicity. For example, IEF correlated with CASP12
(involved with the terminal stage of apoptosis), FABP1 (may play a role in hepatocyte
cell proliferation and may transport activated chemical carcinogens), SLCO1A4
(SLC21A4, mediates transport of organic anions) and the UDP glucuronyltransferase
1 family (involved in metabolism of, for example, PAHs). TEF correlated with AOX1
and NOS2, which are both enzymes involved in inflammation response, and thereby
possibly indirectly with carcinogenesis (reviewed in (39)). Furthermore, NOS2 plays an
important role in the carcinogenesis of the PAH 3-methylcholanthrene (40). Finally, in
relation to carcinogenesis, DNA-adduct formation correlated significantly with MMP9.
The transcription and expression of MMP9 is increased throughout the process of
hepatocarcinogenesis (41). Although genes involved in DNA repair might be expected
to correlate with DNA-adduct formation, those that were present on the array (for
example XRCC1, XRCC5, OGG1, MPG and BRCA1) were not significantly modulated by either of the treatments and therefore not included in the correlation studies.
From this study, but also from other studies with HepG2 cells, it appears that modulation of DNA repair genes by genotoxic carcinogens is not a pronounced effect (19,31).
No gene was found to correlate with all parameters, indicating that either not all
parameters used for correlation are highly relevant to carcinogenicity or no gene can be
used as an indicator of carcinogenic potency of PAHs.
When analyzing the correlating genes for each parameter with GenMAPP, no pathways were significantly affected by genes correlating with DNA-adduct formation or
TEF. Genes correlating with IEF, however, appear to affect the oxidative stress
pathway. The relationship between oxidative stress and IEF might be explained by the
ability of PAHs to interact with the Ah–receptor, which leads to induction of cytochrome P450 enzymes. PAHs are metabolized by these enzymes and can form reactive
intermediates which can give rise to oxidative stress (reviewed in (4)).
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CONCLUSION
It may be inferred that PAHs generally induce a compound-specific response on gene
expression. This is reflected in both the clustering analyses as well as in the pathway
analyses.Using all modulated genes, discrimination of carcinogenic from noncarcinogenic compounds is, to some extent, feasible (only DB[a,l]P is incorrectly
grouped). But reduction of the discriminating genes using a classification tool, does not
improve this discrimination. Only at a specific pathway level, namely that for oxidative
stress response, PAHs with high and low carcinogenic potency could be discriminated.
Supplementary data
Supplementary data can be found on the website of Mutagenesis. “Differences and standard deviations
modulated genes” contains information on probe ID, gene names, abbreviations, GenBank accession
numbers and gene expression differences. “Correlations” contains more detailed information on correlation
coefficients and fold changes of the genes significantly correlating genes. All microarray data are stored in
ArrayExpress (http://www.ebi.ac.uk/arrayexpress/). Accession numbers are E-TOXM-24 and E-TOXM25 for the experiments and A-MEXP-350, 351 and 352 for the array designs.
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ABSTRACT
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous in ambient air and comprise a
large class of structurally related compounds with varying mutagenic and carcinogenic
potencies. As mutagenic potency of a PAH is important for its carcinogenic potency,
we aimed to find similarities in gene expression modulation between PAHs dosed at
equal mutagenic doses, which can help us to gain insight into the biological processes
involved in PAH carcinogenesis. Therefore, we assessed gene expression modulation
in liver and lung of CD2F1 mice by PAHs administered at equal mutagenic doses.
These doses were based on a previous dose finding study inMutaMice. The PAHs were
administered by i.p. injection to CD2F1 mice. Doses were for benzo[a]pyrene (B[a]P)
50 mg/kg and 100 mg/kg, for benzo[b]fluoranthene (B[b]F) 400 and 600 mg/kg, for
dibenzo[a,h]anthracene (DB[a,h]A) 2.5 and 5 mg/kg and for dibenzo[a,l]pyrene
(DB[a,l]P) 4 and 9 mg/kg. Gene expression modulation was assessed 24h posttreatment in lung and liver with Agilent arrays containing 22k probes. Generally, the
gene expression differences were higher in the liver than in the lung. Gene expression
profiles tended to be compound-specific, and differing more between organs than
between compounds. Nine genes were similarly regulated by all compounds in both
tissues. Some of these genes are involved in metabolism and some in DNA damage
response and stress response. Generally, we found that for all compounds the induced
gene expression profiles were similar in the lung and in the liver. Genes affected
similarly by all treatments in either lung (89 genes) or liver (71 genes) are involved in
processes related to carcinogenesis. The gene expression profiles indicate that several
pathways were affected, but none by all compounds. No pathways involved in DNA
damage response were significantly affected. However, the finding that pathways
involved in oxidative stress and cell cycle were affected, could be indicative for PAH
toxicity and mutagenicity. This study shows that several genes were similarly modulated in lung or liver by different PAHs at equally mutagenic doses. Some of these
genes were involved in DNA damage response and might play a role in PAH induced
mutagenicity. As the overlap between genes similarly modulated in liver and in lung
was small, this might indicate that differences in gene expression may lay behind the
difference in susceptibility of these organs to the effects of PAH exposure. Furthermore, pathway analysis showed that several pathways were affected, including pathways related to oxidative stress response and cell cycle control, which might be related
to PAH toxicity and mutagenicity.
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INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) comprise a large class of structurally related
chemicals which are present in the air due to incomplete combustion of organic
compounds. Although structurally alike, PAHs have a diverse range in mutagenic and
carcinogenic potency. Many PAHs induce tumour formation in mice, whereas other
PAHs are not tumorigenic. Of importance for mutagenic and carcinogenic potency of
PAHs, is the ability of cells to convert them into reactive metabolites.
PAHs bind to the Ah receptor, which subsequently translocates to the nucleus and
induces the expression of several Ah-receptor controlled genes, among which are
those for several Cytochrome P450 enzymes (e.g. CYP1A1, CYP1A2 and CYP1B1)
(1), which can metabolize PAHs to reactive intermediates (2,3). Many PAHs are able to
bind to DNA after metabolic activation and thereby form DNA adducts. When such
DNA adducts are not properly removed or repaired, mutations can occur during cell
division, which may induce cancer development (4). Although different PAH-adducts
are repaired with different accuracy and at different rate, DNA adduct formation has
been shown to correlate with mutagenic and carcinogenic potency of PAHs (5,6). In
addition to genotoxicity, PAHs can also induce epigenetic effects, which may lead to
changes in biological processes, like cellular communication (7,8) and cell proliferation
(9), and ultimately may promote cancer development. PAHs can also induce changes in
biological processes by the effect on the transcription of genes (10), which may be
related to their mutagenic and carcinogenic potency.
Lung is the primary target for environmental PAH exposure by inhalation. Because of
its capacity to metabolise PAHs (11), the lung forms a potential target for the adverse
effects of PAHs, such as carcinogenesis (12,13). The liver is also known to metabolise
many xenobiotic compounds, including PAHs, owing to its high levels of biotransformation enzymes, and is therefore also susceptible to adverse effects of PAHs, such as
mutagenesis (14).
In the present study, our aim was to gain insight into the biological processes involved
in PAH carcinogenesis by assessing similarities in gene expression modulation by
various PAHs at equally mutagenic doses. Therefore, we studied the effects on the
expression of several genes in lung and liver after exposure of CD2F1 mice to PAHs,
and compared the overall gene expression profiles as well as the expression of selected
genes. This may help us to better understand the biological processes involved in PAH
induced carcinogenesis.
For this study, we selected four PAHs, namely benzo[a]pyrene (B[a]P),
benzo[b]fluoranthene
(B[b]F),
dibenzo[a,l]pyrene
(DB[a,l]P)
and
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dibenzo[a,h]anthracene (DB[a,h]A), based on their environmental occurrence and their
carcinogenic potency. Previous studies have shown that these PAHs are all mutagenic
(15-17). Doses were based on previous mutagenicity studies in MutaMice (Koukouves
et al, in preparation). CD2F1 mice were injected intra peritoneally (i.p.) at two dose
levels with each of the four PAHs and gene expression in lung and liver was studied
24h post-treatment, using 22K mouse oligonucleotide arrays from Agilent Technologies.

MATERIALS AND METHODS
Chemicals
Benzo[a]pyrene (B[a]P, purity 97%, CAS no. 50-32-8), benzo[b]fluoranthene (B[b]F,
purity 98%, CAS no. 205-99-2), dibenzo[a,h]anthracene (DB[a,h]A, purity 97%, CAS
no. 53-70-3) and dibenzo[a,l]pyrene (DB[a,l]P, purity 99,6%, CAS no. 191-30-0) were
obtained from Sigma-Aldich (Zwijndrecht, The Netherlands). All chemicals were
dissolved in tricaprillin.
Animals
Male CD2F1 mice (Charles River Laboratories - Italia) were housed in plastic cages
(1264C – Techniplast SA), temperature 22 °C, 12 h light/dark cycle, 5 animals per cage
according to the EU requirements, and were supplied food (RF 18 – Mucedola SRL /
Italia) and water ad libitum.
Treatment
Eight week old CD2F1 mice were i.p. injected with 50 or 100 mg/kg B[a]P, 400 or 600
mg/kg B[b]F, 2.5 or 5 mg/kg DB[a,h]A, 4 or 9 mg/kg DB[a,l]P, or solvent control
(tricaprillin 10ml/kg). Each treatment group consisted of 3 animals. 24h after injection,
animals were sacrificed by ether anaesthetization and lung and liver tissue was removed
and frozen in liquid nitrogen.
RNA isolation
After crushing the lung and liver tissue under liquid nitrogen, RNA was stabilized by
dissolving the crushed powder in Trizol (Gibco/BRL, Breda, the Netherlands) and
isolated according to the manufacturer’s manual. RNA was purified using the RNeasy
mini kit (Qiagen Westburg bv., Leusden, The Netherlands) with DNase treatment,
quantity was measured spectrophotometrically in 50mM NaOH and quality was
determined using a BioAnalyzer (Agilent Technologies, Breda, The Netherlands). Only
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RNA samples which were not degraded (clear 18S and 28S peaks and RIN>6) were
used for labelling and hybridization.
Labelling and hybridization
Labelling and hybridization was done according to Agilent’s manual for microarrays
with minor modifications. RNA (0.5µg) from PAH or vehicle treated lung or liver was
transcribed into cDNA of which half was labelled with Cyanine 5 (Cy5). Parallel 1µg
RNA from lung or liver of untreated mice, the common reference sample, was transcribed into cDNA, and labelled with Cyanine 3 (Cy3). cDNA synthesis and dyelabelling was performed in the same run for each hybridization. When dyeincorporation was above 7pmol/µg RNA, 2µg of cRNA of the treated samples and
2µg cRNA of the common reference sample was applied on the G4121A Agilent 22K
Mouse Oligo Microarray. Hybridization and washing was done according to Agilent’s
manual and slides were scanned on a ScanArrayExpress (Packard Biochip Technologies, Perkin Elmer life sciences, Boston, USA) with fixed laser power (100%) and PMT
gain (55% for Cy5 and 60% for Cy3).
Microarray data analysis
The images (10 micron resolution; 16 bit tiff) were processed with ImaGene 6.0
software (BioDiscovery Inc., Los Angeles, USA) to quantify spot signals. Irregular
spots were automatically flagged and excluded from data analysis.
Data from ImaGene were transported into GeneSight software version 4.1.6 (BioDiscovery Inc., Los Angeles, USA) for further analysis. For each spot, background was
subtracted and flagged spots as well as spots with a net expression level below 20 in
both channels were omitted. Data were log base 2 transformed and LOWESS normalization was applied. Expression difference with the common reference was calculated and if more than one probe of a gene was present on the array, the replicates
were combined while omitting outliers (>2 standard deviations). Genes were significantly modulated by a PAH if p<0.001 in the Student’s t-test versus the vehicle treated
control, and if the folds ratio compared to the corresponding control was at least 1.5
up-regulated or down-regulated (on non-log transformed data). Hierarchical clustering
and principal component analysis was done using GeneSight tools.
Pathway analysis
Pathway analysis was carried out using GenMAPP version 2.0 software (Gladstone
institutes, University of California, San Francisco, USA) and local maps from GenMAPP (gene database Mm-Std_20051114 and maps Mm_Contributed_20051212 from
www.GenMAPP.org). For each treatment, all modulated genes were included in the
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analysis. Pathways with a z-score higher than 2 and at least 2 affected genes, were
significantly modulated by the treatment.

RESULTS
CD2F1 mice were i.p. treated with each of the four PAHs and sacrificed 24h posttreatment. Gene expression modulation in lung and liver tissue was examined. All
treatments affected gene expression in both tissues. Results are described for lung and
liver separately, followed by a comparison between lung and liver gene expression
modulation.
Lung
After treatment with the PAHs, a total of 165 genes were significantly modulated in
the lung. Modulated genes with their standard deviation, names and genbank accession
numbers
are
shown
in
the
supplemented
data
file
(http://fdgwgratsrv0401.unimaas.nl/data). Table 5.1 shows the number of modulated
genes for each treatment and the overlap between doses. Although the overlap between the different doses of a PAH seemed small, hierarchical clustering analysis
showed that the gene expression responses were compound-specific (Figure 5.1). At a
higher level, the four compounds segregated into two groups, one consisting of B[a]P
and B[b]F and the other consisting of DB[a,h]A and DB[a,l]P. The same conclusions
could be drawn using principal component analysis (data not shown).
TABLE 5.1. Numbers of significantly modulated genes in mouse lung and liver after treatment with PAHs.
Treatment

B[a]P
50mg/kg
B[a]P
100mg/kg
B[b]F
400mg/kg
B[b]F
600mg/kg
DB[a,h]A
2.5mg/kg
DB[a,h]A
5mg/kg
DB[a,l]P
4mg/kg
DB[a,l]P
9mg/kg
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Number of
modulated
genes in lung

Number of genes
overlapping between
doses in lung

20

Number of
modulated
genes in liver

66

3
48

14
110

61

336

22
55

114
224

3

55

0
9

10
43

9

89

0
6

Number of genes
overlapping between
doses in liver

7
34
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Of all genes modulated in the lung, 89 were modulated in the same direction by all
treatments. These genes are related to the oxidative stress response (induction of
antioxidant production) and GPCRDB class proteins.

Figure 5.1a

Figure 5.1b

Figure 5.1c

FIGURE 5.1. Hierarchical clustering analysis for lung (a), liver (b), or both lung and liver (c) with genes
modulated in either mouse in the corresponding tissue(s) 24h after PAH administration. Euclidean cluster
linkage was used with average distance metrics.

Pathway analysis revealed only one pathway being affected in the lung, e.g. the oxidative stress response pathway. This analysis suggested that antioxidants producing
systems were up-regulated, while reactive oxygen species-producing systems were
down-regulated after 24h application of B[a]P (100mg/kg) or B[b]F (400 and
600mg/kg).
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Liver
After treatment with the PAHs, a total of 707 genes were significantly modulated in
the liver. Modulated genes with their standard deviation, names and genbank accession
numbers
are
shown
in
the
supplemented
data
file
(http://fdgwgratsrv0401.unimaas.nl/data). Table 5.1 shows the number of modulated
genes for each treatment and the overlap between doses. As observed in the lung, the
overlap between the effects of the two doses of a PAH seemed small, however, hierarchical clustering analysis again showed compound-specific effects on gene expression
(Figure 5.1). Again, this was confirmed by principal component analysis (data not
shown).
Of all genes modulated in the liver, 71 were modulated in the same direction by all
treatments in liver. These genes are related to nuclear receptors (ROR and vitamin D3)
and nuclear receptors involved in lipid metabolism and toxicity.
Pathway analysis revealed several affected pathways in the liver (Table 5.2). As seen in
the lung, in the liver the oxidative stress pathway was one of those affected. However,
this pathway analysis suggested that 100mg/kg B[a]P resulted in inhibition of antioxidant production in the liver, whereas it appeared to stimulate antioxidant production in
the lung. The effects of B[b]F on the oxidative stress response pathway in the liver
were similar to those in the lung, namely up-regulation of antioxidant producing
systems and down-regulation of reactive oxygen species-producing systems. Other
pathways affected in the liver included pathways related to DNA replication, G1 to S
cell cycle and some pathways involved in metabolism.
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TABLE 5.2. Pathways affected 24h after PAH treatment in mouse liver as revealed by analysis with
GenMAPP.
B[a]P

50

B[b]F

100

Biogenic Amine
Synthesis
Circadian Exercise

DNA replication
Reactome
Fatty Acid Beta
Oxidation
G1 to S cell cycle
Reactome
Glucocorticoid
Mineralocorticoid
Metabolism
Glycogen Metabolism
Inflammatory
Response Pathway
Integrin-mediated
cell adhesion
Krebs-TCA Cycle

MAPK signaling
pathway
Nuclear receptors in
lipid metabolism
and toxicity
Oxidative Stress

Smooth muscle
contraction
Steroid Biosynthesis

Striated muscle
contraction
Synthesis and
Degradation of
Ketone Bodies
Triacylglyceride
Synthesis

400
↓

600

DB[a,h]A
2.5
5

DB[a,l]P
4
9

?

?

↓

↓

↓

?

↓

↓

↓

↓

↓

?

↓

↓

?

?

?

?

↑

ROS prod ↓
antiox ↓

ROS prod ↓
antiox ↑

ROS prod ↓
antiox ↑

?

↓

↑

↓

↑

↓

↓

Induction of the pathway is indicated with ↑, inhibition with ↓, and unsure with ?.
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Comparison of effects in lung and liver
Few genes were modulated in both lung and liver (Table 5.3), suggesting that the
response of these two tissues to a treatment were different. This is also supported by
the results of hierarchical clustering analysis with all 851 genes modulated in either the
liver or the lung (Figure 5.1), as well as principal component analysis (Figure 5.2),
which shows that the effects of different PAHs within a tissue are more similar than
the effects of a PAH in different tissues. Noteworthy, two pairs of PAHs, namely
B[a]P and B[b]F versus DB[a,h]A and DB[a,l]P, cause relatively similar effects in the
lung and the liver.
TABLE 5.3. Numbers of significantly modulated genes in mouse lung and liver after treatment with PAHs
in two doses and the overlap between both tissues.
Treatment

B[a]P 50mg/kg
B[a]P 100mg/kg
B[b]F 400mg/kg
B[b]F 600mg/kg
DB[a,h]A 2.5mg/kg
DB[a,h]A 5mg/kg
DB[a,l]P 4mg/kg
DB[a,l]P 9mg/kg

No. of modulated
genes in lung
20
48
61
55
3
9
9
6

No. of modulated
genes in liver
66
110
336
224
55
43
89
34

No. of genes overlapping
between lung and liver
0
3
7
12
0
0
0
0

FIGURE 5.2. Principal component analysis with the 851 genes modulated in either mouse lung or liver 24h
after PAH administration.
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Figure 5.3a

Figure 5.3b

Figure 5.3c
FIGURE 5.3. Gene expression difference for CYP1A1(a), CYP1A2(b) and CYP1B1(c) in mouse liver and
lung 24h after PAH treatment.

Of the 851 genes modulated in either the lung or the liver, 9 were modulated in the
same direction in both tissues by all PAHs and at all concentrations. Thus, NEDD4,
PLA2G1BR and CYP3A16 were down-regulated and FMO3, GSTM2, MOG, NQO1,
ATG16L and an unknown EST were up-regulated by all treatments. On the other
hand, four genes showed different modulation in the liver versus the lung. Examination of genes that were modulated in the same direction by at least one of the doses
employed, shows that 43 genes were down-regulated and 39 genes were up-regulated.
Furthermore, CYP1A1, CYP1A2 and CYP1B1, which are important for biotransformation of PAHs, generally showed up-regulation in both the liver and the lung. Figure
5.3 shows the modulation of the expression of these genes. Genes modulated in the
same direction, their names and genbank accession numbers are shown in the supplemented data file (http://fdgwgratsrv0401.unimaas.nl/data).

DISCUSSION
The effects on gene expression in mouse lung and liver of equally mutagenic doses of
four PAHs were assessed using microarrays. As mutagenic potency seems an important determinant of the carcinogenic potency of PAHs, we attempted to find similarities in gene expression modulation induced by the PAHs, which could help us to gain
insight into the biological processes involved in PAH carcinogenesis. Therefore gene
expression modulation in lung and liver after PAH exposure was assessed by looking
for genes modulated by the different PAHs in the same direction in either tissue, the
differences between tissues, and finally by pathway analysis of the genes modulated
after PAH treatment in lung or liver.
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Gene expression was assessed 24h post-treatment with a PAH. Each compound
showed a compound specific effect on gene expression at the two doses tested in the
liver and the lung (Figure 5.1). On the other hand, the effects of each PAH on gene
expression tended to be different in lung and in liver, as indicated by the hierarchical
clustering analysis and the principal component analysis (Figure 5.1 and 5.2). The gene
expression differences are larger in the liver than in the lung. However, there was a
greater similarity between the effects of the different PAHs within the same tissue than
between the effects of a PAH on different tissues. Given that these results were
obtained at equally mutagenic doses of the PAHs, this observation may reflect a link
between mutagenic potency and gene expression modulation.
Generally, PAHs induce DNA adducts in liver and lung to similar levels and no prediction can be made between target organs (lung) and non-target (liver) organs on basis of
DNA adduct levels. As already stated, the overlap between genes similarly modulated
in liver and in lung, was small (13 genes), which indicates that differences in gene
expression modulation between liver and lung do occur and this might be related to
the difference in susceptibility of these organs to the mutagenic effects of PAHs.
The genes found to be similarly regulated by both doses in either lung (89 genes) or
liver (71 genes) were related to oxidative stress and the GPCRDB class proteins (lung),
or were involved in nuclear receptor pathways (liver). The oxidative stress response in
the lung could be caused by the oxidative stress, which is known to be induced upon
PAH exposure (18), and which might play an important role in PAH induced carcinogenicity (19). The role of the nuclear receptor pathways in carcinogenesis, which were
affected by the genes similarly modulated in the liver, is unclear, but might be related
to the estrogenic responses PAHs have been shown to induce (20,21).
Many genes showed consistent up-regulation or down-regulation by all compounds in
both tissues at at least one dose (39 up and 43 down). Some of these genes are involved in xenobiotic metabolism (Glutathione S-transferases, Cytochrome P450
enzymes). However, genes involved in DNA damage response were not among these.
Focusing on genes similarly affected in either liver or lung for one dose of each PAH,
however, does reveal genes involved in cell cycle, DNA damage response or carcinogenesis (NDRG1, DCLRE1C, DDIT4, CCNJ, CDC2A, CDK2AP2, CEACAM18 and
CXCL12), some genes involved in stress response (heat shock proteins), and tumour
necrosis factors, a TCDD inducible protein (TIPARP) and several solute carrier proteins. This suggests that these genes might be related to the mutagenic potency of
PAHs.
Nine genes were similarly regulated by both doses of a PAH in both tissues. Namely
ATG16L, FMO3, GSTM2, MOG, NQO1 and an unknown EST were up-regulated,
and CYP3A16, NEDD4 and PLA2G1BR were down-regulated. ATG16L is involved
in autophagosome formation (22). FMO3 is an enzyme that converts nucleophilic

108

GENE EXPRESSION MODULATION IN LUNG AND LIVER
heteroatom-containing chemicals, drugs and xenobiotics to more polar compounds
that are more efficiently excreted in the urine (23) and may be involved in PAH metabolism. Furthermore, GSTM2 is a phase II enzyme, also involved in detoxification of
xenobiotics, including PAHs (24). MOG is involved as an autoantigen in multiple
sclerosis. NQO1 is an enzyme involved in metabolic reduction of quinones and derivates (25) and is, like several cytochrome P450 enzymes, controlled by the Ahreceptor. CYP3A16 was expressed at higher levels in cytochrome P450 reductaselacking mice (26), and may also be involved in metabolism of PAHs. NEDD4 is a
family of different enzymes with related function which is largely unknown (27).
PLA2G1BR is involved in cell proliferation, cell migration, lipid mediator production
and may also have a role in the production of pro-inflammatory cytokines (28). Its
consistent down-regulation indicates a pro-carcinogenic effect of PAHs. Generally,
many up-regulated genes are involved in metabolism, which can be related to elimination of PAHs after exposure.
Among the various biotransformation enzymes whose expression was affected (Figure
5.3), CYP1A1 was up-regulated in both liver and lung, whereas the expression of
CYP1A2 was preferentially up-regulated in the liver and that of CYP1B1 was preferentially up-regulated in the lung. These effects reflect the known tissue differences in
biotransformation enzymes for PAHs, and is in agreement with previous reports (29).
Of the four PAHs tested, DB[a,l]P is the only compound which did not cause significant induction of the expression of CYP1A1. Indeed, it is known that DB[a,l]P is a
weak activator of the Ah-receptor (30).
Pathway analysis for each PAH treatment showed that several pathways were affected
by the different treatments in the liver, whereas in the lung only the oxidative stress
response pathway was affected. This pathway was affected by B[a]P and B[b]F treatment in both tissues, implying altered gene expression leading to decreased (B[a]P) or
increased (B[b]F) levels of antioxidants and suppression of reactive oxygen species
(ROS) (both B[a]P and B[b]F). Such induction of enzymes involved in repression of
oxidative stress, might be related to the reactive intermediates formed during PAH
metabolism (31).
Furthermore, DNA replication and G1 to S transition was inhibited after B[b]F treatment. It is known that PAHs induce induce DNA adduct formation (12,32,33) and cell
cycle arrest (34). This may be due to the need of the cell to repair the DNA damage by
inhibiting DNA replication and arresting the cell cycle. Only B[b]F induced these
pathways, which might be due to the higher doses of the compound, or other mechanisms of carcinogenicity involved in B[b]F exposure.
The modulation of some of the other affected pathways, like fatty acid beta oxidation,
Krebs TCA cycle, glycogen metabolism and synthesis and degradation of ketone
bodies, might be related to the increased energy requirement of the cells in the first
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stages of tumorigenesis. Tumour cells have been found to have no or impaired ketone
body metabolism (35). Also, dysfunction of mitochondria, which are important in
energy metabolism of the cell, is related to apoptosis and tumorigenesis (reviewed in
(36)). Furthermore, DB[a,l]P affects muscle contraction. Non-carcinogenic PAHs have
been suggested to pose a possible risk for the vascular system resulting in cardiovascular disorders (37), which might relate to muscle contraction.
Overall it seems that several pathways were affected by the four PAHs, but no pathway was affected by all compounds. It is notable that, contrary to the expectations,
pathways involved in DNA damage response were not among those affected. On the
other hand, the modulation of pathways involved in oxidative stress response and cell
cycle control might reflect a link with PAH toxicity and mutagenicity. Possibly DNA
damage response is activated later, or may be modulated at the protein level.

CONCLUSION
This study shows that several genes were similarly modulated in lung or liver by different PAHs at equally mutagenic doses. Some of these genes were involved in DNA
damage response and might play a role in PAH induced mutagenicity. As the overlap
between genes similarly modulated in liver and in lung was small, this might indicate
that differences in gene expression may lay behind the difference in susceptibility of
these organs to the effects of PAH exposure. Furthermore, pathway analysis showed
that several pathways were affected, including pathways related to oxidative stress
response and cell cycle control, which might be related to PAH toxicity and
mutagenicity.
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ABSTRACT
Polycyclic aromatic hydrocarbons (PAHs) cover a wide range of structurally related
compounds which differ greatly in their carcinogenic potency. PAH exposure usually
occurs through mixtures rather than individual compounds. Therefore, we assessed
whether the effects of binary PAH mixtures on gene expression, DNA adduct formation, apoptosis and cell cycle are additive compared to the effects of the individual
compounds in human hepatoma cells (HepG2). Equimolar and equitoxic mixtures of
benzo[a]pyrene
(B[a]P)
with
either
dibenzo[a,l]pyrene
(DB[a,l]P),
dibenzo[a,h]anthracene (DB[a,h]A), benzo[b]fluoranthene (B[b]F), fluoranthene (FA),
or 1-methylphenanthrene (1-MPA) were studied. DB[a,l]P, B[a]P, DB[a,h]A and B[b]F
dose-dependently increased apoptosis and blocked cells cycle in S-phase. PAH mixtures showed an additive effect on apoptosis and on cell cycle blockage. DNA adduct
formation in mixtures was higher than expected based on the individual compounds,
indicating a synergistic effect of PAH mixtures. Equimolar mixtures of B[a]P and
DB[a,l]P (0.1, 0.3 and 1.0µM) were assessed for their effects on gene expression. Only
at 1.0µM, the mixture showed antagonism. All five compounds were also tested as a
binary mixture with B[a]P in equitoxic concentrations. The combinations of B[a]P with
B[b]F, DB[a,h]A or FA showed additivity, whereas B[a]P with DB[a,l]P or 1-MPA
showed antagonism. Many individual genes showed additivity in mixtures, but some
genes showed mostly antagonism or synergism. Our results show that the effects of
binary mixtures of PAHs on gene expression are generally additive or slightly antagonistic, whereas the effects on DNA adduct formation show synergism.
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INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) are organic compounds present in the air
after incomplete combustion of organic fuels. PAHs cover a wide range of structurally
related compounds with a diverse range in carcinogenic and mutagenic potency.
Many PAHs bind to the Ah receptor, which trans locates to the nucleus and induces
the expression of several genes, among which several genes for Cytochrome P450
enzymes (e.g. CYP1A1, CYP1A2 and CYP1B1) (1). These enzymes are capable of
metabolizing PAHs to their reactive intermediates (2). PAHs vary in their affinity for
the Ah-receptor and thereby the induction of Cytochrome P450 enzymes will vary
accordingly (3). Many PAHs are able to bind to DNA after metabolic activation and
thereby form DNA adducts. When these DNA adducts are not properly removed or
repaired, mutations can occur and thereby induction of cancer development (4).
Although different PAH-adducts are repaired with different accuracy and at different
rate, DNA adduct formation has been shown to correlate with mutagenic potency of
PAHs (4,5). DNA adducts can also affect the p53 pathway, which may lead to changes
in biological processes (such as cell cycle arrest or apoptosis) (6). We have previously
shown that PAHs can induce compound specific gene expression profiles in HepG2
cells and that these profiles can be related to the carcinogenic potency of the PAH (7).
PAH exposure usually occurs through mixtures, and the various compounds may
modulate the effect of other compounds. PAH interactions can lead to an addition of
the effect of both PAHs (additivity), or to an higher effect than expected based on
additivity (synergism), or PAHs may repress the effects of the other PAH (antagonism)
(8,9). Either synergism or antagonism can be expected in PAH mixtures, which is
further explained by two hypotheses.
The first hypothesis suggests synergism, which occurs when the metabolism of a
compound is influenced by another (10). For example, when cells are exposed to B[a]P
- an inducer of the CYP1A1 gene expression - in combination with a PAH which is
not able to induce CYP1A1. The non-CYP1A1 inducing compound might be metabolized by the increased levels of CYP1A1 in a mixture and thereby induce its DNA
adduct formation and its toxic and carcinogenic potency.
The second hypothesis suggests antagonism. It has been shown, that the expression of
the CYP1A1 gene and protein is decreased in HepG2 cells after exposure to B[a]P and
1-nitropyrene compared to B[a]P alone (11). This was also found for mixtures of B[a]P
with FA in the EROD assay (12). Theoretically, this would lead to decreased metabolism of B[a]P and thereby less DNA adduct formation and reduced toxic and carcinogenic potency of B[a]P.
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This study aims to gain knowledge on interactive effects in binary PAH mixtures on
gene expression profiles in human cells. To our knowledge, we are the first to study
the effects of binary PAH mixtures on gene expression profiles obtained by microarray
technology, combined with apoptosis, cell cycle and DNA adduct formation.
Since liver is an important organ in metabolism of xenobiotic compounds, and the
human hepatoma cell line HepG2 is competent in PAH metabolism and was shown to
give PAH-specific gene expression profiles, we used this cell line to study interaction
between PAHs. Six PAHs were selected, namely benzo[a]pyrene (B[a]P),
benzo[b]fluoranthene (B[b]F), dibenzo[a,h]anthracene (DB[a,h]A), dibenzo[a,l]pyrene
(DB[a,l]P), fluoranthene (FA) and 1-methylphenanthrene (1-MPA). B[a]P, B[b]F and
DB[a,h]A induced the CYP1A1 expression, whereas DB[a,l]P mildly induced CYP1A1
and FA and 1-MPA did not affect the expression of CYP1A1 (7). We assessed the
effects of equimolar mixtures of B[a]P and DB[a,l]P in the low toxic range as well as
the effects of equitoxic mixtures of each PAH with B[a]P. We measured cell cycle
distribution and apoptosis by FACS analysis, DNA adduct formation by 32Ppostlabelling and gene expression changes by microarray analysis using a PHASE-I
array containing 600 toxicologically relevant genes. All data were used to study the
effects of a mixture of PAH in relation to the effects of the individual compounds
using an additive model to estimate the mixture effect.

MATERIALS AND METHODS
Chemicals
Benzo[a]pyrene (B[a]P, purity 97%, CAS no. 50-32-8), benzo[b]fluoranthene (B[b]F,
purity 98%, CAS no. 205-99-2), fluoranthene (FA, purity 99%, CAS no. 206-44-0),
dibenzo[a,h]anthracene (DB[a,h]A, purity 97%, CAS no. 53-70-3) and
dibenzo[a,l]pyrene (DB[a,l]P, purity 99.6%, CAS no. 191-30-0) were obtained from
Sigma-Aldich (Zwijndrecht, the Netherlands). 1-Methylphenanthrene (1-MPA, purity
99%, CAS no. 832-69-9) was obtained from LGC Promchem (Teddington, United
Kingdom). All chemicals were dissolved in DMSO.
Cell culture and treatment
HepG2 cells were cultured in Minimal Essential Medium (MEM) supplemented with
1% non-essential amino acids, 1% sodium-pyruvate, 2% penicillin/streptomycin and
10% Foetal Bovine Serum (all from Gibco/BRL, Breda, The Netherlands) in T25
culture flasks at 37ºC and 5% CO2. One day before treatment, cell cultures at 70 80% confluency were harvested and cells were undilutedly divided among 6 well plates
(for flow cytometry) or new culture flasks (for gene expression and DNA adduct
analysis), in order to obtain a homogeneous cell population for each treatment. The
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next day, the medium was replaced with fresh medium containing 1 nM to 30 µM of a
PAH, an equimolar or equitoxic mixture of two PAHs or a vehicle control (DMSO,
0.1%). The cells were exposed for 24 hours, and thereafter either cells were fixed with
2 ml cold methanol and stored at -20ºC (6 well plates, for FACS analysis) or media was
removed from the culture flasks and 1 ml Trizol (Gibco/BRL, Breda, The Netherlands) was immediately added to the cells (for RNA and DNA isolation). Two independent experiments were conducted.
Flow cytometric analysis for cell cycle and apoptosis
For flow cytometry we used the primary antibody M30 CytoDeath (Roche, Penzberg,
Germany), and the producers’ manual. Wash buffer was replaced with PBS containing
1 mg/ml BSA. The secondary antibody, FITC conjugated anti-mouse Ig, was obtained
from DakoCytomation (Glostrup, Denmark), which was incubated in the dark overnight at 4ºC. After washing, the cells were resuspended in 0.5 ml PBS containing 20
µg/ml propidium iodide (PI) and incubated 15 minutes at room temperature prior to
flow cytometric analysis.
A FACSort (Becton Dickinson, Sunnyvale, USA) equipped with an Argon ion laser
and a diode laser was used for flow cytometric analysis. An excitation wavelength of
488nm and emission filters of 515-545nm band pass and 600nm low pass were used.
For each sample 10,000 cells were analyzed. FITC signals were recorded as logarithmic
amplified data and the PI signals as linear amplified data. Electronic compensation was
used to eliminate any bleed-trough of fluorescence. Data analysis was done using
CellQuest software (version 3.1, Becton Dickinson, San Jose, USA). Data were gated
on pulse-processed PI signals to exclude doublets and larger aggregates from the
analysis.
M30 CytoDeath positive (apoptotic) and negative (non-apoptotic) signals were sorted
in the gated population and displayed as percentage of total cells with WinMDI 2.8
(http://facs.scripps.edu/software.html, 15-05-2006). Cell cycle was analyzed on the
gated population of single using ModFit LT for Mac (version 2.0). Cells in the G0-1, S
or G2-M phase were expressed as a percentage of the total number of cells.
Expected apoptosis levels were calculated by adding the total percentage of apoptosis
of both constituents and subtracting the basal percentage of apoptosis found for the
control sample.
DNA adduct formation
As DNA recoveries from cells exposed to equimolar concentrations of PAHs were
limited, we only measured DNA adduct formation in cells exposed to equitoxic concentrations of PAHs.
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After removal of the aqueous phase during RNA isolation using Trizol (see RNA
isolation and Quality control), the remaining phases were used for DNA isolation
according to manufacturer’s protocol. DNA adduct levels were determined according
to the procedure originally described by Reddy and Randerath (13) with modifications
described by Godschalk et al (14). By including samples with known DNA adduct
levels (1 adduct per 106, 107 or 108 nucleotides), DNA adduct levels were quantified
(detection limit 1 adduct 108 nucleotides).
Adduct spots on the chromatograms were located and quantified using a phosphor
imager (FLA-3000, Fuji, Paris, France) and AIDA/2D densometry software.
Expected DNA adduct levels were calculated by adding the total DNA adduct levels of
both constituents and subtracting the background DNA adduct level found for the
control sample. The limited number of analysis did not allow statistical analysis.
Gene expression analysis

RNA isolation and quality control
RNA was isolated from the Trizol solutions according to the producer’s manual and
purified with the RNeasy mini kit (Qiagen Westburg bv., Leusden, The Netherlands).
RNA quantity was measured on a spectrophotometer and quality was determined on a
BioAnalyzer (Agilent Technologies, Breda, The Netherlands). Only RNA samples
which showed clear 18S and 28S peaks and with a RIN level higher than 8 were used
for labeling and hybridization.

cDNA synthesis
RNA was reverse transcribed into cDNA with amino-allyl labeled dUTP (SigmaAldrich, St Louis, USA) and subsequently labeled with one of the four dyes, namely
Cy3, Cy5, Alexa 488 and Alexa 594. Four instead of two dyes were applied, in order to
reduce the variation (four related samples are on one array instead of two) and the
number of arrays (as described by Staal et al (15)).

Microarray hybridizations
Targets were hybridized on the Human-600 Microarray (PHASE-1 Molecular Toxicology, Santa Fe, USA), containing 597 sequence verified cDNA clones from human
genes, representing a number of toxicologically relevant, as well as control, genes, each
printed in quadruplicate. Hybridization and washing was done according to the producers’ manual as previously described (15). Hybridization of the equimolar experiment was designed such that all treatments of the same concentration were hybridized
on a single array and the dyes were swapped for the technical duplicate. The hybridization design for the equitoxic experiment is shown in Table 6.1.
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TABLE 6.1. Labelling and hybridization design of RNA samples from cells exposed to PAHs in the first
equitoxic experiment. In the second experiment FA and B[b]F were swapped and so were 1-MPA and
DB[a,h]A.
array

Cyanine 3

Cyanine 5

Alexa 594

Alexa 488

1

B[a]P

Solvent control

B[a]P / B[b]F

B[b]F

2

B[a]P / 1-MPA

1-MPA

Solvent control

B[a]P / FA

3

FA

Solvent control

B[a]P / DB[a,h]A

DB[a,h]A

4

B[a]P / DB[a,l]P

DB[a,l]P

Solvent control

B[a]P

5

B[a]P / FA

Solvent control

FA

B[a]P

6

B[a]P / B[b]F

B[b]F

Solvent control

B[a]P / 1-MPA

7

1-MPA

Solvent control

B[a]P / DB[a,l]P

DB[a,l]P

8

B[a]P

DB[a,h]A

Solvent control

B[a]P / DB[a,h]A

Microarray data analysis and data mining
The microarray slides were scanned on a ScanArrayExpress (Perkin Elmer life sciences, Boston, USA). All four channels were scanned at 100% laser power and adjusted photo multiplier tube (PMT) gain, such that the signal of the highest fluorescent
spots is just below the maximum measurable level. The images (10 micron resolution;
16 bit tiff) were processed with ImaGene 5.5 software (Biodiscovery Inc., Los Angeles,
USA) to quantify spot signals. Abnormal spots were manually or automatically flagged
and not included in the data analysis.
Data from ImaGene were transported to GeneSight software version 4.1.6 (Biodiscovery Inc, Los Angeles, USA) for transformations, normalizations and analyses. For each
spot, background mean was subtracted from signal means; flagged spots and spots
with a net expression level below 20 were omitted. Data were log base 2 transformed
and expression difference between exposed and control were calculated. Data normalization was done by LOWESS. Data of replicate spots were combined while omitting
outliers (>2 standard deviations). Samples from each biological replicate were hybridized twice, thereby providing four hybridizations per PAH concentration (two technical replicates for each biological replicate). Only for B[a]P exposed cells from the
equitoxic experiment, eight hybridizations were available (4 technical and 2 biological).
Significantly modulated genes were found by the confidence analysis tool in GeneSight, with a minimal up-regulation or down-regulation of 0.5 (after 2log transformation) and a confidence limit of 99%. To obtain equal statistical power for B[a]P exposed cells from the equitoxic experiment, the samples were split in 2 groups (each
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containing 2 biological and 2 technical replicates) for the analysis. The union of the
modulated genes was assumed to be affected by the treatment.

Assessing additivity for gene expression modulation
Assuming additivity of both compounds in a mixture, the expected effects for a mixture can be calculated. Comparing the observed modulations with the expected, may
provide information on whether the effects caused by mixtures are additive, synergistic
or antagonistic.
To calculate the expected gene expression modulation by a mixture of two compounds
based on the modulations of the individual compounds, only genes were included
which were significantly modulated by either of the individual compounds or the
mixture and which had the same direction of modulation (up or down). Genes of
which the expression difference (log transformed) was between -0.1 and 0.1 were
assumed to be similarly regulated as the other compound of the mixture.
For up-regulated genes, starting with 2log transformed expression ratios of the individual PAHs, the next formulae were used to calculate the expected 2log transformed
expression ratio for a gene in the mixture:

1.

22log (PAH / C) = (PAH / C)

In which PAH is the expression of a gene following treatment with a PAH and C is
the expression of a gene following control treatment (DMSO). In this step the 2log
transformed expression ratios are transformed back into non-logarithmic values.

Mixture
2.

= (B[a]P / C) + (PAH / C) - 1
C

The expected effect of the mixture B[a]P and a PAH equals the sum of the effect of
B[a]P and of the other PAH minus the basal gene expression level of 1.

3.

The expected 2log transformed expression ratio for a gene in a mixture:

= 2log((B[a]P / C) + (PAH / C) – 1)
For down-regulated genes, starting with 2log transformed expression ratios of the
individual PAHs, the following formulae were used to calculate the expected 2log
transformed expression ratio for a gene in a mixture:
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4.

1/ 22log (PAH / C) = (C / PAH)

In which PAH is the expression of a gene following treatment with a PAH and C is
the expression of a gene following control treatment (DMSO). In this step the 2log
transformed expression ratios are transformed back into non-logarithmic values,
followed by a calculation of its inverse (hereby the effects are transformed into upregulations). Then the same procedure is followed as above (from step 2 onwards),
finalized with inversing back the value before log transformation.
Finally, the observed gene expression values (y-axis) were plotted versus the expected
values (x-axis). Linear regression analysis and Pearson correlation coefficients were
calculated using SPSS 12.0.1 for windows (SPSS Inc., Chicago, USA). Additivity was
assumed when regression analysis for the observed and expected data did not show a
deviation from y=x (confidence interval of 2 SD). If it did deviate from y=x, synergism
is shown by a slope >1 and antagonism by a slope <1.
To assess whether the expression of single genes showed additivity, the formulae as
described above were used. Expected gene expression levels showed additive response
if they fell within the confidence interval (1 SD) of the observed gene expression
modulation. If not, the gene was classified as being higher or lower expressed than
expected for that mixture.

RESULTS
Equimolar concentrations

Apoptosis and cell cycle changes
Flow cytometric analysis of cells exposed to B[a]P, DB[a,l]P or an equimolar mixture
of both compounds showed dose dependent induction of apoptosis (Figure 6.1).
DB[a,l]P and the mixture increased apoptosis levels from 0.1µM and higher, while for
B[a]P this was at 3µM and higher.
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FIGURE 6.1. Apoptosis in HepG2 cells exposed to B[a]P, DB[a,l]P or their equimolar mixture for 24h
expressed as a percentage of total cells. Means of duplicate experiments and their standard deviation are
indicated.

An increase of cells in S-phase was seen after 0.01 µM with a subsequent decrease
from 0.1 µM for all treatments (Figure 6.2). For B[a]P an increased percentage of cells
in S-phase was observed from 0.3 µM and higher, DB[a,l]P and the mixture showed
increased S-phase from 0.01 µM and 0.003µM and higher respectively.

FIGURE 6.2. Percentage of HepG2 cells in the S-phase of cell cycle after exposure to B[a]P, DB[a,l]P or
their equimolar mixture for 24h. Means of duplicate experiments and their standard deviation are indicated.

Based on these data concentrations of 0.1, 0.3 and 1.0 µM were used for gene expression analysis.
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Gene expression modulation
Microarray analysis showed that a total number of 127 genes were affected by one or
more treatments. For B[a]P 2, 5 and 6 genes were modulated by respectively 0.1, 0.3
and 1.0 µM exposure, for DB[a,l]P 7, 29 and 72 genes were affected and for the mixture 6, 49 and 77 genes. Many, but not all, genes affected by B[a]P or DB[a,l]P were
also affected by the mixture, although the mixture also affected genes which were not
modulated by one of the constituents. Names, abbreviations, GenBank accession
numbers and gene expression differences of the modulated genes can be found in the
supplemented data file (http://fdgwgratsrv0401.unimaas.nl/data).
Principal component analysis, Figure 6.3, showed that gene expression profiles induced
by B[a]P are similar for all concentrations and different from either the mixture or
DB[a,l]P. The gene expression profiles of DB[a,l]P and the mixture treatments were
closely related between each concentration of treatment, but the resemblance between
gene expression profiles induced by DB[a,l]P and the mixture decreased with increasing concentration of treatment. This suggests a contribution of B[a]P to the mixture at
the higher concentrations.

FIGURE 6.3. Principal component analysis of gene expression differences in HepG2 cells after exposure
for 24h to B[a]P, DB[a,l]P or their equimolar mixture with the 127 genes differentially expressed by either
of the treatments. Each circle contains the same concentration of treatment with DB[a,l]P and the mixture
of B[a]P and DB[a,l]P.
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Assessing the additivity of effects induced by the mixture
By using the gene expression profiles of B[a]P and DB[a,l]P it was possible to calculate
the expected effect of the mixture for the significantly modulated genes. Expected
gene expression levels were plotted against observed expression levels for all concentrations, (Figure 6.4). For the 0.3 and 1.0 µM treatments the correlation coefficient was
significant (p<0.05). At 1.0 µM we found a significant deviation from the line y = x in
these regression models, where antagonism is shown (slope < 1). The mixture effects
at 0.1 and 0.3 µM are unclear due to the small contribution of B[a]P to the mixture.

Figure 6.4a

Figure 6.4b

Figure 6.4c

FIGURE 6.4. Expected (based on additivity) versus observed gene expression of the equimolar mixture of
B[a]P and DB[a,l]P for the concentrations 0.1, 0.3 and 1.0 µM in respectively 6.4a, 6.4b and 6.4c. Correlation coefficients (R2) and the line equation are indicated in the graph.

Also, individual genes show interactive effect after exposure to the mixture. The
expression of 12 genes consistently showed additivity of the gene expression of the
mixture. These genes were ACTGP3, ATF3, CDH2, CDKN1A, CHK, CYP2C19,
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GADD45A, HAMP, MMP3, MT2A, SLC6A9 and an unknown gene with GenBank
accession number XM_010682. No genes showed consistent antagonistic or synergistic responses.
Equitoxic concentrations

Apoptosis and cell cycle changes
Apoptosis and cell cycle disturbances were measured for each of the 6 PAHs in concentrations ranging from 0.01 to 30 µM. All PAHs increased apoptosis levels in
HepG2 cells, except FA and 1-MPA (Figure 6.5a). B[a]P, DB[a,l]P, B[b]F and
DB[a,h]A increased apoptosis levels from 3.0, 0.1, 10.0 and 1.0 µM and higher respectively.

Figure 6.5a

Figure 6.5b
FIGURE 6.5. Apoptosis in HepG2 cells exposed to B[a]P, DB[a,l]P, DB[a,h]A, B[b]F, FA or 1-MPA (5a)
or a mixture of each PAH with B[a]P (5b) for 24h expressed as a percentage of total cells. Means of
duplicate experiments and their standard deviation are indicated.
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Many PAHs also increased the number of cells in S-phase; only FA and 1-MPA did
not affect cell cycle (Figure 6.6a). B[a]P, DB[a,l]P, B[b]F and DB[a,h]A disturbed cell
cycle from 0.3, 0.01, 0.1 and 0.03 µM and higher respectively.
Concentrations to study the effects of equitoxic concentrations were selected based on
these apoptosis and cell cycle data. Each PAH affected both parameters at similar
concentrations, only B[b]F disturbed cell cycle at much lower concentrations than
apoptosis induction. As FA and 1-MPA did not change either apoptosis or in cell
cycle, the highest concentration (30 µM) was used to study the effects of mixtures with
B[a]P. The concentrations selected for B[a]P, DB[a,l]P, B[b]F and DB[a,h]A were
respectively 3.0, 0.1, 3.0 and 1.0 µM.

Figure 6.6a

Figure 6.6b
FIGURE 6.6. Percentage of HepG2 cells in the S-phase of cell cycle after exposure to B[a]P, DB[a,l]P,
DB[a,h]A, B[b]F, FA or 1-MPA (6.6a) or a mixture of each PAH with B[a]P (6.6b) for 24h. Means of
duplicate experiments and their standard deviation are indicated.
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None of the apoptosis levels induced by the mixture of a PAH with B[a]P differed
significantly from the expected effect (Figure 6.5b). The percentage of cells in S-phase
of cell cycle after treatment with a mixture resembled mostly that after B[a]P treatment
(no significant deviation; Figure 6.6b).

DNA adduct formation
DNA adduct formation as measured by 32P-postlabelling in the HepG2 cells exposed
to the equitoxic concentrations of PAHs is shown in Figure 6.7. DNA adduct formation for equitoxic concentrations was B[a]P > B[b]F > DB[a,l]P ≥ DB[a,h]A > FA ≥ 1MPA. Interestingly, the mixtures of B[a]P with FA or 1-MPA induced the highest
DNA adduct levels, whereas FA and 1-MPA itself did not induce DNA adducts. For
these treatments the B[a]P adduct spots were increased and no other adducts were
found. All mixtures showed higher DNA adduct levels than expected, which indicates
a synergistic effect on DNA adduct formation.

FIGURE 6.7. DNA adduct formation in HepG2 cells exposed to equitoxic concentrations of PAHs for
24h as measured by 32P-postlabelling. The mean number of DNA adducts per 108 nucleotides and their
SDs are shown. Expected is based on additivity of the constituents of the mixture.

129

CHAPTER 6

Gene expression modulation
In total 54 genes were modulated by one or more treatments, varying from 1 gene for
the 1-MPA and FA treatments to 37 genes by the treatment with a mixture of B[a]P /
B[b]F. The numbers of modulated genes for each treatment and the overlap between
treatments shows that most genes modulated by a single compound were also modulated by their mixture with B[a]P (Figure 6.8). Names, abbreviations, GenBank accession numbers and gene expression differences of the modulated genes can be found in
the supplementary data (Table 2).

Figure 6.8a

Figure 6.8b

Figure 6.8c

Figure 6.8d

Figure 6.8e

FIGURE 6.8. Venn diagrams showing the numbers of modulated genes and their overlap between
treatments in HepG2 cells exposed for 24h to B[a]P, B[b]F (8a), FA (8b), DB[a,h]A (8c), DB[a,l]P (8d) or
1-MPA (8e) or a mixture of each with B[a]P.
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Figure 6.9a

Figure 6.9b

Figure 6.9c

Figure 6.9d

Figure 6.9e

FIGURE 6.9. Expected (based on additivity) (x-axis) versus observed (y-axis) gene expression of the
equitoxic mixture of respectively B[a]P and B[b]F (6.9a), FA (6.9b), DB[a,h]A (6.9c), DB[a,l]P (6.9d) or 1MPA (6.9e). Correlation coefficients (R2) and the line equation are indicated in the graph.

131

CHAPTER 6

Assessing the additivity of effects induced by the mixture
Expected gene expression profiles of the mixture were calculated based on the gene
expression profiles of its individual compounds and plotted against the observed
expression levels (Figure 6.9). All correlation coefficients were significant. Regression
analysis showed that only mixtures with DB[a,l]P and 1-MPA deviate significantly from
the line y=x, and the observed values were smaller than expected (slope < 1), indicating an antagonistic effect. For mixtures of B[a]P with either B[b]F, DB[a,h]A or FA
this deviation was not observed, suggesting an additive effect for these mixtures.
Comparing the observed and expected gene expression level for single genes, showed
that for 14 genes the observed and expected values did not differ of the gene expression of the mixture. Also, we found a synergistic or antagonistic effect on gene expression for 12 out of the 55 modulated genes (observed consistently higher or lower than
expected). Table 6.2 shows the interactive effects of each gene for all mixtures.

L19871

=

=

carbonic anhydrase III, muscle specific

XM_005207

=

=

cadherin 1, type 1, E-cadherin (epithelial)

L08599

=

CEACAM6

carcinoembryonic antigen-related cell
adhesion molecule 6 (non-specific cross
reacting antigen)
cytochrome P450, family 1, subfamily A,
polypeptide 1
fatty acid synthase

M18728

=

K03191

=

fibrinogen, gamma polypeptide

flavin containing monooxygenase 5

L37080

insulin-like growth factor 1 (somatomedin
C)
insulin-like growth factor binding protein 1

M37484

B[a]P / FA

activating transcription factor 3

Genbank
Accession

GeneName

B[a]P / DB[a,l]P

B[a]P / DB[a,h]A

ATF3
CA3
CDH1

GeneSymbol

B[a]P / 1-MPA

B[a]P / B[b]F

TABLE 6.2. Interactive effect of gene expression upon exposure to equitoxic PAH mixtures. Additivity is
shown by “=”, synergism by “+” and antagonism by “-“.

Additivity

CYP1A1

FASN
FGG

FMO5
IGF1

IGFBP1
MCL1

SAT
SCD

TYROBP

=

=

=

=

NM_004104

=

=

X51473

=

=

=

=

=

=

=

=

M31145

=

=

=

=

myeloid cell leukemia sequence 1 (BCL2related)
spermidine/spermine N1-acetyltransferase

L08246

=

=

=

M55580

=

=

=

stearoyl-CoA desaturase (delta-9-desaturase)

AB032261

=

=

TYRO protein tyrosine kinase binding
protein

NM_003332

XM_005563
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=

=

=

=

=

=

=

=

=

=

=

=

=

+

=

+

=

+

+

+

=

=

B[a]P / FA

B[a]P / DB[a,l]P

B[a]P / DB[a,h]A

Genbank
Accession

GeneName

B[a]P / B[b]F

GeneSymbol

B[a]P / 1-MPA
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Mostly synergism

AKR1B1

AMACR
CYP1A2

FABP1
GADD45A

MT1E
XRCC1

aldo-keto reductase family 1, member B1
(aldose reductase)
alpha-methylacyl-CoA racemase

J05474

cytochrome P450, family 1, subfamily A,
polypeptide 2
fatty acid binding protein 1, liver

NM_000761

growth arrest and DNA-damage-inducible,
alpha
metallothionein 1E (functional)

M60974

+

+

=

XM_003872

+

M10617

+

+

=

X97260

+

X-ray repair complementing defective repair
M36089
in Chinese hamster cells 1
Mostly antagonism

+

APOC3
ECE1

apolipoprotein C-III

X03120

=

-

-

=

-

endothelin converting enzyme 1

D49471

=

-

-

-

=

GCK

glucokinase (hexokinase 4, maturity onset
XM_004994
diabetes of the young 2)
hypoxia-inducible factor 1, alpha subunit
U22431
(basic helix-loop-helix transcription factor)
K01500
serine (or cysteine) proteinase inhibitor,
clade A (alpha-1 antiproteinase, antitrypsin),
member 3
J04765
secreted phosphoprotein 1 (osteopontin,
bone sialoprotein I, early T-lymphocyte
activation 1)
Other interatcions

=

-

-

-

-

-

=

-

-

=

-

-

=

=

-

-

-

-

alpha-2-macroglobulin

M11313

-

aldo-keto reductase family 1, member B1
(aldose reductase)
BCL2-associated X protein

J05474

cyclin-dependent kinase inhibitor 1A (p21,
Cip1)
carcinoembryonic antigen-related cell
adhesion molecule 5
core promoter element binding protein

U03106

+

=

M17303

+

=

AB017493

+

HIF1A

SERPINA3

SPP1

A2M
AKR1B1

BAX
CDKN1A

CEACAM5

COPEB

CP
CYP2B6

FGA
FMO1

G6PD
HIST1H2AL

=

+

+

=

-

=

=

=

L22473

ceruloplasmin (ferroxidase)

M13699

cytochrome P450, family 2, subfamily B,
polypeptide 6
fibrinogen, A alpha polypeptide

M29874

flavin containing monooxygenase 1

M64082

glucose-6-phosphate dehydrogenase

X03674

histone 1, H2al

XM_004453

+

=

=

+

M58569

=

=

=

=

=

-

=

=
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HIST1H3D
HMGCR

HSPCA

IGF2

MBP

MDM2

PCK2

PCNA

PEPD
SLC22A3

TF
TNFSF4

UBE2A

VMP1

histone 1, H3d

B[a]P / FA

B[a]P / DB[a,l]P

B[a]P / DB[a,h]A

Genbank
Accession
XM_004419

GeneName

B[a]P / B[b]F

GeneSymbol

B[a]P / 1-MPA
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=

3-hydroxy-3-methylglutaryl-Coenzyme A
reductase
heat shock 90kDa protein 1, alpha

M11058

=

X15183

=

insulin-like growth factor 2 (somatomedin
A)
myelin basic protein

M29645

=

=

-

M13577

Mdm2, transformed 3T3 cell double minute
2, p53 binding protein (mouse)
phosphoenolpyruvate carboxykinase 2
(mitochondrial)
proliferating cell nuclear antigen

U33199

peptidase D

J04605

=

solute carrier family 22 (extraneuronal
monoamine transporter), member 3
transferrin

AJ001417

=

M12530

=

tumor necrosis factor (ligand) superfamily,
member 4 (tax-transcriptionally activated
glycoprotein 1, 34kDa)
ubiquitin-conjugating enzyme E2A (RAD6
homolog)
likely ortholog of rat vacuole membrane
protein 1

X79929

-

X92720

=

=

J04718

+

M76125

NM_030938

+

=

+

=

An overview of all interactive effects in equitoxic mixtures is shown in Table 6.3.
TABLE 6.3. Summary of data comparison between observed and expected data for the equitoxic experiment. Additive effects have no difference between observed and expected data, for synergism the observed
effect is higher than expected and for antagonism the observed effect is lower than expected.
Apoptosis

B[a]P / B[b]F
B[a]P / FA
B[a]P / DB[a,h]A
B[a]P / DB[a,l]P
B[a]P / 1-MPA
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Additive
Additive / synergism
Additive
Additive / synergism
Additive

Cell
cycle

Unclear
Unclear
Unclear
Unclear
Unclear

DNA
adduct
formation
Synergism
Synergism
Synergism
Synergism
Synergism

CYP1A1

Gene
expression

expression

Additive
Additive
Additive
Antagonism
Antagonism

Additive
Unclear
Additive
Unclear
Additive
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DISCUSSION
This study focuses on the effects of binary mixtures of PAHs on cell cycle, apoptosis,
DNA adduct formation and gene expression modulation. We compared the observed
gene expression effects of equimolar and equitoxic PAH mixtures with the expected
data based on additivity of its individual compounds in HepG2 cells. We aim to gain
insight into the effects of PAH mixtures and test possibility synergistic, antagonistic or
additive effects of a mixture. Mixtures were assessed on their interactive effects based
on an additive model. Deviation from this model indicated either synergism or antagonism.
Cell cycle and apoptosis
The effect on cell cycle and apoptosis in HepG2 cells treated with equimolar concentrations of B[a]P and DB[a,l]P was found to resemble the effects of DB[a,l]P alone.
B[a]P had little effect on apoptosis and therefore did not contribute to the apoptosis of
HepG2 cells exposed to the B[a]P / DB[a,l]P mixture. B[a]P did block cells in S-phase
of cell cycle, although at higher concentrations than DB[a,l]P and therefore the effect
of B[a]P on cell cycle in the equimolar B[a]P / DB[a,l]P mixture mainly represented the
effects of DB[a,l]P.
Of all 6 PAHs tested, we found that DB[a,l]P and B[a]P are most toxic to HepG2 cells
in the concentration range tested. Effects on cell cycle were shown by an increased
number of cells in S-phase, which has been observed in other studies as well (16).
Equitoxic mixtures of each PAH with B[a]P showed slightly increased levels of apoptosis compared to the compounds individually. Only FA and DB[a,l]P showed some
synergism. Interaction on S-phase arrest did not to occur. No comparable literature
data was available.
DNA adduct formation
DNA adduct formation in HepG2 cells after exposure to equitoxic PAHconcentrations showed that equally toxic concentrations (based on apoptosis and cell
cycle disturbances) did not induce the same level of DNA adducts in HepG2 cells.
This indicates that the cytotoxic effects are not directly related to the total DNA
adduct levels. Mixtures of two PAHs showed synergism on DNA adducts formation
for all mixtures. Possibly PAH activation is enhanced in co-exposure of PAHs leading
to a higher level of DNA reactive metabolites. This seems to be indicated by a synergistic effect on the expression of CYP1A2 which we found for B[a]P / DB[a,h]A and
B[a]P / DB[a,l]P. Or, as Uno et al (2) found increased levels of DNA adducts in
CYP1A1 knockout mice, which results in a reduced metabolism of PAHs in mixtures,
and may lead to higher DNA adduct levels. Also, phase II enzymes involved in detoxi-
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fying PAH metabolites might be saturated and thereby leading to increased levels of
PAH metabolites.
Our findings were not supported by earlier studies, in which an antagonistic effect of
PAH mixtures on DNA adduct formation was found in MCF7 cells (17), which may
be due to the differences between breast tissue and actively metabolizing liver tissue or
to the more complex mixtures studied. The synergistic effect found on DNA adduct
formation seems to be strongest for FA and 1-MPA, which did not induce DNA
adducts individually, but which are neither inducers of CYP450 activity. This might
prove an important role of these low carcinogenic compounds in co-carcinogenesis,
though the mechanism is currently not understood.
Gene expression modulation
For DB[a,l]P, FA and 1-MPA low numbers of genes were found to be affected in the
equitoxic experiment. As we used the highest dose of 30 µM for the latter two compounds, these compounds probably have little effect on gene expression in HepG2
cells, as was shown previously (7). For DB[a,l]P we used the 0.01 µM concentration
since at this dose it already showed increased apoptosis levels and marked cell cycle
changes. However, DB[a,l]P had a small effect on gene expression at this concentration.

Assessing the additivity of gene expression profiles for mixtures
As the effects in equimolar mixtures were dominated by the effects of DB[a,l]P, we did
not include those data in assessing the interactive effects of PAH mixtures. However,
the effects at the highest concentration, at which both compounds contributed to the
effects of the mixture, shows antagonism, which is also shown by this mixture in at
equitoxic concentrations. Comparison of observed and expected gene expression levels
(Figure 6.9), showed that the interactive effects on gene expression profiles differ
between mixtures. Mixtures of B[a]P with B[b]F, FA and DB[a,h]A showed additive
effects on gene expression, whereas the mixtures of B[a]P with DB[a,l]P and with 1MPA showed antagonism.

Assessing additivity of differential expression for single genes
The expression of many genes showed additivity for many conditions in either of the
experiments. Some of these genes are involved in PAH metabolism, like CYP1A1, and
many others are related to tumorigenesis. Only one gene was found to show additivity
at the equimolar as well as the equitoxic concentrations, which was ATF3. Since only
one gene shows similar interaction in the equimolar and equitoxic mixtures, it shows
that interactive effects are dependent on the concentrations selected.
Furthermore, 13 genes showed mostly synergism or antagonism in the various mixtures (Table 6.2). Many of these genes can be related to DNA damage induces by PAH
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and the early onset of carcinogenesis. These genes include XRCC1 and GADD45A,
which are involved in DNA damage repair (18,19), and MT2A which is involved in
protection against oxidative stress (20). The expression of many of these carcinogenesis related genes is higher expressed than expected, indicating a higher damaging effect
of PAHs in mixtures than the individual compounds suggest. This is in agreement with
the levels of DNA adducts we found after exposure to PAH mixtures. The expression
of some other genes related to cell cycle or DNA damage (CDKN1A and BAX) did
not show interaction for more than one mixture.
Synergism or antagonism?
To our knowledge, no previous studies have been done on the interactive effects of
mixtures on gene expression level. Therefore, we attempted to develop a method for
assessing these effects. Although we realize this method may not be perfect, we have
tried to design a method which allows studying effects of mixtures on gene expression
level.
To assess the effects of PAH mixtures, an addition of concentrations is not always
accurate (21), since a common mode of action is assumed. Alternatively, a model that
assumes no common mode of action was found to predict the effects of the mixture
more accurately. Our method adds effects on gene expression, and no common mode
of action is required and therefore our method might be a good estimation of the
effects of a mixture. However, further development is required, but our method could
be useful for other researchers interested in interactive effects on gene expression
level.
A comparison of interactive effects (Table 6.3) shows that no consistent effects are
observed for each mixture. Most previous studies suggest an additive effect or an
antagonistic effect of PAH mixtures (4,22). We found that interactions of B[b]F, FA
and DB[a,h]A with B[a]P are mostly additive or show synergism, the latter for DNA
adduct formation. The synergism we found for DNA adduct formation, was not found
by Gray et al for mixtures of B[a]P and 7H-dibenzo[c,g]carbazole on tumor formation
in mice (23). This might be due to the different compounds tested or the difference of
in vivo versus in vitro. However, James et al (24) did find a synergism in toxicity of PAHs
and PCBs, which are also metabolized by the same enzymes of the Cytochrome P450
family.
Although 1-MPA and FA, did show some effect on the parameters tested individually,
in mixtures both compounds showed to contribute to the effect of the mixture. This
shows that compounds having little effect by itself, may contribute importantly to the
effects of a mixture.
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Furthermore, whereas the effects of B[a]P / DB[a,l]P and B[a]P / 1-MPA on gene
expression can be antagonistic, the effects on other parameters can show synergism.
Uno et al (2) found that levels of DNA adducts were higher in CYP1A1 knock-out
mice. So, by its antagonistic effect on gene expression (including CYP1A1), of both
mixtures, the levels of DNA adducts may be increasing, which is in accordance with
what we found.

CONCLUSION
In our study we showed that many PAH mixtures show mostly additive or antagonistic
effects on gene expression profiles, apoptosis and cell cycle. For individual genes, the
expression of a few genes showed additivity, but many genes showed interactive
effects. The only consistent interactive effect was on DNA adduct formation, which
was always synergistic. Also, compounds like FA and 1-MPA, which do not induce
adducts and are weak or not carcinogenic, have an impact on the effects of mixtures
and thus affect the carcinogenic potency of PAH mixtures.
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ABSTRACT
Although exposure to polycyclic aromatic hydrocarbons (PAHs) occurs mostly
through mixtures, research efforts have been directed towards the effects caused by
individual compounds. In our previous study conducted in HepG2 cells, it was demonstrated that PAHs in binary mixtures interact, leading to additivity or antagonism on
gene expression and synergism on DNA adduct formation. The objective of the
current study is to gain more insight into the interactive effects of PAHs by extending
these studies to precision-cut rat liver slices. The effects of benzo[a]pyrene (B[a]P) or
dibenzo[a,h]anthracene (DB[a,h]A) alone and in binary mixtures with another PAH
(DB[a,h]A, benzo[b]fluoranthene (B[b]F), fluoranthene (FA) or dibenzo[a,l]pyrene) on
gene expression and DNA adduct formation were investigated in liver slices. All
compounds modulated the expression of several genes, although overlap between
genes affected by the mixture and the individual compounds was relatively small.
Furthermore, all mixtures show an antagonistic response on global gene expression. At
the level of individual genes, mostly antagonism was evident, with additivity and
synergism observed for only a few genes. These interactions are partly different to
those previously observed in HepG2 cells. The effects in liver slices would suggest a
lower carcinogenic potency of PAH mixtures than estimated based on additivity of
individual compounds.
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INTRODUCTION
Toxicological research is directed towards the adverse effects of single compounds on
a cell system or an organism. However, human environmental exposure to chemicals
mostly involves mixtures. Therefore it is of importance that studies are not confined to
single compounds, but are extended to mixtures.
Through the environment, humans are daily exposed to chemical mixtures, including
polycyclic aromatic hydrocarbons (PAHs). PAHs comprise a large class of structurally
related compounds, many of which possess carcinogenic activity, which are formed
during incomplete combustion of organic compounds. Not only the concentrations of
PAHs in air vary, but also the mixture composition. Many studies have tried to estimate carcinogenic potency of PAHs in the air based on the concentration of a single
compound, usually benzo[a]pyrene (B[a]P) (1,2). Although PAHs are structurally
similar, they vary greatly in their carcinogenic activity. Carcinogenic potency of PAHs
is usually expressed relative to that of B[a]P. Not only does this require extensive
animal experiments to compare carcinogenic doses, but also interactive effects between
compounds are not taken into account.
PAH exposure usually occurs through mixtures, and it is conceivable that constituents
may interact with each other. Such interactions can lead to a higher effect than expected based on additivity (synergism), or one PAH may repress the effects of the
other (antagonism). No interaction implies the addition of the effect of both PAHs
(additivity) (3,4). Interactive effects may occur at all stages in PAH carcinogenicity, of
which biotransformation might be one of the most important.
Biotransformation is important in the metabolic activation of PAHs into their ultimate
carcinogenic metabolites. PAHs have shown to induce the expression of several
Cytochrome P450 enzymes, among others CYP1A1 and CYP1A2, which metabolise
PAHs to their reactive intermediates. These can bind to DNA and thereby induce the
formation of mutations, which may lead to the initiation of carcinogenesis. Also, PAHs
can induce epigenetic effects, which may lead to changes in biological processes, like
cellular communication (5,6), and ultimately may promote cancer development.
A useful applied tool in assessing global effects caused by toxic compounds is gene
expression analysis by microarrays. By studying large numbers of genes, a transcriptomic fingerprint can be obtained, which can provide information on the toxicological
properties of compounds. This approach can be applied in in vitro cell systems for both
mixtures and single compounds. In our previous study, we have demonstrated that
interactive effects on gene expression of binary PAH mixtures can be studied with an
additive model based on the constituents of the mixture using a human hepatoma cell
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line, HepG2. In general, additive and antagonistic effects on global gene expression
were observed, but synergistic effects on DNA adduct binding activities were also
evident.
The aim of this study was to apply a toxicogenomics approach to assess whether
interactions occur in rat precision-cut liver slices following exposure to binary PAH
mixtures. Precision-cut liver slices are a frequently used in vitro model, which is increasingly applied in transcriptome profiling studies (7). In this model, primary cells are
refrained in an environment with normal cell-cell and cell-matrix contacts, and express
high levels of metabolic enzymes that are important in PAH-induced effects (8). We
have already established that, in general, PAHs induce compound-specific gene expression profiles, both in HepG2 cells and in liver slices. For the current study we used 5
PAHs, namely benzo[a]pyrene (B[a]P), dibenzo[a,h]anthracene (DB[a,h]A),
dibenzo[a,l]pyrene (DB[a,l]P), benzo[b]fluoranthene (B[b]F) and fluoranthene (FA).
The effects of PAHs on gene expression were examined for a total of 5700 genes by
oligonucleotide arrays for individual PAHs as well as for binary mixtures of a PAH
with B[a]P or DB[a,h]A. Effects on DNA adduct formation were determined with 32Ppostlabelling. PAH concentrations were selected based on DNA adduct-forming
potential as determined previously (9).

MATERIALS AND METHODS
Chemicals
Benzo[a]pyrene (B[a]P, purity 97%, CAS no. 50-32-8), benzo[b]fluoranthene (B[b]F,
purity 98%, CAS no. 205-99-2), fluoranthene (FA, purity 99%, CAS no. 206-44-0),
dibenzo[a,h]anthracene (DB[a,h]A, purity 97%, CAS no. 53-70-3) and
dibenzo[a,l]pyrene (DB[a,l]P, purity 99.6%, CAS no. 191-30-0) were obtained from
Sigma-Aldich (Zwijndrecht, the Netherlands). All chemicals were dissolved in DMSO.
Preparation and exposure of precision-cut liver slices to PAHs
Rat livers were obtained from male Wistar albino rats (175-250g) killed by cervical
dislocation. Livers were immediately excised and slices (250 µm) were prepared using a
Krumdieck tissue slicer (Alabama Research and Development Corp., Munsford, AL,
USA) as previously described (10). Slices were pre-incubated for 30 minutes at 37˚C in
RPMI supplemented with 5% foetal calf serum, 0.5 mM L-methionine, 1 µM insulin,
0.1 mM hydrocothsone-21-hemisuccinate and 50 µg/ml gentamycin in 12 well plates
on a shaking gyratory in an incubator (5% CO2 and 95% air). After pre-incubation, the
slices were transferred to 12 well plates containing fresh media and B[a]P (3 µM),
DB[a,h]A (10 µM), B[b]F (10 µM), FA (30 µM) or DB[a,l]P (0.3 µM), or a mixture of
one the PAHs with B[a]P or DB[a,h]A, or a solvent control (DMSO, 0.066% v/v).
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Concentrations inducing a low, but significant level of DNA adducts in our previous
study (9), were selected for each PAH. Only FA did not induce DNA adducts and
therefore the highest concentration was selected. In each of two independent experiments, three slices were used for each treatment, except for the solvent control (18
slices), B[a]P (8 slices) and DB[a,h]A (5 slices). After 24h exposure, the slices were
removed from the medium and immediately frozen in liquid nitrogen. For the mixtures
of B[a]P with B[b]F, and B[a]P with FA, only one experiment was conducted.
RNA isolation, cDNA synthesis and dye labelling
After crushing the frozen liver slices under liquid nitrogen, RNA was stabilized by
dissolving the crushed powder in Trizol (Gibco/BRL, Breda, the Netherlands) and
isolated according to the manufacturer’s manual. RNA was purified using the RNeasy
mini kit (Qiagen Westburg bv., Leusden, The Netherlands) with DNase treatment,
RNA quantity was determined spectrophotometrically and quality was assessed using a
BioAnalyzer (Agilent Technologies, Breda, The Netherlands). Only RNA samples
which were not degraded (clear 18S and 28S peaks) were used for labelling and hybridization. RNA from all slices with the same treatment was pooled for each experiment.
TABLE 7.1. Labelling and hybridization design of RNA samples from liver slices exposed to the listed
PAH (or PAH-mixture) for each experiment and all biological replicates.
Biological
experiment
1

Biological
replicate
1

Array

Cyanine 3

Cyanine 5

Alexa 594

1

1
1
1
1

1
1
1
1

4
5
7
9

Control

B[a]P

DB[a,h]A / DB[a,l]P

Control
B[a]P / DB[a,h]A
Control
B[a]P / B[b]F

DB[a,l]P
Control
DB[a,h]A / FA
B[b]F

B[a]P / DB[a,l]P
DB[a,h]A
FA
Control

2
2
2
2

1
1
1
1

2
3
6
8

DB[a,h]A / DB[a,l]P
B[a]P
DB[a,h]A
FA

Control
B[a]P / DB[a,l]P
B[a]P / DB[a,h]A
Control

DB[a,l]P
Control
Control
DB[a,h]A / FA

2
3
3
3

1
2
2
2

10
11
14
15

Control
Control
Control
B[a]P / DB[a,h]A

B[a]P / B[b]F
B[a]P
DB[a,l]P
Control

B[b]F
DB[a,h]A / DB[a,l]P
B[a]P / DB[a,l]P
DB[a,h]A

3
3
4
4

2
2
2
2

17
19
12
13

Control
DB[a,h]A / FA
DB[a,h]A / DB[a,l]P
B[a]P

DB[a,h]A / FA
B[a]P / FA
Control
B[a]P / DB[a,l]P

FA
Control
DB[a,l]P
Control

4
4

2
2

16
18

DB[a,h]A
FA

B[a]P / DB[a,h]A
Control

Control
B[a]P / FA
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RNA samples were reverse transcribed into cDNA in triplicate with amino-allyl labelled dUTP (Sigma-Aldrich, St Louis, USA) and subsequently labelled with one of the
three dyes, namely Cyanine 3 (Cy3), Cyanine 5 (Cy5) or Alexa 594 (A594), as was
described previously (11). The labelling schedule is shown in Table 7.1.
Microarray hybridization and data analysis
Dye-labelled samples were hybridized on an Operon rat oligonucleotide array containing 5700 oligonucleotides (v1.2.1, Operon, Qiagen, Venlo, The Netherlands) printed in
triplicate on Corning UltraGAPS Coated Slides (Corning Life Sciences, New York,
USA) by the Genome Centre Maastricht (Maastricht University, Maastricht, The
Netherlands). Hybridization and washing were performed according to Corning’s
protocol for oligonucleotide arrays as previously described (11).
The microarray slides were scanned on a ScanArrayExpress (Packard Biochip Technologies, Perkin Elmer life sciences, Boston, USA). All three channels were scanned at
100% laser power and PMT Gain was adjusted, such that the signal of the highest
fluorescent spots was just below the maximum measurable level. The images (10
micron resolution; 16 bit tiff) were processed with ImaGene 5.0 software (BioDiscovery Inc., Los Angeles, USA) to quantify spot signals. Irregular spots were manually or
automatically flagged and excluded from the data analysis. If the averaged spot signal
for the controls was higher than the corresponding SD ,the gene was used for further
analysis. Of all 5700 genes, 2156 genes met these criteria.
Data from ImaGene were transported into GeneSight software version 4.1.5 (BioDiscovery Inc. Los Angeles, USA) for further processing and analysis. For each spot,
background was subtracted and flagged spots as well as spots with a net expression
level below 20 were omitted. Data were log base 2 transformed and data normalization
was carried out using LOWESS and centring expression differences by subtracting
mean values. Expression differences between exposed and control were calculated and
data of replicate spots were averaged while omitting outliers (>2 standard deviations).
Significantly modulated genes were found using the confidence analysis tool from
GeneSight (up or down regulation of 0.1 and 99.9% confidence limit) using the averaged data per treatment. Unsupervised clustering was performed by hierarchical clustering analysis and principal component analysis using GeneSight tools.
Assessing the additivity of gene expression data
To calculate the expected gene expression levels of the PAH mixture based on the
individual constituents, we used the method described in our previous study (12). This
method assumes additivity of the effects on gene expression. Linear regression analysis
and Pearson correlation coefficients were calculated using SPSS 12.0.1 for windows
(SPSS Inc., Chicago, USA). Additivity was assumed when regression analysis for the
observed and expected data did not show a deviation from y=x (confidence interval of
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2 SD). If it did deviate from y=x, synergism is shown by a slope >1 and antagonism by
a slope <1.
DNA adduct analysis
After removal of the aqueous phase during RNA isolation using Trizol, the remaining
phases were used for DNA isolation according to the manufacturer’s protocol. DNA
adduct levels were determined according to the procedure originally described by
Reddy and Randerath (13) with the modifications introduced by Godschalk et al (14).
DNA adduct levels were quantified by comparison with standard samples with known
BPDE-DNA adduct levels (1 adduct per 106, 107 or 108 nts; detection limit 1 adduct
per 108 nt). Adduct spots on the chromatograms were located and quantified using a
phosphor imager (FLA-3000, Fuji, Paris, France) and AIDA/2D densitometry software.
Expected DNA adduct levels were calculated by adding the total DNA adduct levels of
both constituents, after correcting for background levels found in solvent control
samples.

RESULTS
Gene expression analysis
Microarray analysis showed that in total 328 genes were significantly modulated after
exposure to either of the mixtures or individual compounds. The highest number of
affected genes was seen after exposure to the DB[a,h]A / FA mixture (80 genes).
The number of modulated genes decreased as follows; B[b]F (60), B[a]P/B[b]F (57),
B[a]P (52), DB[a,h]A (49), B[a]P/DB[a,h]A (45), DB[a,h]A/DB[a,l]P (42), FA (34),
B[a]P/DB[a,l]P (34), B[a]P/FA (33) and DB[a,l]P (27). In Figure 7.1 it can be seen that
the overlap between the modulated genes for each mixture with the individual compounds was relatively small. Most genes affected by either of the mixture constituents
alone, were not similarly affected by the mixture. Gene names, abbreviations, GenBank
accession numbers and gene expression differences of modulated genes can be found
in the supplemented data file (http://fdgwgratsrv0401.unimaas.nl/data).
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Figure 7.1a

Figure 7.1b

Figure 7.1c

Figure 7.1d

Figure 7.1e

Figure 7.1e

FIGURE 7.1. Venn diagrams showing the numbers of modulated genes in rat liver slices to single PAHs,
their mixtures and their overlap.

In Figure 7.2 the hierarchical clustering analysis (HCA) shows that gene expression
profiles between mixtures and their individual constituents are similar. All treatments
with DB[a,h]A, both individual as well as in mixtures, group together, indicating a
distinct effect of DB[a,h]A on gene expression. Furthermore, the gene expression
profile for the B[a]P / B[b]F mixture differs most extensively from the gene expression
profiles brought about by the other treatments. This HCA shows that all compounds
have a contribution to the gene expression of the mixture and neither of the compounds has a dominating effect.
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FIGURE 7.2. Hierarchical clustering analysis of gene expression differences in rat liver slices after 24h
exposure to PAHs and their mixtures in equitoxic concentrations with the 328 genes differentially expressed by either of the treatments. Euclidean clustering was used with average distance metric.
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Figure 7.3a

Figure 7.3b

Figure 7.3c

Figure 7.3d

Figure 7.3e

Figure 7.3f

Figure 7.3. Expected (x-axis) versus observed (y-axis) gene expression in rat liver slices exposed to PAH
mixtures. Figures 3a-f respectively show mixtures of B[a]P / B[b]F, B[a]P / FA, B[a]P / DB[a,h]A, B[a]P /
DB[a,l]P, DB[a,h]A / FA and DB[a,h]A / DB[a,l]P. Correlation coefficients (R2) and the live equation are
indicated in the graph.
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Assessing the additivity for gene expression profiles
The expected gene expression modulation of the mixtures was calculated by adding the
responses of the individual compounds. Figure 7.3 shows the expected gene expression differences versus the observed differences for each mixture. All linear regression
equations significantly deviated from y=x and their slopes were smaller than 1. This
indicates an antagonistic interaction of these PAHs in the mixtures.
A comparison of expected and observed gene expression differences was also made
after a more strict selection of genes, namely only those genes modulated by at least 2
of the 3 treatments for each mixture (the intersections of Figure 7.1). This analysis
again showed that all slopes are smaller than 1, although the slopes for B[a]P / B[b]F
and B[a]P / FA did not differ significantly from 1.
Assessing the additivity for single genes
Also at the level of individual genes, the expected expression was compared with the
observed expression of the genes. Of all 328 differentially expressed genes, 21 showed
lower gene expression levels in most mixtures than expected (at least 1SD), indicating
antagonism. Ten genes showed consistently no deviation between observed and
expected data (less than 1SD deviation), suggesting additivity, and two genes showed
higher gene expression levels than expected, which points to synergism. These genes
are shown in Table 7.2. Thus, most genes show antagonistic effects, which is in agreement with the antagonistic effect noted for all mixtures on global gene expression. The
other genes show no dominating interactive effect; they are listed in the supplemented
data file (http://fdgwgratsrv0401.unimaas.nl/data).
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DB[a,h]A / DB[a,l]P

DB[a,h]A / FA

B[a]P / FA

B[a]P / DB[a,l]P

Genbank
Accession

Gene Name

B[a]P / DB[a,h]A

Gene
Symbol

B[a]P / B[b]F

TABLE 7.2. Interactive effect of gene expression upon exposure to PAH mixtures. Additivity is shown by
“=”, synergism by “+” and antagonism by “-“.

=

=

=

=

Additivity

ABCD3

ALDR1

ARFGAP1

CCR2
CDH17

ATP-binding cassette, sub-family D
(ALD), member 3
Aldehyde reductase 1 (low Km aldose
reductase) (5.8 kb PstI fragment,
probably the functional gene)
ADP-ribosylation factor 1 GTPase
activating protein
chemokine receptor CCR2 gene

NM_012804

=

NM_012498

=

U35776

=

=

NM_021866

=

=

cadherin 17

X78997

NQO1
NUPR1

NAD(P)H dehydrogenase, quinone 1

NM_017000

=

=

nuclear protein 1

AF014503

=

=

SPP1

secreted phosphoprotein 1

NM_012881

=

=

similar to hypothetical protein, clone 225
similar to cDNA sequence AF155546

AW530379

BF548312

=

=

=

=

=

=

=

=

=

=

=

=

=

=

=

=

=

Mostly antagonism

ACOX2

acyl-Coenzyme A oxidase 2, branched
chain
claudin 7

X95189

cytochrome P45, 1a2

NM_012541

-

-

-

dithiolethione-inducible gene-1

U66322

-

-

=

=

enoyl-Coenzyme A, hydratase/3hydroxyacyl Coenzyme A dehydrogenase
glucocorticoid-induced leucine zipper

K03249

hydroxysteroid 11-beta dehydrogenase 1

NM_017080

-

-

=

Inhibitor of DNA binding 1, helix-loophelix protein (splice variation)
lipopolysaccharide binding protein

NM_012797

=

-

-

-

-

MADH3
ME1

MAD homolog 3 (Drosophila)

NM_013095

=

-

-

-

malic enzyme 1

NM_012600

-

-

=

-

P58/P45

nucleoporin p58

AF000899

CLDN7
CYP1A2

DIG1
EHHADH

GILZ

HSD11B1
ID1

LBP
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-

AJ011811

-

-

-

-

-

-

=

-

-

-

-

-

-

-

-

-

-

-

NM_031345

-

NM_017208

-

-

-

-

-

-

-

DB[a,h]A / FA

-

-

NM_024382

-

-

-

solute carrier family 16, member 1

NM_012716

-

-

solute carrier family 16, member 1

AB047324

-

SPNB3
TUBB5

beta-spectrin 3

NM_019167

-

tubulin, beta 5

AB011679

-

UGCG

UDP-glucose:ceramide glycosyltransferase
similar to HSPC288

AF047707

SERPIND1
SLC16A1
SLC16A1

PFKFB1

RRAD

-

-

-

-

-

-

=

-

-

BG666041

-

similar to Complement C5 precursor
AW917065
(Hemolytic complement)
Mostly synergism

-

6-phosphofructo-2-kinase/fructose-2,6biphosphatase 1
Ras-related associated with diabetes

NM_012621

U12187

B[a]P / FA

-

Genbank
Accession

B[a]P / DB[a,l]P

X84004

PTPN16

Gene Name

B[a]P / DB[a,h]A

protein tyrosine phosphatase, nonreceptor type 16
leuserpin-2

Gene
Symbol

B[a]P / B[b]F

DB[a,h]A / DB[a,l]P
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+

=

+

+

-

=

=

-

-

-

-

-

-

=

=

+

+

+

DNA adduct formation
Figure 7.4 shows the DNA adduct formation in liver slices. Comparison of the DNA
adduct level of each mixture with its expected level based on additivity of the individual compounds, generally showed antagonism for all mixtures.
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FIGURE 7.4. DNA adduct formation in liver slices exposed to individual PAHs or their binary mixtures as
measured by 32P-postlabelling (detection limit 1 adduct per 108 nucleotides). Mean adduct levels corrected
for DMSO signals and their standard deviations are shown. (n=2, except for mixtures of B[a]P-B[b]F and
B[a]P-FA).

DISCUSSION
This paper describes the results of a study on the effects of binary PAH mixtures on
gene expression and DNA adduct formation in rat liver slices in comparison to the
effects elicited by the individual compounds. We assessed whether effects of binary
mixtures of PAHs on gene expression and DNA adduct formation compared to the
individual compounds are additive or may show synergism or antagonism.
As both B[a]P and DB[a,h]A induced the CYP1A1 expression in liver slices in our
previous study, we used these compounds to assess the interactive effects of mixtures.
CYP1A1 is important in PAH metabolism, and CYP1A1 induction may lead to effects
on the metabolism of non-CYP1A1 inducers.
Gene expression modulation
Each treatment caused gene expression modulation in liver slices. However, the genes
significantly affected by the mixtures were frequently different from those affected by
either of the constituents. This is rather surprising and in contrast to what we observed
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in HepG2 cells, in which genes modulated by the individual compounds were generally
also modulated by the mixtures. A possible explanation for this discrepancy is that in
liver slices data on much more genes are available, and this may be more specific for
each PAH exposure, whereas in the case of HepG2 cells a dedicated array was used
with only toxicologically relevant genes.
Assessing the additivity of gene expression of a mixture
The differential gene expression was lower for all mixtures than expected as the slope
of linear regression lines was less than 1. This indicates that all mixtures show antagonism, similar to what we have previously observed in HepG2 cells. In agreement with
our findings, Cherng et al (15) reported a decrease in the CYP1A1 gene expression and
protein expression in B[a]P / 1-nitropyrene mixtures compared to the individual
compounds.
Assessing the additivity of differential expression of single genes
In general, expression of most genes shows antagonism, which is in agreement with
the observed global gene expression differences. For 21 genes expression differences
were consistently lower than expected, and many of these are involved in carcinogenesis. For example ACOX2 and EHHADH play a role in carcinogenesis by affecting
fatty acid metabolic pathways (16). This might be related to GILZ, which is involved in
adipocyte differentiation (17) and ME1, which is involved in fatty acid biosynthesis.
Furthermore, LPB and PTPN16 both play a role in inflammation and could be important in carcinogenesis (18,19). CYP1A2 showed lower expression than expected and is
involved in metabolism of PAHs. Furthermore, the expression of CLDN7 is elevated
in neoplasias (20), DIG1 is involved in invasive growth (21) and, moreover, was also
induced in our previous study (9). And finally, HSD11B1 plays a role in clearance of
apoptotic cells (22), MADH3 plays a role in inhibition of cell cycle progression (23)
and ID1 plays a role in the early stages of hepatocarcinogenesis (24). So, most genes
showing antagonism are involved in carcinogenesis, and this lower expression would
suggest a lower carcinogenic potency of PAH mixtures than expected on the basis of
the individual compounds.
Ten of the affected genes showed consistent additive response after exposure to PAH
mixtures. Their corresponding proteins are involved in several functions. The most
relevant being CDH17, which is up-regulated in gastric carcinomas (25), SPP1, which is
deregulated in hepatocarcinogenesis (26) and NQO1 which is controlled by the Ahreceptor (27) and involved in xenobiotic metabolism.
Furthermore, for 2 genes the expression differences were higher than expected, indicating synergism. These two genes are PFKFB1, which is involved in neoplastic transformation (28) and RRAD, which is up-regulated in neoplasia (29). By a higher expres-
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sion than expected, both genes suggest a higher carcinogenic potency of the PAHs
mixtures than expected.
DNA adduct formation
DNA adduct formation is relatively low in liver slices exposed to PAHs. The concentrations were selected based on DNA adduct formation in our previous study (9), and
each compound shows similar DNA adduct levels. However, the DNA adduct levels
are relatively low, and thereby approaching the limit of detection. Nevertheless, the
data generally show an antagonistic effect on DNA adduct formation, which agrees
with the effects on gene expression but contrasts our findings in HepG2 cells. The
differences in cell type, species and PAH concentrations might explain this difference.
Moreover, the difference in effects in HepG2 cells and liver slices might be due to
different interaction on biotransformation enzymes and, thereby, altered metabolism
of mixtures. This is shown by the antagonistic effect on the expression of CYP1A2 in
liver slices, whereas the effects of mixtures on CYP1A2 in HepG2 cells are synergistic.
Other studies also showed an antagonistic effect of PAH mixtures on DNA adduct
formation in MCF7 cells (30).
Synergism or antagonism?
Table 7.3 shows an overview of the interactive effects on gene expression and DNA
adduct formation for all mixtures, and data for the corresponding mixtures in HepG2
cells from our previous study. This shows that the effects of the PAH mixtures in liver
slices on both gene expression and on DNA adduct formation are generally antagonistic. This similar response on both parameters agrees with the antagonistic effects on
gene expression modulation in HepG2 cells and was also observed in previous studies
(31,32).
Comparison of DNA adduct formation in liver slices with data from HepG2 cells
shows that both cell systems appear to respond very differently to PAH mixtures.
Whereas HepG2 cells show an additive or synergistic response, liver slices show
antagonism. The data we generated in the present study show more similarities with
the antagonistic effects of PAH mixtures found in previous in vitro and in vivo studies
(31,32). Therefore, liver slices may be more comparable to other in vitro and in vivo
systems than HepG2 cells.
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TABLE 7.3. Summary of data comparison between observed and expected data for liver slices and HepG2
cells exposed to PAH mixtures. Additive effects have no difference between observed and expected data,
for synergism the observed effect is higher than expected and for antagonism the observed effect is lower
than expected.

Mixture

B[a]P / B[b]F
B[a]P / DB[a,h]A
B[a]P / DB[a,l]P
B[a]P / FA
DB[a,h]A / DB[a,l]P
DB[a,h]A / FA

Rat liver slices
Gene
DNA adduct
expression
formation
Antagonism
Unclear
Antagonism
Additive/ Antagonism
Antagonism
Additive/ Antagonism
Antagonism
Unclear
Antagonism
Additive/ Antagonism
Antagonism
Additive/ Antagonism

HepG2 cells
Gene
DNA adduct
expression
formation
Additive / synergism
Additive
Additive / synergism
Additive
Antagonism Additive / synergism
Additive / synergism
Additive
N/A
N/A
N/A
N/A

CONCLUSION
This study addressed the effects of binary PAH mixtures on gene expression profiles
and DNA adduct formation in rat liver slices, and showed that in most cases the PAHs
interact antagonistically. Similarly, at the level of individual genes, mostly antagonism
was observed, swith some genes showing additivity and only few genes showing
synergism. These interactions are partly different to those we observed in HepG2 cells.
Effects on genes involved in metabolism show mainly antagonism or additivity, and in
relation to DNA adduct formation, these findings suggest diminished metabolic
activation by mixtures comprising a CYP-inducer with a non-CYP-inducer than additivity would suggest. Our observations would suggest a lower carcinogenic potency of
PAH mixtures than would have been estimated based on the additivity of the individual constituents.
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CHAPTER 8
This thesis describes the research on the gene expression modulation by polycyclic
aromatic hydrocarbons (PAHs) in relation to the varying carcinogenic potencies of
PAHs. As human exposure to PAHs occurs daily, it is important to be able to estimate
the human cancer risks due to PAH exposure. It can be hypothesized that PAHs with
different carcinogenic potency will also differ in the gene expression profiles they
induce in cells and organs. Therefore, this thesis aims to apply gene expression profiling to gain knowledge on PAH induced effects, with the ultimate goal to find a rationale for improvement of current risk assessment procedures for ambient air PAHs.
New method for sample labelling for microarray studies
First, we developed a new method for microarray hybridizations which allows analysis
of three or four instead of two samples simultaneously (chapter 2). It was concluded
that labelling with four dyes was applicable on the cDNA arrays, but on a different
platform with in-house spotted oligonucleotide arrays, only three dyes could be used.
This improved method was applied in chapters 3, 4, 6 and 7, and does not only reduce
costs and time required, but it also reduces the technical variation between microarrays.

In vitro studies
The aim of chapters 3 and 4 is to explore the possibilities to use gene expression
profiling for cancer risk assessment, and to gain insight into the mechanisms of carcinogenicity and the biological processes of PAH-exposure, which are of importance
for carcinogenesis. Therefore, gene expression modulation and DNA adduct formation in a human hepatoma cell line, HepG2, and in rat liver slices was assessed in
chapters 3 and 4 respectively. Gene expression modulation was related to DNA adduct
formation, Ah-receptor binding capacity and carcinogenic potency. Although we could
classify the six PAHs (benzo[a]pyrene (B[a]P), benzo[b]fluoranthene (B[b]F), fluoranthene (FA), dibenzo[a,h]anthracene (DB[a,h]A), dibenzo[a,l]pyrene (DB[a,l]P) and 1methylphenanthrene (1-MPA)) by gene expression profiling in HepG2 cells according
to their carcinogenic potency, a perfect classification could not be achieved in liver
slices for all compounds. DB[a,l]P, as being the most potent carcinogenic compound,
was classified as having low carcinogenic potency in that model. This might be due to
the relatively low induction of CYP1A1 compared to the other carcinogenic PAHs in
liver slices, which seems to be important for correct classification. DB[a,l]P did induce
the expression of CYP1A1 in HepG2 cells.
In order to obtain more insight in the biological consequences and the involved
mechanisms, overrepresentation of pathways among the sets of modulated genes was
investigated by the use of GenMAPP. Pathway analysis based on the genes significantly modulated by any of the six PAHs, showed some overlap between HepG2 cells
and liver slices. Apoptosis, cholesterol biosynthesis and fatty acid synthesis were
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affected in both models, although not always similarly or by the same compounds.
Apoptosis is important for removing damaged cells, before they can develop into
cancerous cells. Both inhibition of fatty acid synthesis and induction of cholesterol
biosynthesis have been related to carcinogenesis (1-6). Induction of cholesterol biosynthesis and increased mitochondrial fatty acid beta oxidation was found for liver slices.
For HepG2 cells both fatty acid synthesis and cholesterol biosynthesis were inhibited.
Increasing cholesterol synthesis by PAHs implies increased energy availability upon
PAH exposure. Increased cholesterol synthesis has been shown for proliferating
normal tissue and tumours (1), and neoplastic cells have a growth advantage by their
ability to synthesize cholesterol (2). Effects on fatty acid synthesis by PAH exposure
might be associated with increased carcinogenic risk through the involvement of
peroxisome proliferator-acitvated receptors (PPARs). PPARs are nuclear hormone
receptors and which are activated by fatty acids and are involved in cell proliferation
and differentiation pathways (reviewed in (7)). Fatty acids might be required to meet
the increased energy requirement of pre-tumour cells. Furthermore, only the carcinogenic PAHs induced the oxidative stress pathway in liver slices. This was not observed
for HepG2 cells, indicating a different response of PAH exposure to both cell systems.
The order of the compounds in their ability to form DNA adducts was generally
comparable between HepG2 cells and liver slices, only DB[a,l]P induced relatively
much higher levels of DNA adducts in liver slices. These higher DNA adduct levels of
DB[a,l]P may be explained by the relatively low induction of CYP1A1 in liver slices. It
has been shown that DNA adduct levels are higher in CYP1A1 knockout mice after
PAH treatment than in wild types (8-10). So by the inability to induce the expression of
CYP1A1, DB[a,l]P may be less metabolized and subsequently detoxified in liver slices,
resulting in higher levels of DNA adducts than when DB[a,l]P would be metabolized.
As expected, the PAHs with relatively low carcinogenic potency did not induce DNA
adduct formation, and also showed minor effects on gene expression modulation in
either model. DNA adduct formation has been shown to correlate with carcinogenic
potency (11), which agrees with our findings.
In summary, we found that HepG2 cells are a better in vitro model to classify PAHs
according to their carcinogenic potency by gene expression profiling. Although relatively low carcinogenic PAHs are classified correctly in both models, the most potent
carcinogen, DB[a,l]P, was not correctly classified in liver slices. Using more PAHs for
classification studies, and thereby inclusion of PAHs with a more diverse range in
carcinogenic properties, might lead to better classification. Although both in vitro
models are considered relevant models for in vivo liver, clearly differences exist between
these models. These differences might be due to the differences in cell proliferation
properties, with dividing HepG2 cells versus quiescent cells in liver slices, or to interspecies differences in metabolism (human versus rat), where different members of the
Cytochrome P450 family may be involved in PAH metabolism. Another explanation
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might be that in liver slices the in vivo liver architecture is remained, including hepatocytes and Kupffer cells, whereas HepG2 cell cultures consist only of hepatocytes.

In vivo study
In chapter 5 the aim is to find similarities in gene expression changes between PAHs
dosed at equally mutagenic doses in lung and liver of mice, which can help to gain
insight into the mechanisms involved in PAH carcinogenicity. This study was conducted with CD2F1 mice, treated with either of four PAHs, followed by gene expression analysis in lung and liver. Doses of PAHs were selected based on mutagenic
potency, in order to determine the similarities or differences on gene expression at
equally mutagenic doses. The effects in liver appeared to be much more pronounced
than in lung, and both organs showed a compound specific response. Genes similarly
regulated by all PAHs were mainly involved in xenobiotic metabolism. Genes similarly
regulated by at least one of the doses of each PAH were also involved in oxidative
stress and cell cycle, which might be related to the DNA damaging effect of PAHs.
This suggests a relation between mutagenic potency and these gene expression
changes.
Similar to the liver slices, a relatively small induction of Cytochrome P450 enzymes by
DB[a,l]P was found in mice, whereas the other compounds (B[a]P, B[b]F and
DB[a,h]A) showed marked induction of CYP1A1, CYP1A2 (only in liver) and
CYP1B1. This shows the similarities between mouse and rat or indicates that rat liver
slices are a good model for in vivo PAH effects on gene expression.
Pathway analysis also showed effects on the oxidative stress pathway in both lung and
liver, similar to the effects found in liver slices. However, oxidative stress was only
affected after B[a]P and B[b]F dosing, indicating that both compounds induce more
oxidative stress than DB[a,h]A and DB[a,l]P at equally mutagenic doses. Also fatty acid
beta oxidation was affected, which was also found in liver slices. Thus the in vitro liver
slices model is to some extend good models for the in vivo situation.
Interactive effects by PAH-mixtures
In the final chapters (chapters 6 and 7) the aim is to gain insight into the interactive
effects of PAHs on gene expression and DNA adduct formation. As human exposure
to PAHs occurs through mixtures, the structural similarities between PAHs may lead
to interactive effects in mixtures. The effect of binary PAH-mixtures was compared to
the effects by the individual compounds in HepG2 cells and rat liver slices, in chapters
6 and 7 respectively. Equally toxic concentrations of all compounds were used, which
were selected based on cell cycle disturbances and apoptosis levels for HepG2 cells
and on DNA adduct formation for liver slices. In HepG2 cells, the PAH-mixtures had
mostly additive or antagonistic effects on gene expression profiles. For individual
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genes, the expression of a few genes showed additivity, but some genes showed predominantly antagonistic or synergistic effects on gene expression. In liver slices the
effects on gene expression profiles were generally antagonistic. Further, mostly antagonistic responses on individual gene expression were observed, whereas only two
genes showed synergism and ten genes showed additivity. Our studies were the first
that assessed the effects of PAH-mixtures on gene expression profiles by microarray
technologies. In the literature, generally additive or antagonistic effects of PAHmixtures on other parameters (Cytochrome P450 induction, tumorigenesis) were
described (12-14). The effects on gene expression we found, would suggest a lower
carcinogenic potency of PAH-mixtures than estimated based on additivity of individual
compounds, which has also been observed on tumour formation previously (12,13).
The effects on DNA adduct formation differed between HepG2 cells and liver slices.
Whereas always synergism was observed in HepG2 cells, generally antagonistic effects
were found in liver slices. Possibly, in HepG2 cells, PAH activation is enhanced in coexposure of PAHs leading to a higher level of DNA reactive metabolites. This agrees
with the synergistic effect on the expression of CYP1A2 in HepG2 cells and the
antagonistic effects on CYP1A2 in rat liver slices. Also, phase II enzymes involved in
detoxifying PAH metabolites might become saturated and thereby lead to increased
levels of PAH metabolites. Previous research showed an antagonistic effect of PAHmixtures on DNA adduct formation in MCF7 cells (15). Thus, with respect to interactive effects on DNA adduct formation, there is a clear difference between various in
vitro models, which might be caused by differences in in vitro models (see also In vitro
studies) or gene expression of metabolic enzymes.
Noteworthy, in HepG2 cells, compounds like FA and 1-MPA, which do not induce
adducts and are weak or not carcinogenic, were found to have an impact on the effects
of other PAHs in mixtures. Both compounds showed synergistic effects on DNA
adduct formation and may thereby have an important contribution to increasing the
carcinogenic potency of mixtures. However, so far these compounds have not been
tested in interaction studies on carcinogenesis.
Final remarks
With these studies we aimed to gain knowledge on modulation of gene expression by
single PAHs and on interactive effects that may occur in mixtures, which could help us
to improve current risk assessment of ambient air PAHs. We have shown that classification of PAHs by gene expression profiling, according to carcinogenic potency is
feasible in HepG2 cells, but in liver slices this was less. By pathway analysis, we have
gained insight into the mechanisms involved in PAH exposure. These results show
that although PAHs are structurally alike, they can differ greatly in their effects on gene
expression. Furthermore, by assessing the effects of mixtures, we have shown that
PAHs can have interactive effects on gene expression modulation, DNA adduct
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formation and other parameters, although interaction may differ between parameters,
between compounds and between in vitro models. Most interactions on gene expression suggest that mixtures of PAHs pose a smaller carcinogenic risk then what would
be expected based on the individual compounds, however, some of the interactive
effects on DNA adduct formation would suggest an increase of carcinogenic potential.
By assessing the effects of PAH mixtures on several parameters we have gained insight
into the interactive effects of PAHs on different parameters and this may be of relevance to the cancer risk assessment of PAH-mixtures.

LIMITATIONS AND FUTURE PERSPECTIVES
Our studies focussed on a selection of six PAHs, representing a diverse range in
abundance in the air and in mutagenic and carcinogenic potency. Although we showed
that classification of these PAHs for carcinogenic risk is feasible, extending the number PAHs tested would allow improve classification and allow validating the applicability of gene expression as a classification tool for PAH carcinogenicity. This seems
especially important if precision-cut rat liver slices are used as the in vitro cell system.
In these studies 3 types of microarrays were used, firstly PHASE-I arrays, containing
cDNA clones for 600 toxicologically relevant genes in quadruplicate, secondly oligonucleotide arrays, containing 5700 oligonucleotides from Operon spotted in triplicate on Corning GAPS slides, and finally Agilent arrays, containing 22K oligonuleotides spotted singly. Although the first two types of arrays contain only limited number
of genes, we have shown that these arrays enabled investigating our aims. However,
using microarrays with more genes might improve classification and gain more insight
into the molecular pathways involved in PAH-carcinogenesis.
Furthermore, we were the first to study the effects of binary PAH-mixtures on gene
expression profiles, and to relate this to effects on DNA adduct formation, cell cycle
disturbances and apoptosis rates. Since no method for estimating an expected gene
expression profile for mixtures based on the profiles for the individual constituents
was available, we developed an approach for this. Although we realise this method has
its limitations, for example, as genes up-regulated by one constituent and downregulated by the other constituent were left out. We believe that this method results in
a good global estimation of the gene expression response based on additivity. However, improving our method, by for example including all genes, and not just genes
which were regulated in the same direction for both constituents of the mixture, would
be beneficial for studying the complete mixture effects.
As mentioned before, microarray technology is still rapidly evolving, which leads to
reduced technical variation by the improved quality of microarrays. Also, the number
of genes spotted on the arrays has increased up to the full genome. Furthermore, new
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or improved methods for data analysis and interpretation are also continuously substantiated. Increment of the number of genes on an array leads to enlargement of the
obtained dataset, and herewith pathway analysis tools become more useful for biologically interpretation of the data. Many pathway analysis tools are available (16-20), of
which some not only contain information on biological processes, but also on genes
showing related control of modulation (21). Furthermore, gene expression analysis is
more often combined with that for protein expression and metabolism (22,23). Since
effects of compounds on different stages of biological processes can be studied,
combining these tools can be useful in assessing biological effects of exposure.
As part of the AMBIPAH project, research has been done on several other biological
effects induced by PAHs, like on DNA adduct formation, metabolism and mutagenic
potency. To allow a full risk assessment for PAHs, it is important to combine our data
with those other data generated in the project and with literature data. By assessing
effects on gene expression, more insight has gained into the mechanisms of PAH
carcinogenicity, and thereby our research may lead to improved cancer risk assessment
of ambient air PAHs.
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CHAPTER 9
Dit proefschrift beschrijft het onderzoek naar de veranderingen in genexpressie door
polycyclische aromatische koolwaterstoffen (PAKs) in relatie tot hun verschillen in
kankerverwekkend vermogen. Omdat de mens dagelijks blootgesteld wordt aan PAKs,
is het van belang om de risico’s van blootstelling aan PAKs te kunnen inschatten. Van
PAKs met verschillende kankerverwekkend vermogen kan verwacht worden dat ze
ook zullen verschillen in de genexpressie profielen die ze induceren in cellen en organen. Daarom heeft dit onderzoek als doel om door middel van genexpressie profilering
inzicht te verkrijgen in PAK-geïnduceerde effecten, wat uiteindelijk een basis zou
kunnen leggen voor verbetering van de huidige risicoschatting procedures voor PAKs
die in de buitenlucht veel voorkomen.
Een nieuwe methode voor het labelen van monsters voor de microarray
Allereerst hebben we een methode ontwikkeld die het mogelijk maakt om drie of vier
in plaats van twee RNA-monsters tegelijk te hybridiseren op microarrays. Het labellen
van RNA-monsters met vier fluorforen was ontwikkeld voor de cDNA arrays, maar
voor een ander platform met zelfgemaakte oligonucleotide arrays konden slechts drie
fluorforen gebruikt worden. Deze nieuwe methode is toegepast in het onderzoek
beschreven in de hoofdstukken 3, 4, 6 en 7. De methode vermindert niet alleen de
kosten en benodigde tijd, maar reduceert ook de technische variatie voor microarray
data.

In vitro studies
Het onderzoek beschreven in de hoofdstukken 3 en 4 heeft als doel om de mogelijkheden van genexpressie profilering voor gebruik in kankerrisicoanalyse verkennen.
Daarnaast wordt inzicht verkregen in de mechanismen van kankerverwekkend vermogen en de biologische processen van PAK-blootstelling die van belang zijn bij de
ontwikkeling van kanker. Hiervoor zijn genexpressie verandering en DNAadductvorming in de humane hepatoma cellijn HepG2 en in ratten lever coupes
bestudeerd; dit wordt beschreven in respectievelijk de hoofdstukken 3 en 4. Genexpressie veranderingen bleken gerelateerd aan DNA-adductvorming, capaciteit tot
binding aan de Ah-receptor en kankerverwekkend vermogen. Alhoewel op basis van
genexpressie profielen in HepG2 cellen de zes PAKs (benzo[a]pyrene (B[a]P), benzo[b]fluoranthene (B[b]F), fluoranthene (FA), dibenzo[a,h]anthracene (DB[a,h]A),
dibenzo[a,l]pyrene (DB[a,l]P) en 1-methylphenanthrene (1-MPA)) konden worden
geclassificeerd naar kankerverwekkend vermogen, kon een perfecte classificatie voor
deze PAKs niet worden bereikt voor de lever coupes. In dit model werd DB[a,l]P, die
het meest kankerverwekkend is, geclassificeerd als een laag kankerverwekkende PAK.
Dit kan mogelijk verklaard worden door de relatief lage inductie van CYP1A1 in
vergelijking met de andere kankerverwekkende PAKs in lever coupes, welke een
belangrijk aspect lijkt te zijn voor correcte classificatie. DB[a,l]P induceerde de expressie van CYP1A1 in HepG2 cellen wel.
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Om meer inzicht te verkrijgen in de mogelijke biologische gevolgen en de betrokken
mechanismen, is met behulp van GenMAPP inzicht verkregen in de oververtegenwoordiging van biologische processen in de sets van veranderde genen. Analyse van de
significant veranderde genen met GenMAPP liet zien dat verschillende processen
overlappen in HepG2 cellen en in lever coupes. Apoptose, cholesterol biosynthese en
vetzuursynthese werden beïnvloed in beide modellen, hoewel dit niet altijd in dezelfde
richting was of door dezelfde PAKs. Apoptose speelt een belangrijke rol bij het verwijderen van beschadigde cellen voordat deze zich kunnen ontwikkelen tot kankercellen. Zowel de remming van vetzuursynthese als de stimulatie van cholesterol biosynthese zijn gerelateerd aan het proces van kankerontwikkeling (1-6). In lever coupes
werd zowel een stimulatie van cholesterol biosynthese als van vetzuur oxidatie gevonden. In HepG2 cellen werden zowel de vetzuursynthese als de cholesterol biosynthese
geremd. Een stimulatie van de cholesterol synthese door PAKs veroorzaakt een
verhoogde beschikbaarheid van energie. In prolifererend normaal weefsel en tumoren
wordt dan ook een stimulering van cholesterol synthese gevonden (1), en hebben
neoplastische cellen een groeivoordeel door hun capaciteit om cholesterol te synthetiseren (2). Effecten op vetzuursynthese na blootstelling aan PAKs wordt geassocieerd
met een verhoogd risico op kanker door de betrokkenheid van peroxisome proliferator-activated receptors (PPARs). Dit zijn nucleaire hormoon receptoren die betrokken
zijn bij celproliferatie en differentiatie en die worden geactiveerd door vetzuren (7).
Vetzuren zijn mogelijk nodig om in de toenemende energiebehoefte van pre-tumor
cellen te voorzien. Verder bleken alleen de kankerverwekkende PAKs het proces van
oxidatieve stress in de lever coupes te induceren. Dit werd niet gevonden voor HepG2
cellen, en duidt daarom op een verschil in respons van beide celsystemen op blootstelling aan PAKs.
De relatieve mate waarin PAKs in staat bleken te binden aan DNA was over het
algemeen vergelijkbaar tussen HepG2 cellen en lever coupes, alleen DB[a,l]P induceerde relatief meer DNA-adducten in de lever coupes. Deze hogere DNA-adductvorming
van DB[a,l]P zou verklaard kunnen worden door de relatief lage inductie van CYP1A1
door DB[a,l]P in lever coupes. In eerder onderzoek is gevonden dat DNAadductvorming hoger is in muizen met een defect CYP1A1 gen na blootstelling aan
PAKs dan in wild type muizen (8-10). Dus doordat de expressie van CYP1A1 niet
geïnduceerd wordt, zou DB[a,l]P minder gemetaboliseerd kunnen worden door
CYP1A1 en hierdoor minder gedetoxificeerd in lever coupes, wat leidt tot hogere
DNA-adduct niveaus dan wanneer DB[a,l]P meer gemetaboliseerd zou worden.
Zoals verwacht veroorzaken de PAKs die relatief weinig kankerverwekkend zijn geen
DNA-adduct vorming en veroorzaken weinig effect op genexpressie in beide modellen. DNA-adductniveaus correleren met kankerverwekkend vermogen van de desbetreffende PAK (11), hetgeen in onze studies ook gevonden wordt.
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Samenvattend vonden we dat HepG2 cellen een beter in vitro model zijn dan lever
coupes van de rat voor de classificatie van PAKs op hun kankerverwekkend vermogen
met behulp van genexpressie profilering. Hoewel de relatief minst kankerverwekkende
PAKs correct geclassificeerd worden in beide modellen, wordt de meest kankerverwekkende PAK, DB[a,l]P, verkeerd geclassificeerd bij het gebruik van lever coupes als
model. Het vergroten van het aantal PAKs voor classificatie, waarbij PAKs met een
meer diverse range in kankerverwekkende eigenschappen meegenomen worden, kan
dit probleem mogelijk ondervangen. Hoewel beide in vitro modellen beschouwd worden als een relevant model voor de lever in vivo, bestaan er duidelijke verschillen tussen
de twee modellen. De verschillen worden mogelijk veroorzaakt door verschillen in
celproliferatie, zoals delende HepG2 cellen en rustende cellen in de lever coupes, of
door verschillen in metabolisme (humaan versus rat). Verschillen tussen humane of
ratten cellen kunnen ook bestaan in enzymen van de Cytochrome P450 familie die
betrokken zijn bij metabolisme van PAKs. Een andere mogelijke verklaring is dat in
lever coupes de normale lever architectuur behouden is gebleven, waarin hepatocyten
en Kupffer cellen aanwezig zijn, terwijl HepG2 cellen slechts hepatocyten zijn.

In vivo studie
In hoofdstuk 5 wordt getracht overeenkomsten te vinden in genexpressie veranderingen door PAKs welke in gelijke mutagene doseringen zijn toegediend, om inzicht te
verschaffen in de mechanismen die betrokken zijn bij kankerontwikkeling door PAKs.
Deze studie is uitgevoerd met CD2F1 muizen die blootgesteld zijn aan een van de vier
kankerverwekkende PAKs, waarna genexpressie analyse van de long en de lever is
uitgevoerd. PAKs-doseringen zijn geselecteerd op basis van een gelijke mutagene
potentie in muizen om overeenkomsten en verschillen in genexpressie te kunnen
bestuderen bij iso-mutagene doseringen. De effecten op genexpressie in de lever
bleken veel groter dan de effecten in de long, en in beide organen waren deze effecten
PAK-specifiek. Genen waarvan de expressie in dezelfde richting veranderd werd door
alle doseringen van alle PAKs, waren vooral betrokken bij metabolisme van xenobiotica. Genen waarvan de expressie in dezelfde richting veranderd werd door een van de
doseringen voor elke PAK, waren betrokken bij oxidatieve stress en cel cyclus. Dit kan
mogelijk gerelateerd kan zijn aan de DNA beschadigende effecten van PAKs. Dit
suggereert een relatie tussen mutagene potentie en deze genexpressie veranderingen.
Net als in de lever coupes, werd ook een relatief lage inductie waargenomen van
Cytochrome P450 enzymen door DB[a,l]P in muizen, terwijl de andere stoffen (B[a]P,
B[b]F en DB[a,h]A) een duidelijke inductie van CYP1A1, CYP1A2 (alleen in de lever)
en CYP1B1 vertoonden. Dit laat de overeenkomsten tussen muis en rat zien, en duidt
erop dat ratten lever coupes een goed model zijn voor de in vivo effecten van PAKs op
genexpressie.
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Analyse van de biologische processen die oververtegenwoordigd zijn in de lijst van
genen met veranderde expressie, liet zien dat oxidatieve stress beïnvloed wordt in
zowel long als lever, vergelijkbaar met de effecten op de lever coupes. Oxidatieve stress
werd echter alleen beïnvloed na B[a]P en B[b]F dosering, wat erop wijst dat deze twee
stoffen meer oxidatieve stress veroorzaken dan DB[a,h]A en DB[a,l]P bij gelijk mutagene doseringen. Ook werd vetzuur beta-oxidatie beïnvloed, wat ook in de lever
coupes gevonden werd. Hieruit kan worden geconcludeerd dat het in vitro lever coupes
model tot een bepaalde hoogte een goed model is voor de in vivo situatie.
Interactieve effecten van PAK-mengsels
De laatste hoofdstukken (hoofdstukken 6 en 7) hebben als doel om inzicht te krijgen
in de interactieve effecten van PAKs op genexpressie en op DNA-adductvorming. De
structurele overeenkomsten tussen PAKs kunnen bij blootstelling aan PAK-mengsels
leiden tot interactieve effecten. Hierom zijn de effecten van binaire PAK-mengsels
vergeleken met de effecten van de individuele stoffen in HepG2 cellen en ratten lever
coupes in respectievelijk hoofdstuk 6 en 7. Voor alle stoffen zijn gelijk toxische concentraties gebruikt, die voor HepG2 cellen bepaald zijn aan de hand van celcyclus
veranderingen en apoptose niveaus en voor lever coupes zijn de concentraties bepaald
aan de hand van DNA-adductvorming. In HepG2 cellen hadden de PAK-mengsels
voornamelijk additieve of antagonistische effecten op genexpressie profielen. De
expressie van vele individuele genen vertoonde ook additiviteit, terwijl andere genen
voornamelijk antagonistische of synergistische effecten vertoonden. In de lever coupes
was het effect op de genexpressie profielen voornamelijk antagonistisch. Ook voor
individuele genen werd voornamelijk een antagonistisch effect gevonden, terwijl
slechts twee genen synergisme vertoonden en tien genen additiviteit. Onze studies zijn
de eerste geweest die het effect van PAK-mengsels op genexpressie profielen met
behulp van microarray technologie bestudeerd hebben. In de literatuur wordt over het
algemeen een additief of antagonistisch effect van PAK-mengsels op andere parameters gevonden, zoals Cytochrome P450 inductie en tumorigenese (12-14). De effecten
die wij op genexpressie gevonden hebben, suggereren een lager kankerverwekkend
vermogen van PAK-mengsels dan geschat wordt op basis van additiviteit van de
individuele stoffen. Dit is in overeenstemming met wat eerder gevonden is op tumorvorming (13,14).
De effecten op DNA-adductvorming verschilden tussen HepG2 cellen en lever coupes. Terwijl in HepG2 cellen de effecten synergistisch waren, waren de effecten in
lever coupes over het algemeen antagonistisch. Mogelijk is in HepG2 cellen de bioactivatie van PAKs versterkt bij blootstelling aan meerdere PAKs, wat kan leiden tot
hogere concentraties van DNA-reactieve metabolieten. Dit komt overeen met het
synergistische effect op de CYP1A2 expressie in HepG2 cellen en de antagonistische
effecten op de CYP1A2 expressie in lever coupes. Ook is het mogelijk dat phase II
enzymen die betrokken zijn bij de detoxicificering van PAKs verzadigd raken en
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daarbij leiden tot verhoogde niveaus van PAK-metabolieten. Eerder onderzoek heeft
aangetoond dat PAK-mengsels antagonistische effecten hebben op DNAadductvorming in MCF7 cellen (15). Dus wat betreft interactieve effecten op DNAadductvorming bestaat er een duidelijk verschil tussen verschillende in vitro modellen,
welke mogelijk verklaart kan worden door de genexpressie verschillen op enzymen
betrokken bij metabolisme.
Opmerkelijk is dat in HepG2 cellen stoffen als FA en 1-MPA, die geen DNAadducten vormen en zwak tot niet kankerverwekkend zijn, invloed hebben op de
effecten van andere PAKs in mengsels. Beide stoffen veroorzaakten synergistische
effecten op DNA-adductvorming en kunnen hierdoor een belangrijke bijdrage leveren
aan een verhoogde kankerverwekkend vermogen van mengsels. Er is echter nog geen
onderzoek gedaan naar de interactie van deze stoffen op de ontwikkeling van kanker.
Tot slot
Met deze studies wilden we inzicht verkrijgen in de verandering van genexpressie na
blootstelling aan PAKs en de interactieve effecten die plaats kunnen vinden in mengsels, wat kan helpen om de risicoanalyse van PAKs uit de buitenlucht te verbeteren.
We hebben laten zien dat classificatie van PAKs naar kankerverwekkend vermogen
door middel van genexpressie profilering haalbaar is in HepG2 cellen, maar minder in
lever coupes. Door middel van analyse van de biologische processen hebben we
inzicht gekregen in de werkingsmechanismen die betrokken zijn bij PAK-blootstelling.
Deze resultaten laten zien dat hoewel PAKs structureel gelijkend zijn, dat ze toch erg
kunnen verschillen in hun effecten op genexpressie. Ook hebben we door de effecten
van mengsels te bestuderen laten zien dat PAKs interactieve effecten kunnen hebben
op genexpressie, DNA-adductvorming en andere parameters; hoewel het type interactie kan verschillen tussen parameters, tussen de stoffen en tussen in vitro modellen. De
meeste interacties op genexpressie suggereren dat mengsels van PAKs een lager risico
vormen dan op basis van de individuele stoffen verwacht wordt, hoewel sommige
interactieve effecten op DNA-adductvorming juist een verhoogd kankerverwekkend
vermogen suggereren. Door het bestuderen van de effecten van PAK-mengsels op
verschillende parameters hebben we inzicht gekregen in de interactieve effecten van
PAKs op verschillende parameters wat van belang kan zijn voor kankerrisicoanalyse
van PAK-mengsels.
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