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Introduction

For several tumour sites (i.e. lung, 
lymphoid tissue, and digestive tract), 
concordance has often been ob-
served among different species after 
exposure to a given IARC Group 1 
human carcinogen (see Chapter 21, 
by Krewski et al.). When reported in 
epidemiological studies, these tu-
mour sites are also noted in some 
or all of the animal species tested 
experimentally. There are several 
other tumour sites with fewer, or less 
common, tumour site concordances 
among the species studied.

Evaluation of concordance of 
cancer development in specific 
target organs between and within 
species is dependent on several fac-
tors. There are various limitations in 
epidemiological studies (e.g. statis-
tical power, exposure assessment, 
follow-up, and misclassification), in 

experimental design of animal bio-
assays, in methods used to identify 
concordance, and in the degree to 
which the animal model captures the 
range of potential human response 
to the particular agent tested. An 
integral consideration for the devel-
opment and use of these models is 
host susceptibility – the intrinsic and 
extrinsic factors that have an impact 
on variable response to carcinogens: 
genetic variation, health status, life 
stage, lifestyle, sex, and the impact 
of co-exposures. The microbiome 
can also play a critical part in host 
susceptibility.

This chapter focuses on exam-
ples in the IARC Monographs and in 
recent literature on how well animal 
models reflect the range of human 
susceptibility, how host susceptibility 
factors may modulate the impact of 
mechanistic events leading to tumour 
development between species and 

within species, and how host sus-
ceptibility factors may affect evalua-
tions of tumour site concordance.

It can be difficult to parse out 
reasons for lack of tumour site con-
cordance (i.e. lack of response or 
common responses between spe-
cies). The factors alluded to above 
that are not strongly associated with 
host susceptibility include the follow-
ing. Competing causes of mortali-
ty may prevent the development of 
late-developing tumours, or studies 
may lack statistical power to detect 
an increase in tumour incidence at 
sites with high background rates. 
Limitations in how the database on 
tumour site concordance was con-
structed may affect the types of re-
sponses observed (e.g. some stud-
ies may focus only on specific tumour 
outcomes or may not be designed to 
detect some types of tumours). Also, 
when the concordance database 
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was constructed, the identification 
of a site in animals required a signif-
icant response in multiple species or 
in both sexes even though one sex 
may be more susceptible at a par-
ticular site (i.e. the mammary gland 
in females). In addition, there may be 
mechanistic concordance between 
species in how an agent elicits ef-
fects (e.g. is able to induce genotox-
icity or affect similar pathways), but 
host susceptibility factors may result 
in different site-specific neoplastic 
responses. Thus, host susceptibil-
ity may determine how and wheth-
er specific individual sites or target 
organ systems are influenced by 
mechanistic events associated with 
cancer induction.

Although host susceptibility 
factors have a modulating role in 
carcinogenesis and can affect un-
derlying mechanistic events, they 
should not be confused with con-
cepts such as modes of action and 
adverse outcome pathways. A mode 
of action is a well-defined and bi-
ologically plausible series of key 
events leading to an adverse effect 
(EPA, 2005a); an adverse outcome 
pathway is a construct that attempts 
to link an initiating event with an ad-
verse outcome at a biological level of 
organization relevant to risk assess-
ment (Ankley et al., 2010). Both the 
mode of action and the adverse out-
come pathway concepts can have 
limitations for the determination of 
mechanistic concordance between 
species. For example, leukaemia 
induced by exposure to benzene ap-
pears to result from multiple mecha-
nistic events, some of which are not 
well characterized and are difficult to 
quantitate or quantify, and they do 
not occur in an ordered sequence; 
these features limit the applicability 

of an approach based on mode of 
action to assess risk of leukaemia 
(McHale et al., 2012).

The mechanistic database as-
sembled for IARC Group 1 carcino-
gens contains information on mecha-
nistic characteristics, one or more of 
which are commonly exhibited, that 
can be used to identify and organize 
mechanistic information related to 
cancer induction. The database is or-
ganized in terms of whether an agent 
displays these key characteristics 
of carcinogens: (1) is electrophilic 
or can be metabolically activated to 
electrophiles, (2) is genotoxic, (3) al-
ters DNA repair or causes genomic 
instability, (4) induces epigenetic 
alterations, (5) induces oxidative 
stress, (6) induces chronic inflam-
mation, (7) is immunosuppressive, 
(8) modulates receptor-mediated 
effects, (9) causes immortalization, 
and/or (10) alters cell proliferation, 
cell death, or nutrient supply (see 
Chapter 10, by Smith; see also Smith 
et al., 2016).

These characteristics are not 
in themselves sufficient to explain 
all aspects of carcinogenesis (see 
Chapter 13, by Caldwell) but are in-
dicative of multiple mechanisms and 
associated biological changes ob-
served after exposure to carcinogen-
ic agents. Similar to the limitations 
mentioned above for the database on 
tumour site concordance, the mech-
anistic database may present what 
was studied and reported, and re-
flect the depth to which an agent was 
treated in each review in the IARC 
Monographs. Identification and cate-
gorization of mechanistic data by use 
of these key characteristics cannot 
always predict tumour site concor-
dance, because the information is at 

best collected in a way that provides 
only partial evidence on differences 
in host susceptibility.

Advances in the understanding of 
host susceptibility in tandem with the 
evolution of the knowledge on the 
mechanisms of carcinogenesis allow 
for greater understanding of both. 
The mechanistic data for all types of 
ionizing radiation (IARC, 2012f) are 
particularly informative with regard to 
mechanisms of genetic damage (mu-
tation and epigenetic changes, and 
bystander effects; see Chapter 18, 
by Hill and Ullrich), as well as other 
host susceptibility factors from this 
large and rich database. The classic 
mutation theory of cancer no longer 
fully encompasses the mechanistic 
data for several carcinogens (e.g. 
benzene) that induce not only muta-
tions but also a variety of epigenetic 
changes. With the present state of 
knowledge, the carcinogenic pro-
cess cannot be confidently attributed 
to either a purely genetic or epige-
netic process but probably involves 
both (see Chapter 12, by DeMarini).

Differences and similarities in 
apparent tumour types and targets 
between rodents and humans can 
result from a variety of factors that af-
fect absorption, distribution, metabol-
ism, and elimination (ADME) of the 
agent, as well as the wide range of 
inherent susceptibility elements as-
sociated with toxicodynamic factors. 
Differences in the expression of 
genes coding for enzymes that reg-
ulate these processes can contribute 
to differences in cancer susceptibility 
and tumour targets within a species, 
between species, and at various life 
stages when exposure occurs. In 
some instances, the apparent dis-
cordance between cancer outcomes 
in different species may be explained 
when these genetic factors are iden-
tified, when relevant animal models 



187

are tested, and when more suscep-
tible human populations are studied 
for carcinogenic effects.

Analogous transgenic, strain-
specific, or species-specific 
animal models

Human and animal studies on cancer 
may be more effective in discerning 
tumour responses when those most 
at risk are studied, such as a suscep-
tible subgroup within a human cohort 
and susceptible animal species and 
strains in a bioassay. Concordance 
of response between species may 
increase for a particular agent when 
mechanisms of carcinogenesis and 
subpopulations at risk are identified 
and more analogous transgenic or 
strain-specific animal models are ex-
amined. However, these are general-
ly not known before an animal study 
is conducted. There may be gaps in 
the understanding of the impact of 
inherent variability on tumorigenesis, 
in the identification of susceptible 
human populations, and in the devel-
opment of adequate animal models 
to detect a carcinogenic risk from an 
agent or exposure condition.

Inherent variability

Most animal studies used to identify 
a potential carcinogenic risk in hu-
mans are conducted in rodents un-
der standard conditions (e.g. 2-year 
cancer bioassays) with one particu-
lar agent. However, humans are ex-
posed throughout their lifetime to a 
mixture of agents (see below), and 
inherent biological variability among 
individuals is due to epigenetic and 
genetic variance (Zeise et al., 2013). 
The contribution of the inherited 
predisposition to diseases, such as 
cancer, has been an active area of 
research and has an impact on sus-
ceptibility analyses. Two proposed 

hypotheses for the inherited basis of 
complex genetic traits are that they 
result from “common disease–com-
mon variant” (i.e. many common al-
leles of small effect) or “common dis-
ease–multiple rare variants” (i.e. few 
rare alleles of large effect). Although 
genome-wide association study 
(GWAS) approaches have been 
based on the “common disease–
common variant” hypothesis, they 
have not been successful in explain-
ing genetic predisposition to disease 
(Zhang et al., 2011).

The understanding of the scope 
of human genetic variability now 
shows that although there is a great 
deal of similarity in the DNA se-
quences between individuals, rare 
gene mutations are abundant, are 
geographically localized across the 
world, are difficult to catalogue, and 
are possibly a consequence of the 
rapid spread and growth of the hu-
man population and weak purifying 
selection (Nelson et al., 2012). The 
breadth and scope of rare mutations 
have also been illustrated through 
studies of asthma that have attempt-
ed to discover the role of rare muta-
tions in the “missing heritability” of 
the genetic contributions to disease. 
Although common variants at many 
loci have been associated with asth-
ma, they do not account for overall 
genetic risk. A study of rare and 
low-frequency variants has reported 
ethnic specificity but was unable to 
account for the missing heritability 
of the disease (Igartua et al., 2015), 
which is relevant to that associated 
with cancer risk.

Whole-genome (i.e. exome) se-
quencing of common (i.e. minor al-
lele frequency > 5%) and rare (i.e. 
minor allele frequency < 1%) alleles 
across 12 cytochrome P450 genes 
has identified many polymorphisms 
with pharmacogenetic effects, as 

well as 730 novel non-synonymous 
alleles with uncommon deleterious 
variations that, although individually 
rare, were present in 7.6–11.7% of 
the population studied (Gordon et al., 
2014). Genetic variability in cell sig-
nalling and gene expression may be 
the result of the variants in regulato-
ry regions of the genes, rather than 
being a consequence of variants in 
the genetic code that instructs how 
to build proteins, or in the regulato-
ry code itself (see Chapter 13, by 
Caldwell).

Just as there is genetic variabili-
ty in the human population that has 
an impact on host susceptibility to 
cancer, there is also variability within 
rodent strains and species. Genetic 
heterogeneity resulting from cross-
ing different mouse strains has long 
been recognized as an issue of con-
cern in the development of experi-
mental mouse models, and has been 
used as an argument to create ge-
netically inbred strains. Transgenic 
mice carrying exogenous DNA and 
gene-targeted knockout mice have 
both been used as models for stud-
ies on cancer and for identifying car-
cinogenic properties of chemicals 
(Lunardi et al., 2014).

Two examples illustrate the com-
plexity and usefulness of studying 
cancer susceptibility with such mod-
els. Although they carried exactly 
the same mutation in K-Ras, mouse 
lung tumours that resulted from car-
cinogen-induced versus genetical-
ly engineered models appeared to 
develop along different mechanistic 
pathways (Westcott et al., 2015). 
Exposure of two strains of mice of 
different susceptibility (i.e. A/J and 
BALB/cBy) to the same treatment 
(3-methylcholanthrene, a polycyclic 
aromatic hydrocarbon found in to-
bacco smoke, and butylated hydrox-
ytoluene) produced lung tumours 
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with different K-Ras mutations in 
codon 12, one resembling human 
tumours from smokers and the oth-
er resembling human tumours from 
non-smokers (Fritz et al., 2010). 
Thus, the same carcinogenic treat-
ment given to different strains of 
mice produced tumours at the same 
site but with different K-Ras muta-
tions. These examples highlight the 
utility of using different animal mod-
els to understand the mechanistic 
basis for tumour induction in diverse 
human populations, but they also 
demonstrate that studies in multiple 
animal models are needed.

Concerns have been raised about 
the sensitivity and design of accel-
erated cancer bioassays that use 
genetically modified mice. Design 
features (e.g. sample size, study du-
ration, reproducibility, and genetic 
stability of the animals), pathway de-
pendency of effects, and potentially 
different carcinogenic mechanisms 
render their utility for predicting hu-
man health risks uncertain, espe-
cially in terms of dose–response 
(Eastmond et al., 2013).

Although the use of isogenic mice 
to detect carcinogenicity of an agent 
should reduce the within-group var-
iance and the number of animals 
required to detect a response, such 
mice fail to model the influence of 
genetic diversity. The genetically 
diverse inbred Collaborative Cross 
mouse strains and the heteroge-
neous Diversity Outbred mice derived 
from the same eight founder strains 
as the Collaborative Cross were de-
veloped to more accurately capture 
the impact of human variability on 
tumour responses (Threadgill et al., 
2011; Churchill et al., 2012; French 
et al., 2015). Because they more 
accurately reflect human suscepti-
bility, an order of magnitude greater 
sensitivity to chromosomal damage 

induced by benzene was observed 
in Diversity Outbred mice compared 
with the inbred B6C3F1 mice (French 
et al., 2015). Other groups have used 
genetically diverse panels of inbred 
mice to better predict liver toxicity 
(Bradford et al., 2011) and kidney 
toxicity (Harrill et al., 2012).

Genetic polymorphisms

There are several examples of organ-
ic compounds where polymorphisms 
in metabolizing genes in the human 
population may cause an increased 
risk of cancer within certain subpop-
ulations exposed to such agents (see 
Chapter 1, by Bond and Melnick). 
Inherited mutations in cancer-relat-
ed genes (e.g. TP53, BRCA1, APC, 
and mismatch repair enzymes) have 
a low frequency in the population but 
can confer a high individual risk of 
cancer (Melnick, 2001). In such cas-
es there may be more concordance 
of response between species when 
analogous transgenic or strain-spe-
cific animal models are also tested 
with that carcinogenic agent.

Transgenic mice that lack a func-
tional epoxide hydrolase gene are 
more susceptible to the mutage-
nicity of butadiene, as are workers 
with low-activity epoxide hydrolase 
polymorphisms (see Chapter 1, by 
Bond and Melnick). Thus, a trans-
genic mouse model with a reduced 
ability to eliminate a mutagenic 
metabolite more closely simulates 
a susceptible human subpopu-
lation. Polymorphisms in genes 
that encode enzymes involved in 
metabolism of aromatic amines 
(N-acetyltransferases: NAT1 and 
NAT2) have also been noted to have 
an impact on inter- and intraspecies 
differences in risk for cancer of the 
bladder; conflicting findings be-
tween studies are potentially a con-
sequence of the interdependence 

of pathways to activate the parent 
compound and detoxify reactive me-
tabolites at different rates in different 
tissues (IARC, 2012c).

Polymorphism in the human al-
dehyde dehydrogenase enzyme is 
related to risk of cancer from alco-
hol consumption in a complex way. 
Individuals who do not express the 
enzyme at all may have lower risk 
of cancer, because the acute effects 
they experience from alcohol intake 
(e.g. facial flushing and physical dis-
comfort) cause them to abstain from 
alcohol consumption, whereas indi-
viduals with reduced expression of 
the enzyme would be able to drink 
alcohol and consequently would 
have a higher blood concentration 
of acetaldehyde (IARC, 2012d). The 
development of animal models to 
reflect this response is dependent 
on recognition of the role of these 
metabolic polymorphisms in forming 
or eliminating cancer-causing inter-
mediates. Cancers related to alco-
hol consumption were first detected 
without consideration of enzyme 
polymorphisms. Later on, differential 
risks were associated with specific 
polymorphisms.

The main focus in pharmacoge-
netics has been on polymorphisms of 
genes encoding drug-metabolizing 
enzymes, based on the supposition 
that inter-individual differences in 
response were determined by such 
genetic differences and that the main 
genomic hazard was mutagenesis 
or physical damage to DNA (Szyf, 
2007). However, human variability 
and susceptibility are influenced not 
only by genetic polymorphisms but 
also by differences in the epigenome 
and its regulatory features.

Time-dependent changes in 
global DNA methylation have been 
demonstrated in the same individu-
als in separate populations in widely 
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separated geographic locations, 
with familial clustering for both in-
creased and decreased methylation 
(Bjornsson et al., 2008). The same 
study also showed considerable in-
ter-individual variation with age, with 
differences in DNA methylation ac-
cruing over time among individuals 
who would be missed by studies that 
apply group averaging. Thus, a focus 
only on genetic polymorphisms does 
not consider the fact that epigenetic 
programming plays an equally impor-
tant part in generating inter-individu-
al differences in phenotype (Szyf, 
2007), and that it should be taken 
into account in the analysis of such 
phenotypic diversity. Such inter-indi-
vidual differences would also not be 
readily observed with conventional 
rodent models, for several reasons 
(see below).

Strain- and species-specific 
differences in ADME and 
susceptibility to biological 
agents

Most cancer bioassays have 
been conducted in rodents (see 
Chapter 21, by Krewski et al.). The 
genetic code has been described 
as conserved between humans and 
mice in terms of genome size, struc-
ture, and sequence composition, 
and although candidate regulatory 
sequences have been conserved 
and the chromatin landscape in 
cell lineages is relatively stable, 
there are interspecies differences 
in gene expression and regulation 
(see Chapter 13, by Caldwell), which 
may account for some apparent dif-
ferences in susceptibility or specific 
tumour site concordance after expo-
sure to a carcinogenic agent or con-
dition. Other factors described for 
some agents in Volume 100 of the 
IARC Monographs focus primarily 

on ADME considerations and spe-
cies-specific vulnerabilities to biolog-
ical agents.

For example, with regard to in-
duction of cancer of the bladder by 
aromatic amines, increased risks 
are consistently found in humans 
and in dogs exposed to, for exam-
ple, 4-aminobiphenyl, benzidine, 
4,4′-methylenebis(2-chloroaniline), 
and 2-naphthylamine. Several aro-
matic amines (e.g. o-toluidine and 
2-naphthylamine) induce bladder tu-
mours in rats (IARC, 2012c; see also 
Chapter 2, by Beland and Marques).

Multiple organ site carcinogenicity 
of aromatic amines in experimental 
animals is associated with metabolic 
activation of these agents to DNA-
reactive intermediates via multiple 
pathways in target organs. For dogs, 
lack of N-acetylation of aromatic 
amines reduces elimination of the 
parent compound via a detoxification 
pathway (IARC, 2010), and their abil-
ity to store urine – as humans do – 
increases exposure to urinary me-
tabolites that are hydrolysed in the 
bladder lumen epithelium to reac-
tive electrophilic metabolites (IARC, 
2012c). Indeed, infrequent voiding 
has been associated with increased 
DNA adduct formation in the bladder 
in dogs (Kadlubar et al., 1991). Thus, 
similarities between the metabolism 
of aromatic amines in dogs and met-
abolic polymorphisms in susceptible 
humans, and physiological similari-
ties (i.e. the ability to store urine) be-
tween dogs and humans contribute 
to a stronger correspondence with 
respect to the target organ.

The mechanism of tumour induc-
tion by aromatic amines is similar 
between humans and rodents, but 
the target organ is not always the 
same; in rodents, there are multi-
organ targets for exposure to these 
agents through similar effects on 

DNA from electrophilic metabolites. 
Cancer of the bladder is associated 
with exposure to 2-naphthylamine in 
humans, rats, dogs, hamsters, and 
monkeys, as well as with exposure 
to o-toluidine in humans and rats. 
In mice, however, tumours are seen 
in other tissues but not in the blad-
der. Exposure to benzidine is asso-
ciated with cancer of the bladder in 
humans, but in rodents liver tumours, 
not bladder tumours, are observed. 
Conflicting findings between studies 
are potentially a consequence of the 
interdependence of pathways to ac-
tivate the parent compound and de-
toxify reactive metabolites at differ-
ent rates in different tissues (IARC, 
2012c).

Human exposure to asbestos 
has resulted in lung cancer, pleu-
ral and peritoneal mesothelioma, 
and cancer of the larynx and ovary 
(IARC, 2012a). The targets of this 
carcinogen are associated with its 
distribution. After inhalation, fibres 
may penetrate into the interstiti-
um and translocate to the pleura or 
peritoneum or more distant sites. 
Asbestos has been shown to accu-
mulate in the ovary in women (IARC, 
2012a). Bronchial carcinomas and 
pleural mesotheliomas have been 
observed in rats after exposure to 
asbestos fibres, with no consistent 
increases reported for tumours at 
other sites. However, the Working 
Group for Volume 100C of the IARC 
Monographs (IARC, 2012a) noted 
that in many studies complete histo-
pathology was not done, so it was not 
possible to observe a similar tumour 
pattern associated with carcinogen 
distribution.

The complexity of developing an 
appropriate animal model that takes 
into account similar distribution fac-
tors is further illustrated by the exam-
ple of cancer induced by asbestos. 
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After inhalation of asbestos or 
synthetic fibres, Syrian golden ham-
sters are more susceptible than rats 
to induction of malignant pleural 
mesothelioma. More rapid transloca-
tion of synthetic vitreous fibres to the 
pleural space of hamsters compared 
with that in rats has been proposed 
as the reason for interspecies differ-
ences in susceptibility (Gelzleichter 
et al., 1999). Rats and hamsters 
are equally susceptible after direct 
intrapleural or intraperitoneal injec-
tion of the fibres, which circumvents 
differences in distribution.

Because rodents do not smoke, 
it is difficult to develop rodent mod-
els that mimic human smoking pat-
terns and exposure to mainstream 
tobacco (see Chapter 5, by Hecht 
and DeMarini). However, rodents 
and other species have been used 
to study some of the carcinogenic 
components in cigarette smoke (e.g. 
polycyclic aromatic hydrocarbons, 
nitrosamines, aromatic amines, ben-
zene, and butadiene). Although stud-
ies of the individual components of 
cigarette smoke have demonstrated 
genotoxicity, the development of mu-
rine models that reflect the induction 
of analogous forms of human lung 
cancer from smoking involves not 
only ADME considerations but also 
strain susceptibility (see above).

Standard animal cancer bio-
assays (i.e. 2-year testing in rats and 
mice) are not used to study biological 
agents that are specific to humans. 
Biological agents have evolved to 
preferentially target specific host 
species, specific organs or cell types 
within those species, and cell types 
with a specific differentiation status. 
There are data on the development 
and use of transgenic models to study 
biological agents with critical mech-
anistic evidence (see Chapter 9, by 
Lambert and Banks). With the excep-

tion of lymphoproliferative disease 
associated with Epstein–Barr virus 
(EBV), the use of surrogate hosts 
has not proven useful for assessing 
the carcinogenicity of human tumour 
viruses, and for several of them (e.g. 
EBV, Kaposi sarcoma-associated 
herpesvirus, and human papillo-
mavirus), there is no understanding 
of cancer etiology in the context of 
natural viral infection (IARC, 2012b). 
Thus, determinations of interspecies 
concordance are hampered by the 
species specificity of most human 
tumour viruses.

In addition, human susceptibili-
ty and the identification of tumour 
targets of virally induced cancers 
involve many factors. The type of 
tumour induced is not only associ-
ated with the age of the subject but 
also related to stages of latency of 
the viral agent and the presence of 
susceptibility cofactors (e.g. vari-
ants or subtypes of the virus, gene 
polymorphisms and the immune sta-
tus of the host, and environmental 
co-exposures that may lead to viral 
reactivation) (IARC, 2012b).

For EBV, specific latency tran-
scription programmes that arise at 
specific stages in the viral life-cycle 
have been associated with specif-
ic tumours, i.e. latency I with EBV-
related Burkitt lymphoma (BL), la-
tency II with Hodgkin lymphoma 
and T-cell non-Hodgkin lymphoma, 
and latency III in immunocompro-
mised individuals with lymphoprolif-
erative disorders. In addition, three 
subtypes of BL are associated with 
EBV (endemic, sporadic, and im-
munodeficiency-associated), two of 
which primarily involve children (i.e. 
endemic and sporadic BL) (IARC, 
2012b). Thus, the complexity of iden-
tifying target sites and susceptibility 
factors for these agents in humans 

also renders the analysis of tumour 
site and mechanistic concordance 
problematic.

Life stage

The timing of exposure to an agent 
during one’s lifetime can affect the 
specific type of tumour that may 
arise, as well as the degree of can-
cer risk from such an exposure. Life 
stage as a susceptibility factor has 
been recognized and included in 
guidelines used by regulatory agen-
cies in assessing cancer hazards 
and risks (EPA, 2005a, b). Although 
puberty and its associated biologi-
cal changes could lead to changes 
in cancer susceptibility, exposures 
during that critical period and in that 
age group are seldom the subject of 
epidemiological studies; historically, 
the focus on cancer has been as a 
disease associated with ageing after 
extended exposure duration, with 
prolonged latency periods before the 
cancers appear (EPA, 2005b).

Cancer studies in rodents are 
generally designed to last some-
what less than a lifetime (2 years), 
beginning in early adulthood, and 
to mimic mostly occupational expo-
sure circumstances (Melnick et al., 
2008). With the exception of biolog-
ical agents, radiation, or household 
exposures (IARC, 2012b, d, f), many 
data in cancer epidemiology come 
from exposures that occur in the 
workplace or upon the use of cer-
tain pharmaceuticals. Thus, these 
studies may not reveal the potential 
of exposures during the sensitive 
early-life period to induce childhood 
tumours, nor do they detect tumours 
with long latency periods.

Although similarities between 
childhood and adult cancers have 
been noted, childhood cancers gen-
erally are embryonic cell tumours 
(i.e. leukaemias, tumours of the brain 
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and the central nervous system, lym-
phomas, bone cancers, soft-tissue 
sarcomas, kidney cancers, eye can-
cers, and adrenal gland cancers), 
whereas adults generally develop 
more carcinomas (i.e. cancers of 
the skin, prostate, breast, lung, and 
colorectum). In addition, some tu-
mours appear to be unique to the 
young, for example tumours of the 
kidney (Wilms tumour) or eye (ret-
inoblastoma) (EPA, 2005b). Thus, 
another aspect of tumour site con-
cordance between species is the dif-
ference in tumour types that may be 
observed in children versus adults.

A full assessment of cancer risks 
from childhood exposure to chemi-
cals in the environment has been im-
peded by the relative rarity of child-
hood cancers, the lack of studies of 
the late effects of childhood expo-
sure with sufficiently long follow-up, 
and the lack of relevant animal test-
ing guidelines and assays focused 
on early-life or perinatal exposures 
(EPA, 2005b). However, some hu-
man carcinogens listed in Volume 
100 of the IARC Monographs have 
been specifically identified as asso-
ciated with increased risk of child-
hood cancer (i.e. radiation and cer-
tain pharmaceutical agents used in 
chemotherapy), as well as cancers 
occurring later in life after exposure 
during childhood.

In animals, several agents in-
duce a higher incidence of tumours 
occurring later in life after perinatal 
exposure, for example diethylnitros-
amine, benzidine, polybrominated 
biphenyls, and dichlorodiphenyl-
trichloroethane (DDT). For vinyl chlo-
ride, there appears to be greater 
susceptibility of weanling animals to 
the formation of DNA adducts (EPA, 
2005b).

Along with the potential for more 
tumour types occurring after ear-
ly-life exposure, the strength of the 

response (i.e. potency) may also 
be increased. There are examples 
of IARC Group 1 carcinogens for 
which potency is greatly increased in 
the young. For example, vinyl chlo-
ride is an agent for which young ro-
dents are more susceptible for the 
target site and cell types (i.e. rare 
liver angiosarcomas and more com-
mon hepatocellular carcinomas) that 
are also observed in humans (see 
Chapter 1, by Bond and Melnick). 
The literature on cancer induced by 
exposure of animals to vinyl chlo-
ride is extensive and includes trans-
placental and perinatal exposures 
(IARC, 2012c). Barton et al. (2005) 
estimated the increase in potency of 
vinyl chloride for liver angiosarcomas 
to be 30-fold and for hepatomas to 
be about 50-fold in female rats after 
early-life exposure compared with 
exposure as adults.

As noted above, exposure to ben-
zidine is associated with bladder 
cancer in humans and liver tumours 
in mice (IARC, 2012c). The ratio of 
potency after early-life versus adult 
exposure in studies with repeat ex-
posures of juvenile and adult ani-
mals to benzidine is about 100 for 
liver cancer induction in male mice 
(Barton et al., 2005). This example 
illustrates an increased susceptibility 
in the young but an apparent lack of 
site concordance between humans 
and mice.

For most of the IARC Group 1 hu-
man carcinogens, there are data indi-
cating genotoxicity as defined by the 
toxicological end-point of DNA dam-
age (see Chapter 12, by DeMarini, 
and Chapter 22, by Krewski et al.). 
DNA damage has been noted to po-
tentially exhibit a greater effect after 
early-life versus later-life exposure; 
this increased susceptibility has 
been attributed to more frequent cell 
divisions during development, which 

may enhance fixation of mutations, 
and the absence of key DNA repair 
enzymes in some embryonic cells, 
such as brain cells. In addition, in-
creased risk may result from lack of 
fully functional components of the 
immune system during development, 
different functional operation of hor-
monal systems during different life 
stages, and induction of develop-
mental abnormalities that can result 
in a predisposition to carcinogenic 
effects later in life (e.g. diethylstilbes-
trol) (EPA, 2005b). However, several 
other factors may also increase sus-
ceptibility in the young. The develop-
mental origins of health and disease 
(DOHaD) hypothesis posits that 
environmental exposures during de-
velopment increase susceptibility to 
cancer in adulthood through epige-
nomic reprogramming (Walker and 
Ho, 2012).

In some cases, the newborn or 
young rodent may be a better model 
to assess human cancer risk for ei-
ther children or adults. Components 
of diesel exhaust, an IARC Group 1 
carcinogen (Benbrahim-Tallaa et al., 
2012; IARC, 2013), appear to be 
metabolized in a similar fashion in 
rodents and humans at different 
stages of development. Nitroarenes 
(and, by extension, diesel exhaust) 
are activated to mutagens in humans 
and young rodents. Concordance 
of lung cancer risk is observed 
between young rodents and hu-
mans (see Chapter 5, by Hecht and 
DeMarini). Specifically, 1-nitropyr-
ene (a component of diesel exhaust) 
is a compound that lacks evidence 
of carcinogenicity when exposure 
occurs in adult rodents, but it is 
carcinogenic in young adult or new-
born rodents because of its more 
extensive metabolism to mutagens. 
Metabolism of 1-nitropyrene by adult 
humans resembles that of newborn 

Part 2 • Chapter 19. Host susceptibility

P
A

R
T 

2
C

H
A

P
T

E
R

 1
9



192

rodents. Accordingly, examination of 
bioassay data for exposures of adult 
rodents only would miss any similar-
ity of cancer response between the 
two species.

In addition to the difficulty of de-
veloping adult rodent models that 
mimic human adult smoking pat-
terns, the use of rodent models ex-
posed in adulthood may not reflect 
susceptibility. Lung tumours can be 
induced in Swiss mice if exposure to 
mainstream cigarette smoke begins 
within 12 hours after birth, but not 
if exposures are delayed (Balansky 
et al., 2007; IARC, 2012d).

Diethylstilbestrol is an important 
example of a transplacental car-
cinogen where in utero exposure 
causes vaginal and uterine cancer in 
daughters but not in exposed moth-
ers (IARC, 2012e; see Chapter 20, 
by Rice and Herceg). The effects 
of diethylstilbestrol on the develop-
ing reproductive tract of rodents are 
species- and strain-specific; neo-
natal exposure to diethylstilbestrol 
results in uterine adenocarcinomas 
in CD1 mice but not in C57BL/6 
mice. Increased incidence of uterine 
tumours is seen in Eker rats (i.e. a 
strain that is tumour-prone because 
of a germline defect in the Tsc2 tu-
mour suppressor gene) but not in 
wild-type rats. CD1 mice exposed to 
diethylstilbestrol also exhibit perma-
nent estrogen imprinting, morpho-
logical changes in the reproductive 
tract, and persistent expression of 
the Ltf (lactoferrin) and c-Fos genes 
(Cook et al., 2005).

In humans, exposure to inorganic 
arsenic compounds causes cancer of 
the lung, bladder, and skin, with limit-
ed evidence for cancer of the kidney, 
liver, and prostate (IARC, 2012a). 
Transplacental exposure to arsenic 
from oral intake by pregnant female 
mice induces lung bronchiolo-alve-

olar carcinomas and liver hepato-
cellular carcinomas in the offspring 
when they become adults; continu-
ous exposure during adulthood was 
not required, and exposure only in 
adulthood did not induce these tu-
mours (see Chapter 3, by Waalkes; 
IARC, 2004, 2012a). However, a re-
cent study in male mice reported that 
low doses of arsenic in drinking-wa-
ter given according to a scheme 
that more closely resembles human 
exposure (i.e. to parents before con-
ception and throughout pregnancy 
and lactation, and to offspring after 
weaning and throughout adulthood) 
caused lung cancer, a response that 
has also been reported for in utero 
or early-life exposures in humans 
(Waalkes et al., 2014).

Bladder cancer has been induced 
in adult rats after chronic exposure to 
arsenic. The skin, kidney, and blad-
der have been reported as cancer 
targets in multiple rodent studies of 
inorganic arsenic upon co-exposure 
with other carcinogens, via drink-
ing-water or transplacentally (IARC, 
2004, 2012a). There is no identified 
rodent model for arsenic-induced 
cancer of the skin or lung after ex-
posure by inhalation. Thus, arsenic 
is an example where carcinogenicity 
and tumour site concordance are de-
pendent on experimental design, and 
especially on the impact of early-life 
exposures.

For some carcinogens, there may 
not be an appropriate animal model 
for human cancer risk from later-life 
exposures. The timing of exposure 
determines tumour patterns and is 
critical for tumour concordance rela-
tionships for estrogens. The Working 
Group for Volume 100A of the IARC 
Monographs (IARC, 2012e) cau-
tioned that “estrogen products given 
with or without a progestogen have 
markedly different carcinogenic or 

anti-carcinogenic effects, and the 
same regimens may have markedly 
different effects in different organs 
and at different stages of women’s 
lives.”

To date, there are no mouse mod-
els for ovarian cancer that reflect 
the genetics and histology of hu-
man serous ovarian cancer, which 
is most often diagnosed in postmen-
opausal women (Smith et al., 2014). 
Tamoxifen has been given to these 
women to treat metastatic breast 
cancer, or to women who are at high 
risk of developing the disease. There 
is a concordant decrease in risk of 
breast cancer in such women and 
in female rodents treated chronically 
as adults. However, tamoxifen treat-
ment also causes an increase in risk 
of endometrial cancer in postmeno-
pausal women. In female mice and 
rats, perinatal exposure to tamoxifen 
is required to produce tumours of the 
reproductive tract (IARC, 2012e).

In children, several types of ion-
izing radiation show life stage-relat-
ed differences in susceptibility that 
affect target sites and cancer risk 
later in life (see Chapter 18, by Hill 
and Ullrich; IARC, 2012f). Low-dose 
radiation at background levels has 
recently been reported to contribute 
to the risk of leukaemia and tumours 
of the central nervous system in chil-
dren (Spycher et al., 2015). Children 
exposed to ionizing radiation from 
the atomic bombs in Japan and from 
the accident with the Chernobyl 
Nuclear Power Plant in Ukraine had 
an increased risk of thyroid cancer 
attributable to iodine-131 and its 
accumulation in the thyroid.

Ultraviolet radiation from tan-
ning beds increases the risk of skin 
cancer, especially when exposure 
occurs at a younger age, i.e. an in-
creased risk for malignant melanoma 
when first exposure occurs before 
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age 30 years, and for squamous 
cell carcinoma when first exposure 
occurs before age 20 years (IARC, 
2012f). In mice exposed to this type 
of radiation, squamous cell carcino-
ma is regularly observed, but no ma-
lignant melanoma has been report-
ed. However, transgenic mice that 
spontaneously develop malignant 
melanomas or that have melanocyte 
hyperplasia can develop early-onset 
malignant melanoma if exposure to 
ultraviolet radiation occurs neonatal-
ly, but not after the age of 6 weeks 
(IARC, 2012f). This example illus-
trates the complexity of developing 
an animal model that mimics human 
susceptibility. Target site suscepti-
bility as well as age at which expo-
sure occurs must be taken into ac-
count when evaluating tumour site 
concordance between species.

Influence of study design 
on determination of site 
concordance

Host susceptibility as well as the 
type of information collected in either 
human or animal studies influence 
the degree of tumour site concor-
dance that can be identified and 
evaluated. Epidemiological research 
is often done in men, especially for 
occupational exposures. This can 
limit or preclude the detection of fe-
male-specific cancers in humans 
and thus site concordance between 
species.

The Working Group for Volume 
100F of the IARC Monographs 
(IARC, 2012c) specifically noted 
that many plausible tumour sites 
identified in rodents have not been 
reported in humans, and gave the 
example of rats treated with aromat-
ic amines that developed tumours in 
the mammary gland, an organ that 
has not been studied adequately as 
a potential target site in humans for 

cancer induced by aromatic amines. 
Epidemiological studies of aromatic 
amines have not considered breast 
cancer, because industrial cohorts 
were generally small and the relevant 
workforce did not include women. 
The lack of studies involving female 
subjects not only affects species 
concordance but also influences the 
weight of evidence of an effect when 
data on both sexes are required to 
identify a target site in experimental 
animals. For example, in the con-
struction of the animal database to 
assess tumour site concordance 
(see Annex 1, by Grosse et al.), the 
same neoplastic effect is required in 
two animal species or in both sexes 
of one species. Breast cancer is rare 
in male rats as well as in men. Thus, 
limitations in epidemiological stud-
ies and sex differences in cancer 
response can also account for lack 
of tumour site concordance between 
humans and experimental animals.

Inaccurate diagnoses of disease 
or incorrect entries on death certif-
icates can affect concordance de-
terminations, especially for myelo-
proliferative and lymphoproliferative 
disorders, which can be described 
as extranodal or predominantly nod-
al, precursor or mature neoplasms, 
and which may have multiple cellular 
phenotypes. Changing codes in 
the International Classification of 
Diseases (ICD) can make it difficult 
to develop a conclusion from hu-
man studies. However, a multipo-
tent haematopoietic stem cell is the 
precursor of myeloid or lymphoid 
progenitors that further give rise to 
several cell types (Greaves, 2004). 
Although the disease induced by an 
agent may be considered a “lympho-
ma or leukaemia”, the common pro-

genitors overlap in haematopoietic 
cancers and complicate determina-
tions of “target organ or target cell”.

For studies in humans, changes in 
classification schemes for haemato-
poietic cancers can present diffi-
culties in target organ identification 
from different studies. Modern clas-
sifications of leukaemia and other 
lymphatic and haematopoietic ma-
lignancies are based on cytogenetic 
and molecular principles (Swerdlow 
et al., 2008) that do not always co-
incide with those of the ICD (IARC, 
2012f). Although there may be con-
cordance of haematopoietic cancers 
between or within species, the mani-
festation of disease may differ. Thus, 
the determination of tumour site con-
cordance can be dependent on the 
definition and level of specificity of 
the target.

The highest likelihood of identify-
ing a human cancer risk may come 
from the study of sensitive subgroups 
with increased susceptibility to an 
agent or groups of agents. If multiple 
disease categories are lumped to-
gether and sensitive subpopulations 
are not distinguished, it may be diffi-
cult to detect a subtle but real cancer 
response in epidemiological studies. 
For example, taking into account the 
influence of genetic polymorphisms 
or the heterogeneity of tumour phe-
notypes will improve the ability to 
determine the risk to specific sub-
populations for colon cancer after 
excessive alcohol consumption 
(Schernhammer et al., 2010).

Similarly, designing animal stud-
ies in such a way that rare tumours 
can be detected may increase the 
ability to determine a response and 
establish site concordance or mech-
anistic concordance between spe-
cies. In epidemiology, rare tumours 
are considered a special type of find-
ing, and they constitute a data set 
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that is different from the tumours that 
occur more commonly. For example, 
asbestos-induced mesothelioma is 
a rare tumour associated with expo-
sure to a specific agent. In addition 
to the role of organ distribution of 
asbestos fibres in the determination 
of tumour site concordance, asbes-
tos carcinogenicity also provides 
an example of the importance of tu-
mour rarity for the determination of 
a response after exposure, either in 
humans or in animal bioassays: un-
treated controls from lifetime studies 
of asbestos exposure in five strains 
of rats and Syrian hamsters showed 
zero incidence of mesothelioma in 
1175 rats and 253 hamsters (IARC, 
2012a).

Many reports of animal bioassay 
data only highlight statistical signifi-
cance to identify a positive tumour 
finding. Because of the relatively 
small number of animals involved in 
rodent bioassays, these studies may 
lack statistical power to identify rare 
tumours induced by a specific agent. 
As noted above, the use of a genet-
ically heterogeneous strain of mice 
increased the ability to determine 
a genotoxic response to benzene 
(French et al., 2015).

Use of multiple strains of rats and 
mice in chronic studies of trichloro-
ethylene enhanced the likelihood of 
observing increases in the incidence 
of rare kidney tumours and improved 
the probability of showing concor-
dance with the finding of increased 
risk of kidney cancer through ep-
idemiology. The epidemiological 
database for the current Scientific 
Publication also includes a study 
showing lower risk of kidney cancer 
among individuals with genetic poly-
morphisms that reduced their ability 
to produce mutagenic metabolites 
from trichloroethylene. Thus, tumour 
site concordance was more easily 

observed when rare tumours were 
detected in multiple strains of rats 
and mice, and when genetic poly-
morphisms were taken into account 
in human studies (Guha et al., 2012; 
Chiu et al., 2013; IARC, 2014).

In some cases, tumour site con-
cordance between humans and ex-
perimental animals may be more evi-
dent when studies use rodent strains 
in which there is a lower background 
rate of more common tumours as well 
(e.g. the use of mice with lower body 
weight and decreased background 
tumour rates; see the discussion be-
low), but with enough sensitivity to 
detect a response.

As illustrated by the example of 
exposure to ultraviolet radiation, a 
specific cell type (i.e. the melano-
cyte) at the origin of skin cancer in 
humans may not lead to skin can-
cer in wild-type mice (IARC, 2012f). 
Different cell types within a target 
organ may have different mechan-
isms of tumour development, sus-
ceptibilities, and cancer phenotypes 
that depend on the life stage at which 
exposure occurs. The determination 
of tumour site concordance between 
species can depend on the degree 
of specificity of the target description 
(i.e. cellular vs organ) in addition to 
cancer phenotype.

The risk of liver cancer from cig-
arette smoking illustrates how tim-
ing of exposure and interspecies 
differences in susceptibility are 
related to specific phenotypes of 
hepatocellular tumours. There is an 
increased risk of hepatocellular car-
cinoma in adult humans who smoke 
cigarettes. However, the strongest 
risk of hepatoblastoma (an embryo-
nal hepatocellular tumour) is asso-
ciated with paternal smoking before 
conception and a median age at di-
agnosis of 12 months; the timing of 
exposure for the cancer response 

is consistent with the identification 
of cigarette smoking as a germ cell 
mutagen in humans (IARC, 2012d).

Like in humans, hepatocellular 
adenomas and carcinomas occur in 
aged rodents, and background oc-
currence rates depend on species, 
strain, and sex. However, hepato-
blastoma is extremely rare in rodents 
and, unlike in humans, this tumour 
usually occurs in aged rather than in 
young animals (Turusov et al., 2002). 
Therefore, at the organ level the liver 
is a similar target for cancer induction 
from exposure to cigarette smoke for 
adults and children. However, inter-
species tumour site concordance is 
more difficult to demonstrate if cellu-
lar phenotype, life stage susceptibil-
ity, and age and timing of exposure 
are not taken into account.

Lifestyle, disease status, and 
co-exposures

Cancer susceptibility involves not 
only genetic predisposition but also 
the myriad of exposures experi-
enced over a lifetime, at home and 
at work, and the various other mi-
croenvironments in which voluntary 
and involuntary choices affect can-
cer risk. Genetic and environmental 
interactions involving complex path-
ways, multiple genes, and multiple 
exposures have been suggested to 
provide an explanation for the ina-
bility of GWAS approaches to ac-
count for the missing heritability of 
most complex diseases, and for the 
failure of analyses of rare mutations 
to account for asthma (Schadt and 
Björkegren, 2012).

The “exposome” concept en-
compasses the totality of exposures 
from conception onwards, comple-
menting the genome, instead of fo-
cusing on single exposure–health 
effect relationships (Vrijheid et al., 



195

2014). The exposome includes three 
broad domains of non-genetic ex-
posures: the internal environment 
(e.g. endogenous hormones, the gut 
microflora, and ageing), specific ex-
ternal exposures (e.g. chemical con-
taminants, lifestyle factors such as 
tobacco use, and occupation), and 
the general external domain (which 
includes influences such as stress, 
the urban–rural environment, and 
climate) (Wild, 2012).

Tumour site concordance can be 
affected by the inherent nature of the 
conditions under which each spe-
cies is studied to assess cancer risk. 
Human study subjects have a wide 
and varied range of co-exposures, 
whereas studies in experimental 
animals involve relatively uniform 
exposures in highly controlled envi-
ronments. As noted above, chang-
es in expression levels of metab-
olizing enzymes through genetic 
polymorphisms have been a focus 
of research, but metabolism is also 
affected by environmental co-expo-
sures, which are less well studied. 
Also, many solvents have similar ex-
posure targets, and in humans these 
exposures often occur together with 
co-exposures that have the potential 
to increase the effects of solvents 
(Caldwell et al., 2008). However, 
studies of solvents in general may 
mask effects of specific agents, 
for example trichloroethylene 
(Vermeulen et al., 2012). Lifestyle 
and co-exposures (e.g. obesity, al-
coholism, nutritional status, a com-
promised immune system, and viral 
infections) can affect environmental 
cancer risk, but they are often not 
considered in animal models of car-
cinogenicity, nor are they typically 
addressed in human studies.

In humans, lifestyle choices and 
previous exposure during develop-
ment that may change set points in 

genetic control and cell signalling 
can affect cancer susceptibility. In 
addition, exposures to preceding 
generations have been identified 
as affecting susceptibility to cancer. 
In experimental studies, transgen-
erational endocrine effects have 
been identified in the third gener-
ation of mice after the exposure 
to diethylstilbestrol (Ziv-Gal et al., 
2015).

Obesogens have not been eval-
uated for carcinogenicity by the 
IARC Monographs. However, pre-
natal exposure to obesogens that 
activate the constitutive androstane 
receptor in neonates may affect 
susceptibility by causing permanent 
changes in enzyme expression and 
metabolism of environmental agents 
encountered as adults (Caldwell, 
2012). Consequently, obesity asso-
ciated with prenatal environmental 
exposures may render the subject 
more susceptible to cancer later in 
life. Increased background levels 
of all cancers have been observed 
in conjunction with increased body 
weight and obesity in rodent bio-
assays (Rao et al., 1987; Leakey 
et al., 2003).

Such changes in background 
tumour incidence and altered sus-
ceptibility will affect the detection of 
site concordance, especially across 
data sets that span many decades 
of research. Site concordance may 
be more difficult to detect, because 
exposure-induced and background 
tumours are harder to distinguish in 
small groups of animals. Site con-
cordance may be detected more fre-
quently between animal models and 
humans when obesity status is taken 
into account. Such is the case with 
liver cancer (Caldwell, 2012).

The proportion of the population 
that is overweight or obese has in-
creased substantially over the past 

few decades. Type 2 diabetes, 
non-alcoholic fatty liver disease, car-
diovascular disease, and increased 
body mass index are risk factors for 
liver cancer, and diabetes induces 
synergistic actions with other var-
iables, such as viral hepatitis and 
alcohol consumption (Fan et al., 
2009).

Immune system status can af-
fect human responses to carcino-
gen exposures, and thus influence 
the ability to determine site concor-
dance between species (e.g. lack of 
concordance in responses because 
animal models are used that do not 
also take immunosuppression into 
account). With the increasing surviv-
al of patients with the acquired im-
mune deficiency syndrome (AIDS), 
associated cancers in West Africa 
have been reported to be Kaposi 
sarcoma, non-Hodgkin lymphoma, 
cervical cancer, anogenital cancer, 
and liver cancer (Tanon et al., 2012). 
Infection with human immunodefi-
ciency virus (HIV) or immunosup-
pression causes a higher risk for 
lymphomas, i.e. a 400-fold increase 
in risk of non-Hodgkin lymphoma in 
the presence of HIV infection (Bassig 
et al., 2012). However, the increas-
es in the incidence of non-Hodgkin 
lymphoma can only be partially ex-
plained by the HIV epidemic (Bassig 
et al., 2012).

An example of a common co-ex-
posure that affects cancer risk is that 
of aflatoxin B1 contamination of food 
supplies, which tends to be highest 
in areas with high prevalence rates of 
infection with hepatitis B and C virus-
es. While aflatoxin B1 and particularly 
its epoxide metabolite are potent mu-
tagens by themselves, infection with 
hepatitis B virus greatly amplifies the 
risk of liver cancer from aflatoxin ex-
posure (IARC, 2012b), i.e. from 4-fold 
with aflatoxin alone to 60-fold in the 
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presence of infection with hepatitis B 
virus (Wu-Williams et al., 1992; Yu 
and Yuan, 2004). As discussed pre-
viously, aflatoxin metabolism and the 
attendant risk are also affected by 
polymorphisms of detoxification or 
activation pathways (IARC, 2012c).

Aflatoxin is one of several agents 
for which carcinogenicity in experi-
mental animals was established or 
highly suspected before epidemio-
logical studies confirmed its carci-
nogenicity in humans (IARC, 2012d). 
Aflatoxin B1 is a liver carcinogen in 
humans, rats, tree shrews, trout, and 
several types of transgenic mice, but 
not in wild-type mice (IARC, 2012c). 
The resistance of adult mice to afla-
toxin carcinogenesis has been sug-
gested to result from constitutive 
hepatic expression of an α-class glu-
tathione-S-transferase, mGSTA3-3, 
a detoxifying enzyme with a high 
affinity for aflatoxin B1 8,9-epoxide 
(IARC, 2012c). However, aflatox-
in is a liver carcinogen in newborn 
mice (Vesselinovitch et al., 1972). 
Therefore, risk of aflatoxin-induced 
liver cancer serves as an exam-
ple not only of the effects of co-ex-
posure but also of the influence 
of genetic polymorphism and age as 
susceptibility factors.

Finally, using the framework of 
the hallmarks of cancer (Hanahan 
and Weinberg, 2011), a task force of 
174 scientists from 28 countries who 
participated in the Halifax Project 
(“Getting to know cancer”) published 
a series of reviews that evaluated 
exposures to mixtures in the envi-
ronment that may have the potential 
to contribute to cancer risk (Harris, 
2015). Cumulative effects of indi-
vidual chemicals that had not been 
identified as carcinogens were re-
viewed for actions on key pathways 
and mechanisms related to carcino-
genesis and were reported to plausi-

bly produce carcinogenic synergies 
(Goodson et al., 2015). The modifi-
cation of human responses to carcin-
ogens from co-exposures would not 
be reflected in current animal cancer 
bioassays of individual agents, and 
would thus affect the demonstration 
of tumour site concordance.

Microbiome effects

Included in the exposome concept 
is a more recently described compo-
nent of gene–environment interac-
tions that influence cancer suscep-
tibility in humans and experimental 
animals: the contribution to cancer 
risk of the microbiota living on and 
in humans. These microbiota include 
100 trillion (1014) microbial cells, out-
numbering human somatic and germ 
cells combined by 10-fold (Bultman, 
2014), and a quadrillion (1015) virus-
es that interact with one another 
and with the host immune system 
in ways that influence disease out-
come. As humans age and develop, 
so do their microbiota. These micro-
biota and the genes they encode are 
collectively known as the microbi-
ome (Clemente et al., 2012). The mi-
crobiome differs across species and 
individuals, and its effects on tumour 
site concordance have yet to be de-
termined. However, its potential ef-
fect on human susceptibility to many 
chronic diseases, as well as cancer, 
is an emerging subject of research.

The composition of the microbi-
ome varies across anatomical sites; 
the gut microbiome is highly en-
riched in genes involved in carbohy-
drate metabolism, in contrast to the 
relatively few genes in the human ge-
nome that encode carbohydrate-me-
tabolizing enzymes (Bultman, 2014). 
The microbiome not only alters met-
abolic pathways in the human gut but 
is also linked to host susceptibility 
to metabolic diseases (Suez et al., 

2014) and other multifactorial diseas-
es. Microbial imbalance (dysbiosis) 
usually involves shifts in the relative 
abundance of commensal microbes. 
Inter-individual differences in arse-
nic-induced disease are associated 
with differences in arsenic metabol-
ism; disturbances of the gut microbi-
ome phenotype have also been re-
ported to affect the biotransformation 
of arsenic (Lu et al., 2014).

Shifts in the microbiome have also 
been associated with several types 
of cancer, and two dominant phy-
la normally associated with healthy 
individuals (i.e. the gram-negative 
Bacteroidetes and the gram-positive 
Firmicutes) were underrepresented 
in colorectal tumour tissue compared 
with adjacent normal colonic tissue 
from the same individuals (Bultman, 
2014).

Modulation of microbiota in mouse 
models of cancer has demonstrated 
that cancer susceptibility and pro-
gression are affected by concurrent 
changes in inflammation, the geno-
mic stability of the host cell, and the 
production of metabolites that func-
tion as histone deacetylase inhibitors 
to epigenetically regulate host gene 
expression. Specific diets associat-
ed with changes in cancer suscepti-
bility (e.g. increased consumption of 
red meat and higher intake of dietary 
fibres) have also been associated 
with corresponding changes in the 
microbiome (Bultman, 2014).

Altering the composition of the mi-
crobiota in transgenic mice prone to 
colorectal cancer led to a lower can-
cer incidence as a result of reduced 
provision of carbohydrate-derived 
metabolites that fuel hyperprolifera-
tion of colon epithelial cells, without 
changes in inflammation or DNA 
damage induction (Belcheva et al., 
2014). Microbiota have also been im-
plicated in the activation of the innate 
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immune response against tumours 
(Iida et al., 2013; Viaud et al., 2013). 
The interplay between human carci-
nogenic pathogens and the microbi-
ome as well as the linkage between 
dysbiosis and carcinogenesis have 
recently been reviewed (Dzutsev 
et al., 2015).

Conclusions

This chapter discusses the impor-
tance of considering host suscep-
tibility factors and their modulation 
of tumour response in interpreting 
findings of tumour site concordance 
between species, or lack thereof. 
Examples are given of how discor-
dance can result from lack of studies 
covering sensitive sexes, subgroups, 
or life stages. Examples are also 
provided in which polymorphisms 
in metabolizing genes were associ-
ated with sensitive subpopulations, 
and where experimentally sensitive 
rodent strains were studied that also 
had sensitivity because of similar 
capacity for increased activation or 
reduced detoxification (e.g. in the 
case of butadiene, aromatic amines, 
and alcohol consumption). For aro-
matic amines, anatomical and physi-
ological similarity (infrequent voiding 
of the bladder) between humans 
and dogs increases DNA adduct 
formation and ultimately tumour de-
velopment at the same site, i.e. the 
bladder. More challenging in study 
design is to account for lifestyle, with 

its attendant co-exposures to exoge-
nous chemicals and its influences on 
the microbiome.

The analyses of tumour site con-
cordance are dependent on the 
types of information and databases 
available at present. Such analyses 
are limited by the underlying avail-
able studies, which may not provide 
adequate coverage of host suscep-
tibilities. Animal models that cannot 
reflect the intrinsic and extrinsic fac-
tors that have an impact on biological 
variability in humans may not have 
adequate sensitivity to detect all tar-
gets of carcinogenicity occurring in 
humans. Similarly, limitations in epi-
demiological studies affect their abil-
ity to detect many tumour responses 
observed in animals.

Transgenic animal models as well 
as highly diverse outbred mouse 
strains and panels of diverse inbred 
strains have been developed as an 
approach to model the genetical-
ly highly diverse human species. 
Diversity Outbred mouse models 
may be used for future bioassays 
to obtain a better direct estimate 
of genetic contribution to variance, 
and these assays may detect po-
tential human tumour sites missed 
by studies in genetically homoge-
neous strains. These models may 
also provide a platform to study 
other susceptibility factors, such as 
co-exposures or obesity. However, 
the use of such mouse models will 
involve greater expense; heritability 
estimates suggest that sample sizes 
should be increased by a factor of 3 

to obtain the same precision as with 
isogenic mice (French et al., 2015). 
Other issues to be considered for 
Diversity Outbred models would be 
the percentage survival, the tumour 
rates in the controls, and the limited 
historical database that is used in the 
interpretation of data from current 
animal models. When these models 
are applied to address these issues, 
they may prove to be an invaluable 
resource for determining the impact 
of host susceptibility and of the intrin-
sic and extrinsic factors on variable 
responses to carcinogens.
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