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ARTICLE INFO . . . . . . L X . .
Historically, evidence of chemical carcinogenesis has played a significant role in verifying conclusions

draw from epidemiological studies. Chemical agents that were suspected to have a certain role in human
chronic diseases, such as cancers, have been tested in animals to establish firmly a causative risk or link
to risk. The three best examples are: (1) tobacco smoke and lung cancer; (2) asbestos and mesothelioma;
and (3) aflatoxin and hepatic cancer. New chemical compounds are synthesized every day, and a number
of natural or synthetic compounds are incorporated in foods either as a result of their processing or to
preserve or enhance them. Chemical carcinogenesis studies using model animals have greatly contrib-
uted to understanding the mechanisms underlying the development and prevention of carcinogenesis.
The carcinogenesis process is generally considered to include three steps: initiation, promotion, and
progression. Each step is characterized by morphological and biochemical alterations resulting from
genetic and epigenetic changes, including mutations in proto-oncogenes and tumor suppressor genes
that control proliferation, cell death, and cellular repair. Long-term in vivo assays using laboratory ani-
mals enable the identification of carcinogenic compounds and their modes of action. Based on these
findings, we should be able to establish effective strategies to treat and prevent malignancies resulting
from exposure to potentially carcinogenic chemicals.
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1. Introduction

Neoplasms can be classified as benign or malignant depending on
their biological characteristics. The malignant cells show a variety
of biological features (Figure 1). They proliferate autonomously,
invade adjacent tissues, and frequently metastasize to distant tis-
sues that are not related to the primary site.! The most important
biological characteristic of a malignant neoplasm is its ability to
metastasize. By contrast, benign neoplasms grow more slowly, but
can compress their adjacent normal tissue.” Therefore, the histo-
pathological observation/diagnosis of neoplasms (benign or ma-
lignant; and epithelial or nonepithelial origin) is important for
understanding the pathogenesis and pathobiology of the neo-
plasms.> > The histological and cytological changes that occur
during tumorigenesis are illustrated in Figure 2. Malignant
epithelial cells multiply clonally, escape from apoptosis, and accu-
mulate genetic and/or epigenetic alterations.® When malignant
neoplasms originate from nonepithelial cells, they are called sar-
comas. The escape of malignant cells from apoptosis results in
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uncontrolled growth of neoplastic cells, and this is a critical point
that determines the malignant potential of the cells,’” and thus
apoptosis induction is considered to be one of the mechanisms that
can be targeted for cancer chemoprevention.®

The term “carcinogenic” is defined as the capacity of a chemical
compound to induce the development of cancer in certain tissues
under certain conditions.>'® A compound is considered to be
“carcinogenic” when its administration to laboratory animals pro-
duces a statistically significant increase in the incidence of several
histological types of neoplasms compared with the control group
not exposed to the compound.

The carcinogenic factors that are responsible for cancer devel-
opment are classified as either exogenous or endogenous.'® The
exogenous factors include agents associated with food preservation
and preparation, socio-economic status, lifestyle, ionizing and
nonionizing radiation, natural and synthetic chemical compounds,
and xenobiotics including Helicobacter pylori, Epstein—Barr virus,
human T-lymphtropic virus, human papillomavirus, hepatitis B
virus, hepatitis C virus, and certain parasites.'"'> Alcohol con-
sumption, tobacco smoking, and the intake of certain foods
contaminated by mycotoxins are also responsible for causing
certain types of neoplasms.'?

Endogenous carcinogenic factors include conditions and agents
that cause immune system disruption and subsequent
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Figure 1 Biological characteristics of malignant cells. (A) Histology of human skin squamous cell carcinoma; (B) PCNA immunohistochemistry; (C) p53 immunohistochemistry, and
(D) scraped cytology of human skin cancer. (A) hematoxylin and eosin stain and (D) Papanicolaou stain. Bars are 50 pm (A—C) and 20 um (D). PCNA = proliferating cell nuclear

antigen.

inflammation, such as ulcerative colitis.>'>~'® Epidemiological
studies suggest that the risk of developing cancer varies between
different population groups, and these differences are associated
with both genetic differences and lifestyle-related factors and
habits. Indeed, the migration of certain populations to new regions
with different lifestyles can result in the development of new
types of cancer not previously prevalent in that group.'” For
example, exposure to Western lifestyles had a substantial impact
on breast cancer risk in Asian migrants to the USA during their
lifetime.'® A study conducted by Maskarinec and Noh'® showed
that the migrant effect was strongest for colon and stomach can-
cers; prostate and breast cancers were affected to a lesser degree;

and lung cancer risk differed little between Japanese in Japan and
Hawaii. Migration led to lower risk of stomach, esophageal,
pancreatic, liver, and cervical cancers, but to higher rates for all
other cancers."”

Neoplastic development is based on the existence of genetic
mutations. In most cases, the effects of such mutations are assumed
to vary between tissues and among species. During cell division,
spontaneous genetic errors occur with an estimated frequency of
around 107°—10~° nucleotides per cycle of cell division. Although
numerous repair systems exist within the cells to correct these
errors, if the damage persists and reaches a gene responsible for
neoplastic development, then cancer can develop. Indeed, studies
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Figure 2 Differentiation and atypia of normal, preneoplastic, and neoplastic cells. Cellular differentiation is decreased during carcinogenesis. Nuclear atypia and number of mitoses
including abnormal mitoses are increased during carcinogenesis. An abnormal mitosis in this figure is tripolar mitosis.
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to date have consistently shown that human cancer is a genetic
disease.”’

This short review, starting with the historical studies of chem-
ical carcinogenesis, aims to summarize several aspects of chemical
carcinogenesis that have been extensively studied to establish
causative associations between environmental exposures and
increased cancer risk.

2. The history of chemical carcinogenesis

The first experimental work on chemical carcinogenesis was car-
ried out in 1915 by Dr Katsusaburo Yamagiwa (a pathologist) and
his assistant Koichi Ichikawa.?! They painted rabbit ears with coal
tar and observed the development of skin squamous cell papil-
lomas and carcinomas. Subsequently, other researchers extensively
studied carcinogenesis of other tissues, such as the lungs, bladder,
liver, kidneys, and pancreas using laboratory animals, and showed
that the experimental use of animals and carcinogens was helpful
for studying human cancers, and could provide insight into the
causes of cancers.

Drs Beremblum and Shubik used polycyclic aromatic hydrocar-
bons and croton oil to investigate skin carcinogenesis in mice, and
demonstrated that cancer develops through several stages.”> When
applied as a single application to the skin at a low dose, 9,10-
dimethyl-1,2-benzanthracene (DMBA) caused only a few or no
skin tumors. However, multiple skin tumors developed when
croton oil was applied repeatedly after this low-dose DMBA treat-
ment. When croton oil was applied repeatedly prior to the DMBA
treatment, no skin tumors developed. Based on these observations,
they suggested that carcinogenesis was a complex process that
included “initiation” and “promotion” stages. During the next
decade, based on the studies by Rous and Beard?> and Greene,”*
Foulds®® introduced the term “progression” after investigating
experimentally induced breast adenocarcinoma in female mice.
Prior to when carcinogens were known to bind to DNA, the cancers
produced by chemical carcinogens were believed to be due to their
interaction with proteins in specific tissues.’® By the end of the
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1960s, increasing evidence pointed to a correlation between the
DNA binding capacity of a carcinogen and its biological potency.?’

3. Understanding chemical carcinogenesis
3.1. The multiple steps of carcinogenesis

Human cancer development is characterized by the five “Ms”,
namely multifactorial etiology, multistep, multiyear, multigenetic
alterations, and multipath disease. Chemical carcinogenesis also
involves multistage and multistep processes. Although the process
includes multiple molecular and cellular events that lead to the
transformation of normal cells into malignant neoplastic cells, ev-
idence has defined at least three steps in the chemical carcino-
genesis process.> These steps are “initiation”,” “promotion”,>? and
“progression”?> (Figure 3). The first step, “initiation”, is the stage
where a normal cell undergoes unrepaired DNA damage and DNA
synthesis to produce a mutated (initiated) cell. The production of an
initiated cell can occur through interactions with physical carcino-
gens, i.e., UV light irradiation, as well as chemical carcinogens that
possess DNA damaging or mutagenic properties. Additionally,
during cell proliferation, mutations may be acquired through mis-
repair of damaged DNA, resulting in spontaneously initiated
(mutated) cells. Following the formation of an initiated cell,
chemicals and/or endogenous physiological substances can cause
the selective clonal growth of the initiated cell through the process
of tumor promotion. Tumor promotion involves the expansion of
the initiated cell(s) to a focal lesion. The tumor promotion process is
not a direct DNA-reactive or damaging process, but involves mod-
ulation of the gene expression, which results in an increase in cell
number through cell division and/or decrease in apoptotic cell
death.?® Following continual cell proliferation, additional mutations
might be acquired in the preneoplastic cells, resulting in the in-
duction of a neoplasm. The term “conversion” during progression
stage implies that benign tumors gain malignant phenotypes. The
third step, “progression”, involves additional damage to the genome
and, unlike the “promotion” step, is irreversible. The multistep
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Figure 3 Multistep chemical carcinogenesis.
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process has been well defined in rodent systems, and evidence has
shown that similar processes occur in humans.

In humans, the clinical detection of a tumor that has developed
may not occur for 20—50 years after an individual is exposed to a
carcinogen.”® The multistep process of carcinogenesis has been
studied extensively in colon cancer, with the progression from
hyperplastic crypts, to adenoma to cancer, and then finally
metastasis, all being well characterized.’

3.1.1. Initiation

DNA damage can be repaired by enzymatic mechanisms.>® How-
ever, initiated cells that are proliferating have less time to repair
damaged DNA and remove covalent bonds with their DNA (DNA
adducts).>’ When the initiated cells survive without repair for
weeks, months, or years, they can grow in an autonomous and
clonal fashion.>? During the initiation process, cell division remains
symmetrical by creating two new initiated cells. Mitogenic stimu-
lation (which leads to an increase in the number of new cells and
apoptosis inhibition) by intrinsic and/or extrinsic factors results in
the clonal expansion of initiated cells, which then survive. An in-
crease in DNA damage is especially important in stem cells, because
damaged stem cells can survive for a long time in the tissues, and
may remain hidden.’

3.1.2. Promotion
The most important activity of tumor promoters is mitogenic
stimulation.!" In order to exert the tumor-promoting effects that
depend on the concentration, the tumor promoter’s stimulation
must continue for a long duration (weeks, months, or years) in the
target tissues.>> Promotional effects are reversible. When the tumor
promoter disappears, regression of the tumor occurs, possibly
through apoptosis mechanisms. Some tumor promoters are tissue-
specific, but others act simultaneously on several different tissues.>
A long-term and/or high-dose exposure, a tumor promoter can
sometimes induce preneoplasms and neoplasms even without
initiation stimuli.'" Examples of agents that can cause such lesions
are phenobarbital, benzene, asbestos, and arsenic.® This is
explained by two possibilities: the genotoxicity of these com-
pounds may not be detected, leading to a lack of repair, or the
initiated cells may spontaneously develop in response to the insult.
In the latter case, an increase in the frequency of cell division can
enhance the DNA replication errors as well as mutations. Not all
cells exposed to a tumor promoter undergo to the promotion step,
and only cells that are stimulated to divide and escape from

apoptosis go on to the next step, “progression".6

3.1.3. Progression

The sequence of lesions identified by histopathological examina-
tions between the initiation and promotion steps are designated as
preneoplasms and/or benign neoplasms.”*> Their transformation
into malignant lesions (with metastasis) is the last step, called
“conversion”, of the carcinogenesis process.”>> During the pro-
gression step, a neoplastic or malignant phenotype is obtained
through genetic and epigenetic mechanisms."? In this step, the
proliferation is independent of the presence or absence of
progression-related stimuli.>® Progression is characterized by irre-
versibility, genetic instability, growth factor production, invasion,
metastasis, and alterations in the biochemistry, metabolism, and
morphology of affected cells.""*” Neoangiogenesis is essential to
the neoplastic progression.

3.1.4. Metabolism of chemical carcinogens

The metabolism of carcinogens has been discussed mainly in terms
of the enzymes involved in the activation®® and detoxification’® of
these chemicals. Miller®® and Ames et al*! developed the concepts

T. Tanaka et al.

of bioactivation, detoxification, and genotoxicity of carcinogens.
Chemical carcinogens are absorbed after their oral, inhaled, cuta-
neous, or injection-based exposure, and are distributed in a variety
of tissues.*? The substances absorbed orally pass through the liver,
and only then are they distributed to the other tissues. The car-
cinogens that first enter the lungs following inhalation are
distributed by the bloodstream prior to reaching the liver.*> The
carcinogens that act directly on DNA are classified as direct-acting
carcinogens. However, most chemicals require enzymatic conver-
sion to act as carcinogens, and thus it is often the metabolites of
compounds that cause the neoplastic changes (Figure 4). These
carcinogens are classified as indirect-acting carcinogens or pro-
carcinogens.** Metabolic activation, mostly in the liver, is
controlled by Phase I reactions, whereas Phase Il reactions generally
protect the tissues through the transformation of activated com-
pounds into inert products that are easily eliminated from the
bOdy.35'45

Metabolic activation occurs predominantly in the liver at the
plain endoplasmic reticulum where the cytochrome P450s are
abundant, and to a lesser degree in other tissues, including the
bladder, skin, gastrointestinal tract, esophagus, kidneys, and lungs.
During Phase I reactions, the cytochrome P450 monooxygenases
introduce a reactive polar group into the carcinogen, making it
lipophilic, and then convert it into a powerful electrophilic product
that is capable of causing DNA adduct formation.*® Phase II re-
actions are catalyzed by hepatic and extra-hepatic, cytoplasmic and
cytochromic enzymes, acting separately or cooperatively.*” Conju-
gation reactions enable these enzymes to decompose the polar
group in glucose, amino acids, glutathione, and sulfate, which are
less toxic metabolites that are more soluble in water and more
easily excreted via the urine and bile.*8

The metabolic activation of carcinogens is equally important for
both humans and animals, although there are qualitative and
quantitative differences between them, leading to incorrect in-
terpretations when animal models are used in the research and
analysis of the carcinogenic properties of chemical compounds.*’
There are several exogenous and endogenous factors that influ-
ence the susceptibility to carcinogenesis.””

3.1.5. Epigenetic mechanisms involved in chemical carcinogenesis
The most well understood epigenetic mechanisms involve DNA
methylation and histone acetylation, methylation, and phosphor-
ylation. The demethylation of promoter regions at the CpG se-
quences can lead to an overexpression of proto-oncogenes, and
silencing of gene expression can occur as a result of hyper-
methylation, sometimes leading to chromosome condensation.
There appears to be a relationship between DNA methylation and
histone modifications; patterns of histone deacetylation and his-
tone methylation are associated with DNA methylation and gene
silencing. Interestingly, these epigenetic changes in chromatin can
also alter the sensitivity of DNA sequences to mutation, thus
rendering genes more or less susceptible to a toxic insult.>’

4. Molecular targets of chemical carcinogens

When oncogenes are transfected into immortalized mouse cell
lines, they are able to induce neoplastic transformation. However,
there are other genes that can influence neoplastic trans-
formation.>° For example, there are several genes that intervene in
carcinogenesis.’>>! Alterations in proto-oncogenes, tumor sup-
pressor genes, and cell cycle regulatory genes are especially
important during carcinogenesis.”>>>? Although there are several
genetic diseases where mutations in one gene can cause disease,
neoplastic development requires the presence of errors in the
cellular defense mechanisms, which are controlled by checkpoints
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Figure 4 Metabolism and biological effects of genotoxic and nongenotoxic carcinogens on carcinogenesis.

that may prevent the entry of cells with DNA damage into the cell
cycle prior to when DNA repair occurs and the cell divides.”® The
capacity of cancer cells to evade the cellular defense mechanism
strongly contributes to carcinogenesis.

Alterations in the ras gene have been identified in several
chemical-induced neoplasms in rodents. Mutations of the ras gene
exist in about 20% of human neoplasms in the colon, breast, lung,
and bladder.”* An analysis of the ras gene isolated from the DNA of
neoplasms revealed that changes in the sequence of nucleotides
correspond to the places where carcinogens interact with DNA. Of
note, each chemical compound appears to create its own unique
fingerprint on the DNA.

The tumor suppressor genes, such as those encoding p53, p21,
and pRb, play crucial roles in cellular protection, because they
encourage the blockade of the cell cycle at the G1 phase.”” The loss
of the pRb protein function provokes an increase in the cell prolif-
eration rate and an absence of terminal differentiation. p53 can
interrupt the cell cycle at G1 and allow cells to repair DNA damage.*’

The most prominent and best-studied tumor suppressor is p53.
When DNA is damaged, p53 can induce either cell cycle arrest or
apoptosis in order to maintain the stability of the cell’s genome.”®
The loss of p53 during carcinogenesis can predispose preneo-
plastic cells to accumulate additional mutations by blocking the
normal apoptotic response to genetic damage.>® The loss of p53
function also activates proto-oncogenes and inactivates other tu-
mor suppressor genes, and therefore has an integral role in
chemical carcinogenesis.”’ The biological activity of p53 protein is
largely related to its ability to bind transcriptional regulatory ele-
ments in the DNA. The search for critical genes regulated by p53 led
to the discovery of the gene encoding p21, which inhibits cyclin-
dependent kinases, thus providing a functional link between p53
and the cell cycle.*°

The mismatch repair pathway is also influenced by the p53
family. p53 and p73 induce the expression of p53R2, a gene that is
homologous to the R2 regulatory subunit of ribonucleotide reduc-
tase.”’ p53R2 functions in a nonspecific manner to increase the
pool of free dNTPs when the need for repair arises. Although p53R2
and R2 are similar, they differ in their N-terminal amino acid
sequence and regulation. p53R2 is induced by p53 and p73,

whereas R2 synthesis occurs during S phase. The p53R2 and R1
complex functions as an active ribonucleotide reductase.’® p53 also
upregulates two very important proteins in the mismatch repair
pathway: human MutS homologue 2 (hMSH2) and proliferating cell
nuclear antigen (PCNA).>° Mutations of hMSH2 result in hereditary
nonpolyposis colorectal cancer, a colorectal cancer syndrome.
hMSH2 functions in mismatch recognition and binds mismatched
bases.°C PCNA, a cofactor for DNA polymerase 3 is another p53
target gene that interacts with hMSH2 to facilitate hMSH2 transfer
to mismatched bases.’

The genes involved in carcinogenesis are classified as caretakers
and gatekeepers.’'5? This classification is based on their involve-
ment in maintaining the genomic integrity and DNA repair,
respectively.®? The caretakers are responsible for maintenance of
the genome stability. Mutations in the caretaker genes, which are
considered to be typical tumor suppressors, compromise the
genome stability, and more specifically, increase the probability of
mutation in the gatekeepers, which include both tumor suppressor
genes and oncogenes.’> Gatekeeper genes regulate neoplastic
development by inhibiting the cell growth.>' By contrast, the
inactivity of caretaker genes does not support the induction of
neoplasia, instead favoring genetic instability, which results in an
increase in mutations across all genes, including the gatekeeper(s).
Neoplasms with an inactive gatekeeper gene can progress quickly
as a chsequence of its effect on genes that directly control cell
death.

5. Proteomics in chemical carcinogenesis

Chemical carcinogenesis studies and, in consequence, biomarker
discovery research, have usually placed their focus on the initiation
part of the initiation/promotion model of carcinogenesis, which
becomes apparent when looking at the impressive number of
biomarker studies targeting genotoxic effects. However, exposure
to some chemicals has been shown to result in carcinogenesis
without involving the initiation step. The mechanism of non-
genotoxic carcinogenesis is still incompletely understood, and an
active debate continues regarding the relative contribution of
procarcinogenic endogenous mechanisms, including the
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generation of free radicals and the perturbation of epigenetic
mechanisms by chemical carcinogens. The next critical step in
carcinogenesis is the point when these altered cells start clonal
expansion. It is important to identify and validate biomarkers
indicating the start of clonal expansion. For this purpose, a prote-
omic analysis focusing on the effects of chemical carcinogens would
be useful. Two-dimensional electrophoresis with subsequent
matrix-assisted laser desorption and ionization time-of-flight mass
spectrometry for protein separation and identification can be
applied in these proteomic studies.®*

Alterations of highly abundant proteins have been identified,
which, irrespective of the wide differences in study design and
technologies used, can be grossly assigned into three functional
classes: (1) proteins related to the cellular stress response; (2)
inflammation; and (3) stimulation of the immune system.®® Of
note, the observed protein alterations are not causal factors in the
development of chemically induced cancer, but rather reflect
common reactions to cellular perturbations. In order to gain deeper
insights into the process of chemical carcinogenesis, the previously
applied “shotgun” analyses have to be abandoned in favor of tar-
geted proteomic approaches focusing on the accurate identification
and quantification of selected proteins. Advanced analytical tech-
niques, such as selective reaction monitoring and multiple reaction
monitoring, may have the potential to contribute to the elucidation
of chemical carcinogenesis.

6. MicroRNA

A number of recent studies have reported the involvement of
microRNAs (miRNAs) in the regulation of cancer initiation, devel-
opment, and metastasis.°® In malignant cells, miRNAs are often
dysregulated, with their expression patterns being correlated with
clinically relevant tumor characteristics.%” Several studies on the
relationship between miRNAs and carcinogen exposure have also
been reported.®® These studies indicated that alterations in genes
encoding miRNA genes play an important role in chemical carci-
nogenesis. A number of genotoxic carcinogens that dysregulate
miRNA expression have been identified. The currently available
information suggests that miRNA expression is associated with
tumor initiation.®%° The expression of many miRNAs is readily
changed in cells and target tissues after acute or chronic exposure
to genotoxic carcinogens. Many of the differentially expressed
miRNAs are involved in regulating genes that are important for
carcinogen metabolism, DNA repair, apoptosis, and other cancer-
related functions.

The progression phase of carcinogenesis is less well understood.
During this phase, there is further growth and expansion of the
tumor cells over that of normal cells. The genetic material of the
tumor is thus more fragile and prone to additional mutations. These
mutations occur in genes that regulate the growth and cell func-
tions, such as oncogenes, tumor suppressor genes, and DNA
mismatch-repair genes. These changes contribute to tumor ma-
lignancy. Because miRNAs can function as oncogenes or as tumor
suppressor genes, miRNAs have been found to have a role in the
progression of chemical-induced tumorigenesis.®® Alterations in
the miRNA expression in tumors induced by chemical carcinogens
play an important role in tumor development.®®

Therefore, the current evidence shows that miRNAs play
important roles in every stage of chemical carcinogenesis, including
initiation, promotion, and progression. Changes in the miRNA(s)
occur prior to tumor formation, and are not merely a consequence
of a transformed state. The expression of a large number of miRNAs
is readily changed in the target tissues after acute or chronic
exposure to carcinogens, but these changes are not observed in
nontarget tissues or following exposure to noncarcinogenic
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chemicals. Many of the miRNAs deregulated by carcinogens are
involved in regulating genes that are important for chemical
carcinogenesis.

7. Conclusion and future perspectives

Chemical carcinogenesis has multiple stages and multifactorial
processes, which are associated with genetic alterations. The
acquisition of the capacity to survive and grow independently from
other cells represents a crucial event in the process of cancer
development. Most of the morphological, biochemical, and genetic
changes should be considered to be a reflection of the adaptation of
neoplastic cells to survive. The prediction of chemical carcinoge-
nicity is of great importance for human risk assessment.

The research on chemical carcinogenesis has a rich history of
scientific accomplishment that includes the fields of cancer biology,
cancer risk assessment, public health policy, and an understanding
of lifestyle- and occupation-related causes of cancer, as well as
cancer chemoprevention. The gene—environment interactions and
interindividual variations in the molecular epidemiology of human
cancer risk are beginning to be understood based on studies of
chemical carcinogenesis, cellular and molecular biology, and
epidemiology. Based on these investigations of chemical carcino-
genesis, many biomarkers of cancer risk and detection have been
developed. These include carcinogen-DNA adducts, somatic muta-
tions, and the mutation spectrum linking carcinogen exposure and
DNA adduction with mutation.

Chemical carcinogens and viral interactions may have syner-
gistic effects on cancer development: dietary AFB; and HBV infec-
tion results in the occurrence of hepatocellular cancer. Chemical
carcinogenesis using rodent models has also played, and contin-
uous to play, an important role in the field of cancer chemopre-
vention and in our understanding of the mechanisms of
inflammation-associated cancer and the contribution of miRNAs
to cancer. However, additional studies of chemical carcinogenesis
related to stem cells and the epigenetic alterations that occur
during chemical carcinogenesis are warranted to provide a better
understanding of carcinogenesis and to gain an insight into better
strategies to prevent, detect, and treat cancer.
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