Introduction

Carcinogenic agents can cause
cancer by inducing DNA damage
through various genotoxic mecha-
nisms that result in mutations. Many
of the agents classified as carcino-
genic to humans (Group 1) by the
IARC Monographs are not directly or
indirectly genotoxic but cause cancer
via mechanisms that, by themselves,
do not generate or involve DNA dam-
age. One non-genotoxic mechanism
involves receptor mediation (Pitot,
1995).

Hormonally active agents that are
associated with carcinogenic effects
typically act as ligands for nuclear
receptors and, in some cases, for
receptors located at the cell surface.
There are also agents that are con-
sidered to be carcinogenic through
receptor mediation but in addition
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have genotoxic effects; polycyclic
aromatic hydrocarbons (PAHs), such
as benzo[alpyrene, are examples of
this group. Yet other agents have can-
cer-enhancing or tumour-promoting
effects through pathways involving
receptors but also cause formation of
reactive oxygen species or enhance
the bioactivation of pro-carcinogens
to ultimate carcinogens, both of
which can potentially damage DNA
and result in mutations; 2,3,7,8-tetra-
chlorodibenzo-para-dioxin (TCDD) is
an example of this group.

Thus, the distinction between
genotoxic carcinogens and carcino-
gens that act through receptor-me-
diated mechanisms is often not
black and white. Insight continues
to evolve about the mechanisms by
which some carcinogens act through
receptors. For example, there is now
evidence that certain polychlorinated
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biphenyls (PCBs) can be metabo-
lized to reactive, DNA-damaging in-
termediates that may contribute to
their receptor-mediated carcinogen-
icity (Ludewig and Robertson, 2012;
Lauby-Secretan et al., 2013; IARC,
2016).

The purpose of this chapter is
to provide an overview of recep-
tor-mediated mechanisms thought
to be involved in carcinogenesis,
followed by a discussion reflecting
on the complexity of these mech-
anisms and how such mechanistic
information can be used for rational
hazard identification of carcinogenic
agents. Receptor-mediated carcino-
genesis was often discussed in the
1990s as a major mechanism of
cancer induction by non-genotoxic
carcinogens (Pitot, 1995). However,
carcinogenesis research has since
moved beyond these receptors to the
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downstream mechanisms involved in
their action or has often focused on
just one agent’s effects. Indeed, a re-
cent PubMed search for articles with
“receptor-mediated carcinogenesis”
in the title yielded only eight hits, four
of which are reviews, all published
between 1992 and 1999, and one
journal issue devoted to this topic
(volume 333 of Mutation Research,
in 1995). Despite a very large num-
ber of relevant primary publications,
there have been no major general
reviews on this subject since the
mid-1990s. Other reviews identified
by the keywords “receptor-mediated”
and “carcinogenesis” or “toxicity” are
devoted to specific carcinogens, tu-
mour types, or target tissues, such
as the liver (Andersen et al., 2014).
Yet, several of the IARC Group 1
carcinogens act entirely or in part
via receptor-mediated mechanisms,
including benzo[a]pyrene, TCDD,
3,3',4,4' 5-pentachlorobiphenyl (PCB
126), 2,3,4,7,8-pentachlorodibenzo-
furan (PeCDF), and the hormonal
agents that are used in combined
oral contraceptives and in treatment
for menopausal symptoms (IARC,
2012a, b).

General comments

Biological mechanisms involving re-
ceptor activation fall into two broad
categories: (i) those that involve in-
tracellular receptors that translocate
into the nucleus and act as transcrip-
tion factors regulating gene expres-
sion (genomic action), and (ii) those
that involve cell surface receptors
and some intracellular receptors that
activate signal transduction path-
ways, resulting in biological respons-
es, including gene transcription
(non-genomic action). The effects on
gene transcription of the first group
of receptors typically have a slow

onset and a long duration, where-
as the effects of the second group
of receptors are typically rapid and
transient. Both classes of receptors
can be involved in mechanisms of
carcinogenesis.

Although some exogenous li-
gands act as agonists by compet-
ing for binding with an endogenous
ligand, others may bind but lack the
intrinsic activity to activate the re-
ceptor they bind to and thus have
an antagonist effect. There are also
receptors for which no endogenous
ligand has been identified with cer-
tainty, such as the aryl hydrocarbon
receptor (AhR); these receptors are
conceivably activated only by exoge-
nous agents, because they are often
involved in detoxification process-
es that have evolved as protective
mechanisms. Exogenous agents
may also indirectly affect recep-
tor-mediated mechanisms by mod-
ulating the amount of endogenous
ligand available for receptor bind-
ing and activation, through effects
on the biosynthesis, bioavailability,
bioactivation, and degradation of
the bioactive ligand. In addition, ex-
ogenous agents may influence the
abundance of receptors by modify-
ing receptor biosynthesis and deg-
radation. Finally, exogenous agents
may indirectly affect receptor-medi-
ated mechanisms by having effects
on or acting as co-activators and
co-repressors of nuclear receptors.

The effects of agents that act via
receptor mediation depend in many
cases on the dose, duration and
route of exposure, and timing of ex-
posure during the life of an organism.
For example, the effects in animals of
exposure to diethylstilbestrol in ute-
ro or neonatally are known to differ
from those after exposure in adult life
(IARC, 2012b) (see also Chapter 20,
by Rice and Herceg). The duration of
internal exposure depends in part on

the half-life of the agent in vivo and
on its bioaccumulation. Notorious in
this regard are compounds such as
TCDD and PCBs, which are stored
in fat tissue and have a long half-life
(6—10 years); consequently, even
a short-term exposure can result
in a sustained internal dose (IARC,
1997).

Importantly, many agents that act
by receptor mediation display non-
linear dose—response relationships
for end-points such as cell prolifer-
ation, similar to the dose-response
of steroid hormones (Reddel and
Sutherland, 1987; Pitot, 1995; Sewall
and Lucier, 1995; Gaido et al., 1997,
Toyoshiba et al., 2004; Walker et al.,
2005); androgenic and estrogenic
steroid hormones typically stimu-
late in vitro proliferation of recep-
tor-positive cells at low, physiological
concentrations but are inhibitory at
supraphysiological and pharmaco-
logical concentrations (Lee et al,
1995; Almstrup et al., 2002; Simons,
2008). This phenomenon has impor-
tant implications for quantitative risk
assessment. However, this is outside
the scope of this chapter, which, like
the IARC Monographs, focuses on
hazard identification.

Oral exposure can result in a
first-pass effect if elimination of the
agent by the liver is efficient, thereby
reducing the dose to organs beyond
the liver. When hepatic elimination is
slow, the systemic dose of a carcin-
ogen may be high and may lead to
cancer induction. This was demon-
strated in mouse strains that dif-
fered in inducibility of CYP1A1/2 en-
zymes —members of the cytochrome
P450 (CYP450) family of enzymes —
by the AhR mechanism when treated
with benzo[a]pyrene (Nebert et al.,
1979).

The downstream biological ef-
fect of receptor binding is really
what determines the potential for



carcinogenicity of an agent that
acts via a direct receptor-mediated
mechanism. Effects that are gener-
ally considered to be associated with
carcinogenic activity of such agents
include, but are not limited to, the
following: enhancement of carcino-
gen bioactivation; reduction of DNA
repair; induction of oxidative stress;
stimulation of cell proliferation, an-
giogenesis, and invasive or migratory
cell properties (including epithelial—
mesenchymal transition); inhibition of
cellular apoptosis, senescence, and/
or differentiation; evasion of immune
surveillance; and epigenetic effects
(Hanahan and Weinberg, 2011) (see
Chapter 10, by Smith).

Finding any one such effect, or
even a combination of several of
these effects, as a result of exposure
to an agent that binds to cellular re-
ceptors is not by itself sufficient evi-
dence that the agent is a carcinogen,
but such findings do generate suspi-
cion that the agent might cause can-
cer. If such receptor binding is asso-
ciated with the mechanism by which
a recognized human carcinogen op-
erates, the evidence for carcinogeni-
city in humans may be sufficient. An
example of this is the recent upgrad-
ing by IARC of PCB 126 and PeCDF
to Group 1 carcinogens, based on
the similarity of their binding to AhR
(IARC, 2012a, 2016).

Proof that a receptor-mediated
mechanism is involved in carcino-
genesis in mammals would require
evidence that blocking the activation
of a specific receptor, or genetic re-
moval of the receptor or reduction
of its expression in mouse models,
interferes with tumour induction by
the carcinogen in question. The latter
approach was used to demonstrate
that several of the toxic effects of
TCDD are indeed mediated by AhR
in vivo (Poland and Glover, 1980;

Birnbaum et al.,, 1990; Fernandez-
Salguero et al., 1995). Although
some of these studies evaluated
the involvement of AhR in effects of
TCDD that are mechanistically as-
sociated with carcinogenesis, this
approach has not been applied to
determine whether AhR is necessary
for TCDD-induced tumour formation.
Studies with mice that overexpress or
lack estrogen receptor alpha (ER-a)
have demonstrated that this receptor
is involved in many of the develop-
mental and carcinogenic effects of
neonatal treatment with diethylstil-
bestrol in female animals (see below)
(Couse et al., 1997, 2001; Couse and
Korach, 2004).

Non-genomic receptor-
mediated mechanisms and
carcinogenesis

Non-genomic regulation of gene
expression and cellular function in-
volves signal transduction pathways
that are activated by a wide range
of receptor molecules located at the
plasma membrane. These receptor
modules are activated by an equal-
ly large number of ligands, ranging
from locally produced autocrine and
paracrine growth factors to circulat-
ing cytokines and hormones. The
major groups of these receptors in-
clude tyrosine kinase receptors such
as the epidermal growth factor (EGF)
receptor, serine/threonine kinase re-
ceptors such as the protein kinase C
receptor, G protein-coupled recep-
tors, and receptors for cytokines,
chemokines, and other ligands.
They all catalyse phosphorylation
of downstream signalling molecules
upon ligand binding, some via activa-
tion of G protein signalling, ultimately
resulting in regulation of expression
of specific genes or sets of genes
that control cellular function and
behaviour and potentially influence

carcinogenic processes (Pitot, 1995;
Shawver et al., 1995).

12-O-tetradecanoylphorbol-13-ac-
etate (TPA) may act as a tumour
promoter through activation of mem-
brane-located protein kinase C re-
ceptors, activating downstream sig-
nalling pathways that contribute to
the enhancing effects of TPA on for-
mation of skin tumours (Niedel et al.,
1983; Nishizuka, 1984). However,
conclusive evidence for this mech-
anism is still lacking (Gschwendt
et al.,, 1995; Marks and Gschwendt,
1995). Moreover, TPA is a complete
carcinogen for the skin in mice when
given at sufficiently high doses with
a sufficiently long period of obser-
vation (Iversen and lversen, 1979).
The involvement of protein kinase C
in TPA-induced tumour promotion is
highly complex and is only partially
understood (Griner and Kazanietz,
2007), and more recent research is
focused on downstream signalling
effects (Hsu et al.,, 2000; Lu et al,,
2007). TPA has also been shown to
act through other receptor mecha-
nisms (Marks and Gschwendt, 1995)
and, when applied to the skin in
mice, to induce inflammation, which
in itself can stimulate cell prolifera-
tion and generate reactive oxygen
species (Aldaz et al., 1985; Wei and
Frenkel, 1993).

Receptors for several steroid
hormones are not only intracellular
nuclear receptors (see below) but
may also be present at the plasma
membrane, where their activation
by agonists causes rapid non-ge-
nomic signal transduction-medi-
ated effects. These non-classical
receptor-mediated  effects have
been shown to occur for the andro-
gen receptor (AR) (Bennett et al,
2010; Lang et al., 2013), the gluco-
corticoid receptor (Matthews et al,,
2008; Samarasinghe et al., 2012),
the progesterone receptor (PR)
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(Wheeler et al., 2000; Peluso, 2011),
and the estrogen receptor (ER)
(Acconcia and Kumar, 2006; Song
and Santen, 2006).

Activation of rapid membrane-ini-
tiated estrogen signalling by estro-
genic agonists causes non-geno-
mic signal transduction-mediated
effects (Acconcia and Kumar, 2006;
Song and Santen, 2006). The bio-
logical significance and contribution
of these effects to carcinogenesis
are uncertain at present. One of
the two rapidly acting non-genomic
membrane-located forms of PR, PR
membrane component 1 (PGRMC1),
is expressed in human ovarian cells
and tumours (Wendler et al., 2012).
PGRMC1 expression is associated
with cell proliferation in ovarian can-
cers and may have anti-apoptotic
effects (Wheeler et al., 2000; Peluso
et al., 2008). PGRMC1 also inter-
acts with and changes the function
of some CYP450 enzymes and may
affect carcinogen metabolism (Rohe
et al., 2009; Szczesna-Skorupa and
Kemper, 2011). There are no pub-
lished studies to date indicating a
contribution of these non-genomic
ER- and PR-mediated effects to
cancers associated with exposure to
estrogens and progestins.

None of the IARC Group 1 carcin-
ogens are known to be carcinogenic
by acting via non-genomic recep-
tor mechanisms, but this cannot be
ruled out, for several reasons. Both
estrogens and progestins can act
via transmembrane receptors, and
TCDD can affect signalling pathways
via mechanisms that do not involve
AhR (Tijet et al., 2006; Biswas et al.,
2008; Boutros et al., 2009; Kim et al.,
2009; Denison et al., 2011). Thus, it
is conceivable that carcinogenicity
associated with exposure to estro-
gens, progestins, or dioxins may
involve mediation by non-genomic

action of these agents. In addition,
indirect non-genomic activity of car-
cinogenic agents could conceivably
affect receptor abundance or stim-
ulate signal transduction pathways
that lead to pro-carcinogenic effects.

Nuclear receptor-
mediated mechanisms and
carcinogenesis

Nuclear receptor-mediated mecha-
nisms involve intracellular receptors,
most of which belong to the so-called
nuclear receptor superfamily (Evans,
1988; Mangelsdorf et al., 1995).
There are a large number and a wide
variety of nuclear receptors that act
via genomic mechanisms involving
direct binding to specific DNA se-
quences (response elements) or in-
direct binding to AP1 or Sp1 sites in
the promoter regions of the specific
genes they regulate (Kushner et al,,
2000; Aranda and Pascual, 2001,
Safe and Kim, 2008). Once the nu-
clear receptor is bound to a response
element, various co-regulator mole-
cules are recruited that are critical
for regulation of the initiation of gene
transcription in a cell type-specif-
ic manner (Edwards, 2000; Lonard
and O’Malley, 2012). Many mem-
bers of the nuclear receptor super-
family are involved in physiological
functions that mediate the effects of
steroid hormones and other endog-
enous ligands (Evans, 1988; Tsai
and O’Malley, 1994; Whitfield et al.,
1999; Jacobsen and Horwitz, 2012).

ER, PR, and AR are examples of
receptors that bind to and are acti-
vated by steroid hormones, whereas
the retinoic acid receptors and the
retinoid X receptors bind to vita-
min A metabolites (Rochette-Egly
and Germain, 2009; Duong and
Rochette-Egly, 2011; Dawson and
Xia, 2012). There are also nuclear
receptors for which no endogenous

ligands have been identified, but they
do bind to exogenous ligands. These
receptors are thought to mediate
protection against harmful xenobiot-
ics, predominantly by inducing ex-
pression of specific drug-metaboliz-
ing CYP450 enzymes (Boutros et al.,
2009). Examples of the latter catego-
ry are the pregnane X receptor and
the constitutive androstane receptor
(Nebert and Dalton, 2006; Tompkins
and Wallace, 2007; Elcombe et al.,
2014), both of which frequently en-
gage in cross-talk with various other
nuclear receptors and transcription
factors (Lim and Huang, 2008).

Several other nuclear receptors
with endogenous ligands are in-
volved in physiological functions, but
they are also activated by xenobiot-
ics. An example of this category is the
group of peroxisome proliferator-ac-
tivated receptors (PPARs), which are
involved in lipid metabolism but are
also activated by xenobiotics with
peroxisome proliferating activity; the
PPARa subtype has been implicat-
ed in the hepatocarcinogenicity in
rats of some of these xenobiotics
(Green, 1995; Cattley, 2004; Corton
et al., 2014), which are probably not
human hepatocarcinogens (IARC,
1994, 1996). Many nuclear receptors
need to homodimerize before they
can bind to response elements, and
several others heterodimerize with
the retinoid X receptor before binding
(Dawson and Xia, 2012).

AhR, which binds to TCDD and
ligands that are structurally similar
to TCDD, does not belong to the
nuclear receptor superfamily and
is in a class by itself. There are no
established physiological endoge-
nous ligands for AhR, even though
this receptor has physiological
functions, because mice that lack
AhR expression show developmen-
tal abnormalities (Gonzalez and



Fernandez-Salguero, 1998; Carlson
and Perdew, 2002). However, some
endogenous compounds that bind to
and activate AhR have been identi-
fied, such as certain tryptophan de-
rivatives, but their physiological role
has not yet been firmly established
(Denison and Nagy, 2003; Henry
et al., 2006). The tryptophan metab-
olite kynurenine has been identified
as an endogenous ligand of human
AhR. After receptor binding, down-
stream effects are the suppression
of anticancer immune mechanisms
and the promotion of cancer cell
survival and motility in human brain
tumours (Opitz et al., 2011), but the
role of kynurenine in carcinogenesis
has not been established. To exert
its effects, AhR heterodimerizes with
a unique molecule, the AhR nuclear
translocator (ARNT).

AhR, ER, and PR mediate ef-
fects of several agents that are
classified as IARC Group 1 human
carcinogens (IARC, 2012a, b) and
are discussed in more detail below.
Although AR has been implicated
in the causation of prostate cancer
in humans, this has not been firmly
established, and there is only limited
evidence of the carcinogenicity of
androgenic steroids in humans; they
are classified by IARC as probably
carcinogenic to humans (Group 2A),
because there is sufficient evidence
of their carcinogenicity in experimen-
tal animals (IARC, 1979, 1987). In
rats, testosterone is a weak complete
carcinogen and a strong tumour
promoter in the prostate (Bosland,
2014).

Estrogen receptor (ER) and
progesterone receptor (PR)

ER was discovered by Jensen
(Jensen et al.,, 1968; Jensen and
DeSombre, 1973), and its gene was
cloned in 1986 (Greene et al., 1986).

A second form of ER was discovered
in 1996 and was named ER-f to dis-
tinguish it from the receptor previous-
ly cloned, ER-a (Kuiper et al., 1996).

Genomic activity of ER, also
termed nuclear-initiated steroid sig-
nalling, is achieved through two
main mechanisms. The first involves
the direct binding of ER to its target
gene. Estrogen binding to its recep-
tor in the cytosol triggers a series of
events, starting with loss of chaper-
one molecules such as heat shock
protein 90 (Hsp90), and followed by
migration of the receptor from the cy-
tosol into the nucleus. Dimerization
of the receptor then induces a con-
formational change that allows sub-
sequent binding of the receptor dimer
to specific sequences of DNA known
as estrogen response elements. The
DNA-receptor complex recruits oth-
er proteins such as co-activators,
which are responsible for the ini-
tiation of transcription of downstream
DNA into mRNA, resulting in trans-
lation to proteins to produce chang-
es in cellular function (Dickson and
Stancel, 2000; Aranda and Pascual,
2001). The second mechanism of
transcriptional regulation does not
involve estrogen response elements
but is based on interaction of ER
with the transcription factors Fos and
Jun to bind to AP1 sites, or with Sp1
to bind to Sp1 sites (Nilsson et al.,
2001).

The two basic forms of ER, ER-a
and ER-B, show some sequence
homology and are widely distribut-
ed in tissues of the body, including
target tissues of estrogen carcino-
genicity, but they differ greatly in cell
type-specific abundance. In addition,
although their basic molecular mech-
anism of action is similar, they differ
in specificity and binding affinity for
ligands (Matthews and Gustafsson,
2003; Thomas and Gustafsson,

2011) and often have opposite activi-
ty in breast, prostate, and colon can-
cer cells (Bardin et al., 2004; Roger
et al., 2008; Chen and lverson, 2012;
Nelson et al., 2014).

There are several isoforms of
ER-a and ER-( that result from alter-
native mRNA splicing (Moore et al.,
1998; Flouriot et al., 2000; Wang
et al., 2005). Of these variants, ER-
a36 and ER-046 are predominantly
localized to the plasma membrane
and cytoplasm, mediating mem-
brane-initiated rapid non-genomic
signalling (Flouriot et al., 2000; Wang
et al., 2005). Of note, the so-called
estrogen-related receptors show a
high degree of sequence homology
with the ERs, but they are orphan re-
ceptors for which no ligand has been
identified (Deblois and Giguere,
2011, 2013). Although activation of
the a-isoform of estrogen-related
receptors resulted in suppression
of growth of xenografted human
breast cancer cells in nude mice
(Chisamore et al., 2009), there is no
evidence that these nuclear recep-
tors are involved in estrogen-induced
carcinogenesis.

Two isoforms of PR have
been identified, PR-A and PR-B,
which are encoded by the same
gene but controlled by different
estrogen-regulated promoter re-
gions and different translation ini-
tiation events (Conneely et al., 1989;
Kastner et al., 1990; Kraus et al.,
1993). These two receptor forms
play different roles in various tissues
and cell types and may have oppo-
site  molecular effects (Jacobsen
and Horwitz, 2012). Although PRs
are in many respects similar to ERs
in the way they initiate transcrip-
tion, dimerization may not always
be necessary, and PR monomers
can bind to progesterone response
element half-sites (Jacobsen et al.,
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2009; Jacobsen and Horwitz, 2012).
The gene expression and other bi-
ological responses mediated by re-
ceptor isoforms are often progestin-
and PR subtype-specific (Graham
and Clarke, 2002; Jacobsen and
Horwitz, 2012; Moore et al., 2012).
The expression of both isoforms is
induced by estrogens, but progestins
downregulate PRs (Jacobsen and
Horwitz, 2012).

Breast cancer induced by
hormonal therapies

Combined estrogen—progestin treat-
ments, as therapy for menopausal
symptoms or as oral contracep-
tives, are carcinogenic to the female
breast, but only the menopausal
therapy is carcinogenic to the endo-
metrium, whereas only the contra-
ceptive treatment is carcinogenic to
the uterine cervix and liver (IARC,
2012b). The mechanisms by which
these hormonal regimens cause
these cancers in women are not
clear.

The outcome of the estrogen-
alone arm of the Women’s Health
Initiative randomized clinical trial was
remarkable in that breast cancer in-
cidence was reduced (Anderson
et al., 2012), whereas breast cancer
incidence was increased in women
treated with combined estrogen—
progestin (Chlebowski et al., 2010).
These findings clearly indicate that
the addition of progestins (in the
form of continuous medroxyproges-
terone) to treatment with estrogens
(conjugated equine estrogens) is a
determining factor in breast carcino-
genesis induced by these hormones.

In the prospective Million Women
Study, estrogen-only treatment in-
creased risk of breast cancer, and
combined estrogen—progestin treat-
ment was associated with a greater
increase in breast cancer risk than

that observed with estrogen alone
(Beral, 2003). The stimulating ef-
fect of adding progestin treatment
to estrogen exposure in the induc-
tion of breast cancer has also been
demonstrated in a rat model (Blank
et al.,, 2008). Furthermore, the pure
anti-estrogen ICl 182780 inhibited
growth stimulation of transplanted
ER-positive mouse mammary tu-
mours by medroxyprogesterone in
intact mice (Giulianelli et al., 2012).
However, precisely how these two
hormones and their respective re-
ceptors interact in increasing breast
cancer risk is far from understood.
Both ER-a and ER-B can mediate
the growth stimulatory and, at higher
doses, inhibitory effects of estrogen,
and the ratio of abundance of the two
ER isoforms and the cellular context
in which they operate appear to be
critical determinants of the eventual
effect (Sotoca et al., 2008; Soldati
et al., 2010). In addition, these ERs
may cross-talk with signalling path-
ways and interact with PR (Giulianelli
et al., 2012; Cotrim et al., 2013).
Initially, ER- and PR-mediated
induction of cell proliferation had
been postulated to be responsible
for the carcinogenic effects of es-
trogens and progestins (Anderson
et al., 1989; King, 1991; Yager et al.,
1991; Pike et al., 1993; Feigelson
and Henderson, 1996). However,
this may be too simple a proposition,
because these hormonal factors also
have a wide range of other biological
effects. Although cell proliferation
is no doubt a necessary compo-
nent of the carcinogenic process,
is it probably not sufficient, and ad-
ditional factors, some of which may
also be receptor-mediated, are likely
to be required to induce malignant
cell transformation (Dickson and
Stancel, 2000) (see also below).
Enhanced cell proliferation has been
found in some substructures of the

breast of women treated with estro-
gen—progestin menopausal therapy
(Hofseth et al.,, 1999), and similar
effects have been observed in mice
(Raafat et al., 2001; Haslam et al.,
2002). However, there are partially
conflicting data in humans (Harvey
et al., 2008), and progesterone has
been found to inhibit estrogen-stim-
ulated proliferation of breast cancer
cells in vitro, depending on dose and
timing (Groshong et al., 1997; Lippert
et al., 2000).

There are convincing data indi-
cating that the hormonal changes
during the normal menstrual cycle
are associated with cyclic changes
in the rate of proliferation of epitheli-
al cells in the breast, which reaches
a maximum during the luteal phase,
when circulating levels of both estra-
diol and progesterone are high
(Anderson et al., 1989; Pike et al.,
1993). The cell proliferation rate of
the breast epithelium is increased
during both the follicular phase and
the late luteal phase (Anderson et al.,
1989). These findings suggest that
cyclicity in circulating hormone levels
may be a driving force in stimulating
cell proliferation in the normal breast,
resulting in a higher risk of breast
cancer with a higher number of years
during which a woman menstruates
(Henderson et al., 1982). If this no-
tion were correct, one would expect
that continuous exposure to estrogen
plus progestin would not increase
breast cancer risk, but the Women'’s
Health Initiative randomized clinical
trial with continuous exposure to
both agents demonstrated that this
is clearly not the case (Chlebowski
et al, 2010). Furthermore, similar
effects in increasing breast can-
cer risk were found for both se-
quential and continuous combined
estrogen—progestin treatment in the
prospective Million Women Study
(Beral, 2003).



The breast cells that proliferate
are not the cells that strongly express
ER or PR, suggesting that paracrine
mechanisms, possibly involving
breast stromal cells, play a major
role. Breast density (i.e. the relative
proportion of the stromal component
of the breast) has been found to be
associated with the rate of cell pro-
liferation (Clarke et al., 1997; Russo
et al,, 1999; Harvey et al., 2008).
Thus, in vitro studies with benign
or malignant breast epithelial cells
exposed to the sex hormones con-
tained in estrogen—progestin treat-
ments have limited significance,
because they do not involve a stro-
mal component, although once they
are malignantly transformed, breast
cancer cells may become inde-
pendent of paracrine mediation and
regulate their growth by autocrine
mechanisms (Obr and Edwards,
2012).

Also, cell culture-based studies
have yielded a somewhat confusing
overall picture of how estrogen and
progestin treatments interact in af-
fecting cell proliferation. Progestins
can inhibit estrogen-stimulated pro-
liferation of breast cells (Seeger
et al,, 2003a, b), but they also in-
crease the ratio of apoptosis to prolif-
eration (Kréamer et al., 2005; Seeger
et al., 2005). Dose and type of pro-
gestin appear to be critical in deter-
mining the eventual effect (Seeger
et al., 2003b, 2005). Despite their
limitations, these in vitro studies have
shown that ER- and PR-mediated
apoptosis must be considered as an
important effect of combined estro-
gen—progestin treatment, and they
have provided evidence that growth
factors can be determinants of these
effects (Kramer et al., 2006).

More recent observations in nor-
mal human breast tissue have pro-
vided evidence that ER-a is predom-

inantly expressed in luminal cells,
whereas PR expression is enriched
in the basal cell compartment, which
may contain progenitors of luminal
cells and possibly cancer progenitor
cells (Hilton et al., 2012). This obser-
vation may have a bearing on the no-
tion that there are four basic breast
cancer types (and possibly subtypes
of these) (Sorlie et al., 2001; Guiu
et al., 2012; Elsawaf et al., 2013).
Although it is currently not known
which of these four breast cancer
types are associated with estrogen—
progestin treatment, breast can-
cer risk associated with hormonal
menopausal therapy varied among
different histological types of inva-
sive and in situ breast cancer in the
Million Women Study (Reeves et al.,
2006). Of interest in this respect is
the observation that there may be
cross-talk between PR subtypes
and human epidermal growth factor
receptor (HER)/ErbB receptors in
HER-positive breast cancers (Lindet
etal., 2012).

Genotoxicity of estrogen metab-
olites potentially plays a role in the
carcinogenicity of estrogen and es-
trogen—progestin treatments (Yager
and Liehr, 1996; Cavalieri et al.,
2000; Yager and Davidson, 2006). In
addition, some estrogen metabolites
(the 4- and 16a-hydroxylated but
not the 2-hydroxylated metabolites)
can also have cell proliferative ef-
fects through poorly defined mecha-
nisms that may involve ER mediation
(Seeger et al., 2006).

Overall, there is little doubt that
ER- and PR-mediated mechanisms,
including stimulation of breast cell
proliferation, are involved in the
carcinogenicity of estrogen—pro-
gestin treatments (Sutherland et al.,
1998; Anderson and Clarke, 2004).
However, other mechanisms are
clearly also operational and are
probably critically important as well;

the interplay of these molecularly
diverse mechanisms is likely to be
highly complex and is still poorly
understood (Yager and Davidson,
2006). In addition, the understanding
of how these receptors function is
still evolving in many ways. For ex-
ample, it has become apparent that
microRNAs regulate ER and PR ex-
pression and in turn are regulated by
these receptors as well (Adams et al.,
2007; Maillot et al.,, 2009; Pandey
and Picard, 2010; Cochrane et al.,
2012), but it is not known whether or
how these mechanisms are involved
in breast carcinogenesis.

Cancer of the endometrium and
ovary

The reduction of risk of cancer of
the endometrium and ovary by use
of combined oral contraceptives is
well established, whereas menopau-
sal estrogen therapy unopposed by
progestins causes cancer of the en-
dometrium (IARC, 2012b). In the nor-
mal premenopausal endometrium,
cell proliferation rates are high dur-
ing the follicular phase, when estra-
diol levels peak, but they decline as
progesterone levels rise in the luteal
phase (Whitehead et al., 1981; Key
and Pike, 1988).

It is well established that the
longer a woman menstruates, the
higher the risk of cancer of the en-
dometrium (Key and Pike, 1988;
Karageorgi et al., 2010). This rela-
tionship is similar for cancers that
differ in the degree of genomic insta-
bility (Amankwah et al., 2013) and for
both the common endometrioid form
of endometrial cancer (type 1) and
the less common type Il endometri-
al cancers (including serous, clear
cell, and mixed Mdllerian tumours)
(Setiawan et al., 2013).

Estrogen therapy during men-
opause also increases endometri-
al cell proliferation, and this effect
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is counteracted by progesterone
(Whitehead et al., 1981), whereas
progestin-only contraceptives sup-
press cell proliferation in the en-
dometrium (Landgren et al., 1990;
Moyer and Felix, 1998). It is not
clear whether changes in cell prolif-
eration are the only explanation for
the induction of endometrial cancer
by estrogens and for the preventive
effects of combined oral contracep-
tives on endometrial and ovarian
cancer and the preventive effects
of progestins on endometrial cancer
induced by estrogens. Even less is
known about hormonal effects on the
ovary that may be involved in ovarian
carcinogenesis.

Diethylstilbestrol

The human transplacental carcin-
ogen diethylstilbestrol is not only
genotoxic but is also probably the
strongest known estrogen. Its ge-
notoxic effects in human and rodent
tissues and cells are unlikely to be
receptor-mediated.  Non-genotoxic
effects of diethylstilbestrol mediat-
ed by ERs are hormonal in nature
and involve estrogenic stimulation
of cell proliferation, which has a bi-
phasic dose-response relationship
in breast cancer cells in vitro (Reddel
and Sutherland, 1987).
Diethylstilbestrol induces epige-
netic changes in DNA methylation
in target tissues in rodents (Li et al.,
2003; Newbold et al., 2007; Tang
et al., 2008). These changes may be
heritable (Anway and Skinner, 2006)
and conceivably underlie the mech-
anism responsible for the develop-
mental and carcinogenic effects ob-
served in the second, and possibly
the third, generation of rodents after
in utero exposure to diethylstilbestrol
(Newbold et al., 1998, 2000); these
effects have also been reported in

female and male offspring of women
exposed to this synthetic estrogen
during pregnancy (Titus-Ernstoff
et al., 2008; Kalfa et al., 2011).
Whether these epigenetic effects are
ER-mediated is unknown (Newbold
et al., 2006). It is also unclear wheth-
er the immunosuppressive effects of
diethylstilbestrol are ER-mediated
(Brown et al., 2006). Overall, the
contribution of ER-mediated mecha-
nisms in the carcinogenic effects of
in utero exposure to diethylstilbestrol
is not clear. It seems likely that any
ER-mediated effect of prenatal expo-
sure to diethylstilbestrol facilitates its
genotoxic effects by stimulating cell
proliferation in target cells, or other-
wise by increasing the induction of
the DNA alterations that underlie the
carcinogenicity of diethylstilbestrol
(IARC, 2012b).

Studies with mice that overex-
press or lack ER-a suggest that
endogenous estrogen in the adult
animal acts as a tumour promoter
via ER mediation, after induction of
permanent genotoxic and epigenetic
effects by exposure to diethylstilbes-
trol early in life (Couse et al., 1997,
2001; Couse and Korach, 2004).
This notion would be consistent with
the observation that malignancies
induced by diethylstilbestrol in wom-
en exposed in utero do not appear
until after menarche (Couse and
Korach, 2004). The role of ER in the
increased risk of breast cancer ob-
served in women exposed to diethyl-
stilbestrol during pregnancy is not
clear, but a combination of genotoxic
effects and stimulation of cell prolif-
eration is likely (IARC, 2012b).

In conclusion, cell proliferation
appears to be involved in how hor-
mones used in menopausal thera-
py cause cancer of the breast and
endometrium and possibly cancer
of the ovary, and how combined

oral contraceptives cause malignan-
cies of the liver, uterine cervix, and
breast, but the precise mechanisms
by which these tumours are caused
and how exactly these hormonal
treatments are involved mechanis-
tically is far from clear. Most recent
research has focused on molecular
alterations in cancers at these sites
and the mechanisms by which they
can develop, but how hormonal fac-
tors intersect with these process-
es remains unknown (Merritt and
Cramer, 2010).

Even more nebulous is how com-
bined oral contraceptives provide
lasting protection against cancer
of the endometrium and ovary, and
how precisely progestins protect
the endometrium against estro-
gens used in menopausal therapy.
Downregulation of PR may in part
explain these protective effects, be-
cause it may result in reduction of
cell proliferation, but other mecha-
nisms are also likely to be involved.
Similarly, just evoking stimulation of
cell proliferation as the mechanism
by which unopposed estrogen caus-
es endometrial cancer is probably
an oversimplification as well.
Involvement of ER in the mechanism
by which diethylstilbestrol causes
cancer in women after prenatal ex-
posure may be limited to the effects
of endogenous estrogens acting as
tumour promoters.

Aryl hydrocarbon receptor
(AhR)

AhR is a member of the PER-ARNT-
SIM family of basic helix-loop—helix
transcription factors (Burbach et al.,
1992). This receptor is induced by
and binds to a very large number
of exogenous ligands, including
PAHs such as benzo[alpyrene,
planar PCBs, polychlorinated
dibenzofurans, and its most potent



ligand, TCDD (Denison et al., 2002;
Tsuchiya et al., 2003; Flaveny et al.,
2009).

Endogenous ligands for AhR
have not been identified with cer-
tainty, but it is likely that these exist
and that AhR has a physiological role
(Gonzalez and Fernandez-Salguero,
1998; Carlson and Perdew, 2002;
Bock and Kohle, 2009). Certain en-
dogenously formed tryptophan deriv-
atives that bind to and activate AhR
have been identified, but their phys-
iological role has not yet been firm-
ly established (Denison and Nagy,
2003; Henry et al., 2006; Perdew
et al., 2015). Factors that can acti-
vate AhR in cultured liver cells have
been found in the serum of knockout
mice that lack AhR (McMillan and
Bradfield, 2007), but whether these
are the elusive endogenous ligands
is uncertain.

This cytosolic receptor, once
bound to a ligand, translocates to
the nucleus, loses various chaper-
one molecules, such as Hsp90, and
heterodimerizes with  ARNT. The
AhR—-ARNT complex then binds to
xenobiotic response elements, also
termed dioxin response elements,
in the promoter regions of the genes
it regulates, including those encod-
ing CYP1A1, CYP1A2, CYP1B1,
glutathione-S-transferase M, and
nicotinamide adenine dinucleotide
phosphate NAD(P)H:quinone ox-
idoreductase, all of which are in-
volved in metabolism of xenobiotics
(Beischlag et al., 2008; Denison
et al., 2011). Involvement of AhR in
immune regulation, the cell cycle,
the function of mucosal barriers,
and development has recently been
identified (Hubbard et al., 2015).

In addition, AhR can interact with
molecules other than ARNT and can
engage extensively in cross-talk with
various signalling pathways. It can

interact directly with phosphorylat-
ed retinoblastoma protein, leading
to cell-cycle arrest, and with ER-a
and ER-B in various ways, resulting
in repression of ER-mediated signal-
ling and anti-estrogenic effects (Safe
etal., 1998; Safe and Wormke, 2003;
Dietrich and Kaina, 2010; Denison
et al., 2011). Interestingly, ARNT by
itself can activate ER-a, and par-
ticularly ER-B (Riiegg et al., 2008).
AhR may activate cyclin A via JunD
and ATF2, thereby inhibiting contact
inhibition in vitro, which would be a
pro-carcinogenic effect (Weiss et al.,
2008; Dietrich and Kaina, 2010).

The great diversity of genes reg-
ulated by AhR and the many mech-
anisms involved are remarkable and
illustrate the considerable complexity
in how AhR functions (Denison et al.,
2011). This complexity is exacerbated
because (i) ligand-dependent differ-
ences have been observed in co-ac-
tivator recruitment and in binding
specificity of AhR towards sequence
variants in xenobiotic response ele-
ments, (ii) cell type-specific co-acti-
vators and co-repressors can mod-
ulate DNA binding specificity of the
AhR-ARNT complex, (iii) AhR and
the AhR—ARNT complex may them-
selves act as co-activators for other
transcription factors, and (iv) exten-
sive cross-talk exists with important
signalling pathways (Beischlag et al.,
2008; Denison et al., 2011).

It is not surprising that activation
of AhR results in distinct species-
and tissue-specific changes in gene
expression profiles and that these
may be subject to temporal changes
and can be dependent on, as well
as independent of, TCDD and diox-
in-like compounds such as PCBs
and dibenzofurans (Vezina et al.,
2004; Tijet et al., 2006; Kopec et al.,
2008, 2013; N'Jai et al., 2008; Dere
et al.,, 2011a, b). In this regard, it is

relevant that there are interspecies
and rat and mouse strain-specific
differences in AhR binding affinity for
TCDD, as well as in functional AhR
polymorphisms, AhR abundance,
and cofactors required for AhR ac-
tivity, which may all be critical to the
carcinogenic process (Barrett, 1995;
De Souza et al., 2009; Flaveny et al.,
2009).

The binding affinity of human AhR
for dioxin is much weaker than that
found for AhR in some rodent spe-
cies (Ema et al., 1994; Ramadoss
and Perdew, 2004). Rodents have
a high degree of AhR sequence ho-
mology (Korkalainen et al., 2001), but
there is less homology with human
AhR (Ema et al., 1994; Flaveny et al.,
2008). There are also differences
between humans and rodents in the
response of hepatic gene expres-
sion to TCDD, but little difference
in inducibility of CYP450 enzymes
(Mandal, 2005).

Mice that carry AhR variants
with different dioxin-binding affini-
ties vary in their response towards
TCDD toxicity and PAH-induced
carcinogenesis (Garte and Sogawa,
1999; De Souza et al., 2009; Flaveny
et al., 2010). Thus, there are differ-
ences between humans and rodents
in AhR binding affinity that may
account for interspecies variation
in AhR-mediated carcinogenicity.
Toxicogenomic comparisons of hu-
man, rat, and mouse cells or tissues
exposed to TCDD indicate consider-
able interspecies differences in the
response to dioxin (Boverhof et al.,
2006; Black et al., 2012). Of note,
there are AhR polymorphisms in hu-
mans, some of which could conceiv-
ably be associated with differences
in toxic effects and cancer risk in re-
sponse to exposure to TCDD (Garte
and Sogawa, 1999; Hung et al,
2013; Luo et al., 2013).
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AhR-mediated carcinogenesis

TCDD and dioxin-like PCBs are
considered to be AhR-mediated
carcinogens. PCBs as a group have
recently been designated by IARC
as Group 1 carcinogens (Lauby-
Secretan et al., 2013; IARC, 2016).
TCDD is a multisite human carcin-
ogen (Warner et al., 2011; IARC,
2012a, 2016). There is sufficient ev-
idence from epidemiological studies
that exposure to PCBs causes mela-
noma (Loomis et al., 1997; Gallagher
et al,, 2011; IARC, 2012a, 2016). For
non-Hodgkin lymphoma, there are
mixed data, suggesting that risk may
be elevated in men but not in women
(Bertrand et al., 2010; Laden et al.,
2010; Maifredi et al., 2011; Brauner
et al.,, 2012; Kramer et al.,, 2012;
IARC, 2016). The most recent up-
date of the follow-up study on people
affected by the poisoning incident in
1968 in Japan, where rice oil was
contaminated with PCBs and poly-
chlorinated dibenzofurans, indicat-
ed small but statistically significant
associations with risk of all cancers
and risk of cancer of the liver and
lung (Onozuka et al., 2009). The epi-
demiology for PeCDF is very sparse
(IARC, 2012a).

TCDD has an extremely wide
range of biological and toxic ef-
fects, many, but not all, of which
are mediated by AhR (Poland and
Glover, 1980; Birnbaum et al., 1990;
Fernandez-Salguero et al., 1995).
AhR is critical to the carcinogenicity
of TCDD and at least some diox-
in-like compounds, such as certain
PCBs and polychlorinated dibenzo-
furans, as summarized in Volume 69
(IARC, 1997), Volume 100F (IARC,
2012a), and Volume 107 (IARC,
2016) of the IARC Monographs. In
Volume 69, it was stated that “even
though Ah receptor activation is like-

ly to be required for the carcinogeni-
city of 2,3,7,8-TCDD, its precise role
in this process remains unclear.” Ten
years later, Walker (2007) concluded
that “despite ... decades of research,
we still do not have a clear mecha-
nism of action leading from ligand
binding of TCDD or a related ligand
to the AhR and the ultimate develop-
ment of toxicities [including carcino-
genesis]”. Research from the past
several years does not change this
conclusion (Budinsky et al., 2014).

TCDD, PCB 126, and PeCDF
are complete carcinogens as well
as tumour promoters in rodents,
and some other PCBs and poly-
chlorinated dibenzofurans have
tumour-promoting activity as well
(Hébert et al., 1990; Anderson et al.,
1991; Waern et al., 1991; Hemming
et al.,, 1995; IARC, 1997). Induction
of xenobiotic-metabolizing CYP450
enzymes has been recognized as
one of the major effects of activa-
tion of AhR relevant to its contrib-
ution to the carcinogenic effects of
planar PAHs, TCDD, and dioxin-like
compounds (IARC, 1997, 2012a).
However, many other major effects
of AhR activation can conceivably
also contribute to the carcinogeni-
city of these AhR ligands, including
induction of cell proliferation, oxida-
tive stress, cross-talk with signalling
pathways involved in carcinogenic
mechanisms, induction of cell pro-
liferation, and alteration of cell—cell
interactions (Schwarz and Appel,
2005; Dere et al., 2006; Dietrich and
Kaina, 2010). Sustained activation of
AhR has been postulated to be nec-
essary for its carcinogenic activity in
the liver in rodents (Budinsky et al.,
2014). Carcinogenicity of PCBs is
likely to involve not only AhR activa-
tion but also other such mechanisms
(IARC, 2016).

Many of these effects and mech-
anisms may be ligand-specific, as
indicated by comparative toxicoge-
nomic studies of the liver of mice in
vivo and of primary rat hepatocytes
in vitro after short-term exposure
to dioxin-like compounds (Kopec
et al., 2008, 2010; N'Jai et al., 2008;
Rowlands et al., 2011). In toxicoge-
nomic studies, longer-term in vivo
exposure (13 or 52 weeks) of rats to
the AhR ligands TCDD, PeCDF, and
PCB 126, as well as the non-AhR
ligand 2,2',4,4',5,5'-hexachlorobiphe-
nyl (PCB 153), revealed consider-
able ligand specificity (Vezina et al.,
2004; Ovando et al., 2010).

Nevertheless, these gene expres-
sion profiling studies did show partial
overlap of genes regulated by TCDD,
PCB 126, and PeCDF (Vezina et al.,
2004; Kopec et al.,, 2008; Ovando
et al., 2010). PeCDF and PCB 126
appeared to share more gene re-
sponses than either compound
shared with TCDD (Vezina et al,
2004). These studies used equi-
potent doses on the basis of so-
called toxic equivalency factors, and
showed AhR-mediated gene expres-
sion responses that were shared
among TCDD, PCB 126, and PeCDF
or 2,3,7,8-tetrachlorodibenzofuran.
However, the non-coplanar PCB
153, which does not activate AhR but
may antagonize it (Suh et al., 2003),
also shared some gene responses
with TCDD and PCB 126 (Kopec
et al., 2010; Ovando et al., 2010).

Exposure to TCDD, and possibly
to 2,2',3,3'4,4-hexachlorobiphenyl
(PCB 128) and PeCDF, affects vari-
ous metabolic genes and cell regula-
tory pathways known to be involved
in cancer, such as genes of the G
protein-coupled receptor protein
signalling pathway and genes of the
polyamine and glutathione pathways
(Jennen et al., 2011). Exposures to



combinations of PCBs have not been
studied but would be of interest, giv-
en that, for example, PCB 153 signif-
icantly increased the carcinogenic
potency of PCB 126 (NTP, 2006c).
Overall, the mechanism of action of
TCDD and dioxin-like compounds
appears to be highly complex and to
be dependent on ligand, dose, du-
ration of exposure, and sex, and it
is only partly understood (Silkworth
et al., 2008; Budinsky et al., 2014).

Oxidative stress and oxidative
DNA damage have long been recog-
nized as important factors in carcino-
genesis (Klaunig et al., 2011) (see
Chapter 15, by Bucher). Oxidative
stress has been demonstrated to
occur after in vivo and in vitro expo-
sure to AhR ligands including TCDD,
PCB 126, and PeCDF (Yoshida
and Ogawa, 2000; Hennig et al,
2002). Upregulation of CYP1A1 and
CYP1B1 by activated AhR increases
the chance of production of reactive
oxygen species upon uncoupling
of the catalytic cycle of these en-
zymes, as has been shown for ex-
posure to dioxin-like coplanar PCBs
(Schlezinger etal., 2006; Green et al.,
2008). In addition, in experiments
with mice, AhR activation has been
associated with mitochondrial pro-
duction of reactive oxygen species
in a process that does not appear
to involve CYP450 enzymes (Senft
et al., 2002).

Many signalling pathways are
mechanistically involved in carcino-
genesis, including those involved
in regulation of cell proliferation,
apoptosis, senescence, and angio-
genesis (Hanahan and Weinberg,
2011) (see Chapter 10, by Smith).
There is considerable evidence of
extensive cross-talk of AhR with
several of these and other path-
ways, including various nuclear
transcription factors (Haarmann-

Stemmann et al., 2009; Puga et al,,
2009) and the transforming growth
factor beta (TGF-B) (Gomez-Duran
et al., 2009) and nuclear factor kap-
pa-light-chain-enhancer of activated
B cells (NF-kB) pathways (Tian et al.,
1999; Vogel and Matsumura, 2009).
There is also evidence for cross-talk
with the constitutive androstane re-
ceptor and one of its target genes in
mice, Cyp2b10 (Patel et al., 2007),
and with cyclin G2 (Ahmed et al,
2012).

The extensive cross-talk with
ER signalling mentioned above ex-
plains the anti-estrogenic properties
of TCDD (Safe and Wormke, 2003;
Denison et al., 2011). There is evi-
dence that this AhR—-ER cross-talk
can occur at different levels of AhR
involvement in the regulation or
dysregulation of gene expression,
including non-classical modes with
AhR-ARNT or just AhR acting as
co-repressor (Ohtake et al., 2003;
Labrecque et al., 2012).

Mediated by AhR, TCDD down-
regulates the EGF receptor and in-
hibits binding of EGF to its receptor
in several tissue types (Madhukar
et al.,, 1984; Kitamura et al., 2006;
Haarmann-Stemmann et al., 2009).
This reduces EGF signalling, which
may be an anti-carcinogenic rath-
er than a pro-carcinogenic effect.
Conversely, EGF receptor signalling
appears to inhibit AhR action at the
DNA level (Sutter et al., 2009), indi-
cating significant cross-talk with EGF
pathways.

Induction of cell proliferation has
long been considered to be a causal
factor in carcinogenesis in humans
and experimental animals (Preston-
Martin et al., 1990; Schwarz et al.,
1995), with receptor mediation and
an imbalance between proliferation
and apoptosis in favour of cell growth
as major mechanisms (Roberts

et al.,, 1997; Oliver and Roberts,
2002). TCDD has been found to in-
duce hepatocellular replicative DNA
synthesis in vivo in some studies
(Lucier et al., 1991) but not in oth-
ers (Fox et al., 1993; Bauman et al.,
1995), and it inhibits growth of pri-
mary hepatocytes in vitro (Hushka
and Greenlee, 1995). Lack of AhR in
knockout mice resulted in increased
hepatocellular  apoptosis (Zaher
et al., 1998), but TCDD treatment
of rats that express AhR also re-
sulted in increased apoptosis in the
liver during hepatocarcinogenesis
(Stinchcombe et al., 1995). In human
skin cells in vitro, TCDD caused in-
hibition of cellular senescence, pre-
sumably via AhR, which may explain
in part the tumour-promoting activi-
ty of TCDD in initiated skin in mice
(Ray and Swanson, 2009). However,
whether this mechanism occurs in
vivo and in the liver is not known.
PCBs can also stimulate hepatic cell
proliferation, but this is not consis-
tently found and may or may not be
AhR-dependent.

The coplanar PCB 126 and the
non-coplanar PCB 153 both in-
duced proliferation, but only af-
ter a tumour-initiating dose of
diethylnitrosamine, and both had
liver  tumour-promoting  activity
(Rignall et al., 2013). However, in
other studies, PCB 153 stimulated
hepatocellular proliferation in rats
but not when preceded by treatment
with  diethylnitrosamine, whereas
the coplanar 3,3'4,4'-tetrachlorobi-
phenyl (PCB 77) inhibited or stim-
ulated hepatocellular proliferation
(Tharappel et al,, 2002; Lu et al,
2003, 2004). PCB 126, but not PCB
153, stimulated proliferation of cul-
tured liver cells (Vondracek et al.,
2005). In studies with exposures of
up to 2 years, PCB 153 did not stim-
ulate hepatic cell proliferation and
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had equivocal carcinogenic activity,
whereas PCB 126 did stimulate pro-
liferation after exposure for 1 year
and was carcinogenic (NTP, 2006a,
b). In similar studies, PeCDF and the
coplanar 2,3',4,4'5-pentachlorobi-
phenyl (PCB 118) also stimulated he-
patic cell proliferation and had carci-
nogenic activity (NTP, 2006c, 2010).
Overall, the involvement of AhR-
mediated changes in cell prolifera-
tion and apoptosis in TCDD carcino-
genesis is not clear and may depend
on context (in vivo or in vitro), tumour
induction protocol (initiation—promo-
tion or continuous treatment), tissue,
dose and duration of TCDD treat-
ment, and species (Budinsky et al.,
2014). This may also be the case for
dioxin-like PCBs and dibenzofurans.

AhR appears also to be critical
to the carcinogenicity of PAHs that
are preferentially metabolized by
CYP1A1 and CYP1A2, such as ben-
zo[alpyrene and dibenzola,/]pyrene
(Shimizu et al., 2000; Nakatsuru
et al., 2004), but not 7,12-dimethyl-
benz[alanthracene (DMBA) (Ilde
et al., 2004). This is presumably be-
cause DMBA is metabolically activat-
ed by CYP1B1, which does not need
induction by AhR but is constitutively
expressed in rodent target tissues,
and is required for the carcinogen-
icity of DMBA (Buters et al., 1999;
Ide et al., 2004). Diethylnitrosamine,
which is not an AhR ligand and
is metabolically activated not by
CYP1A1 but by CYP2E1, induced
liver tumours in mice, and this effect
was markedly enhanced in mice that
lack AhR (Fan et al., 2010).

TRAMP (transgenic adenocarci-
noma mouse prostate) mice, which
have disrupted retinoblastoma and
p53 function in the prostate, result-
ing in tumour development in this
organ, displayed increased tumour
formation when crossed with AhR-

null mice (Fritz et al., 2007). These
findings suggest that AhR can func-
tion as a tumour suppressor, which
is supported by the observation of
increased cell proliferation and re-
duced apoptosis in liver tumours
induced by diethylnitrosamine in
AhR-null mice (Fan et al., 2010).

There is some evidence from
studies with human tumour cells
in culture to support the idea that
AhR has tumour-suppressive po-
tential (Zudaire et al., 2008). This
notion may appear to be in conflict
with the reduced or absent tumour
development in mice that lack AhR
in response to treatment with ben-
zo[alpyrene and dibenzola,/]pyrene
(Shimizu et al.,, 2000; Nakatsuru
et al, 2004). However, mice that
lack the Arnt gene specifically in
the skin did not develop skin cancer
when treated with benzo[a]pyrene
plus TPA, whereas they did so when
treated with a carcinogen that does
not require AhR mediation, such as
N-methyl-N-nitrosourea, followed by
TPA (Shi et al., 2009). This finding
strongly suggests that CYP1A1 in-
duction by the AhR—-ARNT complex
in response to benzo[a]pyrene treat-
ment is required for benzo[a]pyrene
to be carcinogenic.

In conclusion, AhR is activated
by many chemical agents; some of
these are carcinogens, and others
are not. Most or all carcinogenic
compounds that activate AhR are
likely to also act via other mecha-
nisms to cause cancer. Thus, AhR
activation is probably best consid-
ered as an important mechanistic
effect of carcinogens rather than as
the sole or predominant carcinogen-
ic mechanism of such compounds.

In view of the complexity of AhR-
mediated mechanistic events, it is
likely that there are many ways in
which this important receptor can

be involved in the carcinogenic pro-
cess. Nonetheless, it is clear that
AhR is critical to the carcinogen-
icity of TCDD and some or many
dioxin-like compounds as well as
some important PAHs, and it is ev-
ident that this receptor can be in-
volved in cancer-initiating as well as
tumour-promoting mechanisms.

Summary

How do we evaluate — on the basis
of mechanistic data — the carcino-
genicity to humans of chemicals
that have not been tested in chronic
animal bioassays or adequate epi-
demiological studies? Are all chemi-
cals that bind to and activate AhR, or
all agents that activate both ER and
PR, human carcinogens?

A case in point is the designation
of PCB 126 and PeCDF as carcino-
genic to humans (Group 1) in Volume
100F ofthe IARC Monographs (IARC,
2012a). This classification was based
on the ability of these chemicals
to activate AhR, induce CYP1A1,
CYP1A2, and other drug-metaboliz-
ing enzymes, stimulate cell prolifer-
ation, induce oxidative stress, and
have carcinogenic and tumour-pro-
moting activities in ways similar to
those observed with TCDD. A critical
point was the ability of these agents
to produce a spectrum of neoplasms
that is similar to the tumours found
after treatment with TCDD in the
same rodent species. This designa-
tion would probably not have been
justified in the absence of such ani-
mal bioassay data.

There may be compounds that
activate AhR and induce CYP1A1
and CYP1AZ2 but are not carcinogen-
ic. B-Naphthoflavone is an example
of such a compound that activates
AhR and induces CYP1A1 but is
not a carcinogen (Denison et al,



2011), even though it is a liver tu-
mour promoter after treatment with
diethylnitrosamine (Hayashi et al.,
2012). Omeprazole also activates
AhR and induces CYP1A1 but is not
carcinogenic (Kleeberg et al., 1999).
However, many other agents that
activate AhR and induce CYP1A1
and CYP1A2 are carcinogenic.
Furthermore, induction of oxidative
stress by TCDD and dioxin-like com-
pounds is non-specific and is — like
various other pleiotropic effects of
these agents — perhaps not required
for AhR-mediated carcinogenesis.
Such effects can only be considered
additional evidence suggesting that
a compound that activates AhR and
induces CYP1A1 and CYP1A2 is car-
cinogenic to humans or experimental
animals.

Stimulation of cell proliferation
is often invoked as an effect that
indicates carcinogenic potential of
chemicals and as a cause of human
cancer (Preston-Martin et al., 1990;
Oliver and Roberts, 2002). But one
can ask whether receptor-mediated
effects resulting in enhancement of
cell proliferation and/or reduction of
apoptosis are sufficient for carcino-
genicity, or whether more is needed.

Induction of cell proliferation
by estrogens and progestins or by
TCDD and dioxin-like compounds
is not a simple effect but is highly
complex and dependent on a wide
variety of factors, as was pointed out
above. Only in certain circumstances
will these agents stimulate cell pro-
liferation in target tissues, whereas
in other situations they may inhibit
proliferation (Hushka and Greenlee,
1995). Furthermore, there is only
scant direct evidence that increased
cell proliferation by itself causes tu-
mours or malignant transformation.
Most likely, genetic damage is re-
quired in combination with cell pro-

liferation or reduction of apoptosis;
in that concept, receptor-mediated
carcinogens are tumour promoters,
co-carcinogens, enhancers of sus-
ceptibility, or indirect inducers of ge-
notoxicity, for example via induction
of oxidative stress. For example, in-
creased cell proliferation has been
shown to neoplastically transform rat
hepatocytes only after treatment with
a genotoxic agent (Lee et al., 1989).
NIH 3T3 cells will undergo complete
neoplastic transformation under fa-
vourable conditions after sustained
proliferation, but these cells are al-
ready immortalized (Yao et al., 1990;
Chow and Rubin, 2000).

Thus, it appears that stimula-
tion of cell proliferation by itself is
not sufficient to induce cancer, but
that it can be a powerful enhancer
of carcinogenesis by facilitating ini-
tiating events, for example through
fixation of pro-mutagenic DNA le-
sions, affecting DNA repair, inducing
error-prone DNA synthesis (Mimura
and Fujii-Kuriyama, 2003), and/or
by acting as a driving force during
tumour promotion and progression.
These notions obviously have impli-
cations for the use of cell prolifera-
tion as a criterion in hazard identi-
fication of suspected carcinogens
and in carcinogen risk assessment
(Melnick et al., 1996).

Receptor-mediated events are
typically  dose-dependent, and
dose—response relationships be-
tween ligands and receptor-mediated
effects are often nonlinear. This has
led to the concept of a dose thresh-
old for receptor-mediated carcino-
gens that is used in carcinogen risk
assessment. However, non-thresh-
old dose-responses also occur, and
there are many factors that can af-
fect the shape of dose—responses of
non-genotoxic or receptor-mediated
carcinogens (Melnick et al., 1996).
Moreover, for steroid hormone-like

compounds, such as those used in
combined oral contraceptives and
hormonal menopausal therapy, the
dose-response is typically biphas-
ic (inverted U-shaped), and the ef-
fect threshold is observed at very
low doses (Reddel and Sutherland,
1987; Groshong et al., 1997).

A further complicating issue is the
evidence for a wide range of modi-
fying factors that can affect the re-
ceptor-mediated action of suspected
carcinogenic agents; not only is the
dose critical, but species, sex, age,
tissue or cell context, duration and
timing of exposure, and route of ex-
posure are all crucially important
modifying factors, as pointed out
above. Often neglected are co-ex-
posures that may be important in de-
termining the ultimate effect; for ex-
ample, exposure to cigarette smoke
and its constituents may influence
the outcome of exposure to TCDD
or other dioxin-like compounds
(Kitamura and Kasai, 2007).

The diversity of ER-, PR-, and
AhR-mediated effects observed
across species, sexes, tissues, and
cell types and across exposure con-
ditions (dose, duration, timing, and
route of exposure) poses consid-
erable obstacles to rational testing
for carcinogenic and mechanistic
effects that predict human carcino-
genicity of agents that act via these
receptors. Whole-animal models are
essential to sort out these effects,
and animal bioassays that are de-
signed to detect relevant carcino-
genic effects remain indispensable.
However, no good animal models
exist for exposures to some of the
important receptor-mediated carcin-
ogens. It is not clear how to best test
for effects of agents that are used or
intended as oral contraceptives, and
there are no truly relevant animal
models reflecting conditions found
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during and after human menopause.
Mice or rats ovariectomized at age
1-1.5 years may be useful as a mod-
el for menopause, but this approach
has not been used much. More re-
search will be needed to develop and
validate approaches with appropriate
animal models for these important
exposure conditions in humans.

As indicated above, there are
also no validated models to evaluate
the protective effects of combined
oral contraceptives and hormonal
agents used in menopausal therapy.
Although standard animal models for
cancer of the colon and breast could
be used, there is a paucity of mod-
els for cancer of the endometrium,
ovary, and cervix. To investigate ef-
fects of environmental exposures to
receptor-mediated dioxin-like com-
pounds, the Harlan Sprague-Dawley
rat has proven to be suitable and
sensitive in a large number of studies
with these agents. Mice that lack or
overexpress AhR have been useful
to examine mechanisms underlying
the effects of TCDD, but differences
related to genetic background and
strain hamper the generalization of
the results of such research. Studies
with diethylstilbestrol have demon-
strated that for exposure to hormonal
agents in early life, particularly in ute-
ro, neonatal treatment of CD-1 mice
and Sprague-Dawley rats is informa-
tive and relevant for effects observed
in humans. However, in vitro models
may not be very relevant for studying
the effects of most carcinogens that
act via receptor mediation, because
of the likely importance of paracrine
mechanisms involving stromal cells,
as shown for ER- and PR-mediated
events. However, as a screening
tool, approaches based on the use
of cell cultures will remain very im-
portant for initial investigations and
studies that are not feasible in whole
animals.

Perhaps the most difficult aspect
of evaluating the carcinogenic po-
tential of agents that act via recep-
tors, particularly AhR, ER, and PR,
is the sheer complexity of how these
receptors are involved in mediat-
ing the effects of chemical agents
(Pandey and Picard, 2010; Denison
et al., 2011; Jennen et al., 2011; Ruiz-
Aracama et al., 2011; Thomas and
Gustafsson, 2011; Cochrane et al.,
2012; Jacobsen and Horwitz, 2012).
Signature changes in gene expres-
sion induced in target cells or tissues
by suspected carcinogens would be
a most useful tool for carcinogen
identification if they would suggest
or predict the carcinogenicity of the
agents. However, no consensus al-
terations in gene expression profiles
have yet been identified for groups
of agents that are thought to act
via similar mechanisms, such as di-
oxin-like compounds or estrogenic
substances. In fact, as pointed out
above, even within the group of di-
oxin-like compounds there is consid-
erable variation in the gene expres-
sion changes they induce (Vezina
et al,, 2004; Kopec et al., 2008,
2010; Ovando et al., 2010; Jennen
et al.,, 2011). In addition, knowledge
about the mechanisms by which
these chemicals act continues to
evolve in major ways. For example,
recent data indicate that some PCBs
can be genotoxic because they are
metabolized to DNA-damaging re-
active intermediates, overturning the
notion that PCBs are purely recep-
tor-mediated agents (Ludewig and
Robertson, 2012; IARC, 2016).

In conclusion, receptor-mediat-
ed mechanisms are central to the
carcinogenicity of important groups
of human carcinogens, but they are
often incompletely or poorly under-
stood. Research during the past two
decades has revealed a high degree

of complexity as to how such carci-
nogenic agents mechanistically act
via receptors, and insight into these
mechanisms continues to evolve.
Receptor binding and activation by
chemical agents or the induction of
cell proliferation or oxidative stress
are by themselves insufficient as ev-
idence for carcinogenicity in animals
or humans.

To make progress in the identi-
fication of receptor-mediated car-
cinogens, it will be important (i) to
identify signature changes in gene
expression in relevant tissues and
cells in validated animal models that
are predictive of carcinogenic activi-
ty of groups of structurally and func-
tionally related chemical agents, and
(i) to further develop and validate
such in vivo models. It also remains
critical to continue generating data
that allow evaluation of coherence in
mechanisms and concordance in ex-
posure-associated tumour types and
target sites between animal models
and humans.

An improved understanding is
still needed of the relationships be-
tween carcinogenic activity and tim-
ing, dose, and duration of exposure
to receptor-mediated carcinogens,
and of the cancer-inhibitory activity
of exposure to some of these agents
for some tissue sites, such as that
demonstrated for the reduction of
risk of cancer of the endometrium,
ovary, and colorectum by combined
oral contraceptives and of risk of
cancer of the colon by estrogen-only
menopausal therapy (IARC, 2012b).
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