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This article proposes a system of categories for nonmutagenic modes of action for carcinogene-
sis. The classification is of modes of action rather than individual carcinogens, because the same
compound can affect carcinogenesis in more than one way. Basically, we categorize modes of ac-
tion as: (1) co-initiation (facilitating the original mutagenic changes in stem and progenitor cells
that start the cancer process) (e.g. induction of activating enzymes for other carcinogens); (2)
promotion (enhancing the relative growth vs differentiation/death of initiated clones (e.g. inhi-
bition of growth-suppressing cell-cell communication); (3) progression (enhancing the growth,
malignancy, or spread of already developed tumors) (e.g. suppression of immune surveillance,
hormonally mediated growth stimulation for tumors with appropriate receptors by estrogens);
and (4) multiphase (e.g., “epigenetic” silencing of tumor suppressor genes). A priori, agents that
act at relatively early stages in the process are expected to manifest greater relative susceptibility
in early life, whereas agents that act via later stage modes will tend to show greater susceptibility
for exposures later in life.
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1. INTRODUCTION

1.1 Background
Standard animal cancer bioassays were designed as a quali-

tative screen for carcinogenic activity. For this purpose, it was
generally considered adequate to begin dosing in the equiva-
lent of late adolescence or early adulthood—usually 6–8 weeks
in mice and rats (National Toxicology Program, 1993, 1999).
However, for quantitative assessments of cancer potency, there
is concern that beginning carcinogenic exposures this late may
miss a period of increased sensitivity early in life.

In previous work, U.S. Environmental Protection Agency
(EPA) researchers (Barton et al., 2005) and our group (Hattis
et al., 2004, 2005) analyzed age-related differences in sensitiv-
ity to mutagenic carcinogens (including ionizing radiation) in
available rodent bioassay data. The basic finding was that muta-
genic carcinogens exhibited several fold greater potency per unit
dose per day when administered early in life. Figure 1 illustrates
these findings for ionizing radiation. Subsequently the U.S. EPA
(2005a) adopted a set of “age-dependent adjustment factors” that

effectively increase the assessed potency for mutagenic carcino-
gen exposures during childhood.

The current project addresses the issue of what age-related
differences there may be in risks from exposures to agents that
are thought to have nonmutagenic modes of action. An impor-
tant difficulty is that “nonmutagenic modes of action” comprise
a diverse set of processes that are likely to contribute to car-
cinogenesis in ways that could have divergent implications for
age-related changes in susceptibility. Therefore before attempt-
ing any quantitative analysis, it is prudent to develop a classi-
fication system to distinguish groups of modes of action that
basic theory might suggest are likely to have different patterns
of susceptibility with age.

A priori, it can be expected that modes of action that en-
hance early phases of carcinogenesis should have their greatest
influences relatively early in life. On the other hand, modes of
action that can influence carcinogenesis only after the generation
of either premalignant clones or fully developed tumors should
be expected to have greater influence later in life. In understand-
ing the proposed system it is critical to note that particular agents
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CARCINOGENESIS OPERATIONAL CLASSIFICATION SYSTEM 99

FIG. 1. Relative tumor risk/dose for rodents irradiated at dif-
ferent ages—older analysis from Hattis et al. (2004) of four
experiments for rats and mice, versus analysis of total mouse
solid tumor data from Sasaki and Fukuda (2005).

are not restricted to a single mode of action. Because of that, ex-
pectations for age-related differences in sensitivity for specific
agents at specific sites in specific cancer bioassays may often
depend on the mix of processes by which an agent acts in a
specific system.

Previous official sets of recommendations for assessing non-
mutagenic modes of action (e.g., Sonich-Mullin et al., 2001;
Dybing 2002; U.S. EPA, 2005b; Boobis et al., 2006) have fo-
cused on procedures to define and describe a putative mode of
action for a specific chemical in a specific experimental can-
cer bioassay system and evaluate human relevance (Meek et al.,
2003; Cohen et al., 2003). The present work sets forth a hierar-
chical menu of possibilities based on current understanding of
the processes leading to carcinogenesis. It defines a series of cat-
egories that experimenters and regulatory analysts might wish to
consider, and outlines operational approaches for distinguishing
among these possibilities.

In the rest of this introduction, we first review the history of
the basic intitiation–promotion–progression framework that we
use as the starting point for the development of our system. We
then discuss the methods we use to elaborate the categories and
subcategories of the system in the light of current literature, and
finally give some reasons for optimism that modern experimen-
tal/analytical tools modes can lead to greatly improved under-
standing of the action(s) of specific agents. Section 2 then elabo-
rates the hierarchical system in detail, and Section 3 sets forth a
tiered series of experimental questions that can help guide efforts
to ascertain modes of actions for individual agents. Finally, Sec-
tion 4 discusses some preliminary implications for risk analysis.

1.2 Definition of Major Phases of Carcinogenesis, and
Review of Their Historical Development

The basic set of groupings at the most general level of the
hierarchy of modes of action will hardly be surprising to those
with prior acquaintance with the relevant scientific literature:

• Pre-initiation or co-initiation modes of action (en-
hancement of the rate of generation of initiating muta-
tions or epigenetic changes that set a cell/cell line on
the multistage pathway to cancer).

• Promotion modes of action (enhancement of the rela-
tive growth vs. differentiation/death rates of initiated
clones of cells).

• Progression modes of action, which facilitate the sur-
vival, growth, and metastasis of fully developed be-
nign or malignant tumors (e.g., by impairing immune
surveillance defenses against tumors, or facilitating
angiogenesis to supply oxygen and nutrients to the
growing tumor).

• Multiphase modes of action, which can enhance
the rates of transitions or relative growth essentially
throughout the process of carcinogenesis (e.g., regen-
erative cell proliferation).

The basic tripartite division of the cancer process dates back
to the earliest days of experiments where readily observable skin
cancers were produced following external applications of test
materials (Berenblum and Shubik, 1947; Friedewald and Rous,
1944). It was found that a single application of a mutagenic
“initiator” could be used together with repeated applications of a
variety of “promoter” substances to yield visible monoclonal be-
nign tumors (papillomas) that could be readily seen and counted
on animals’ skin (Boutwell, 1964). Delay of the administration
of the promoter for up to 20 weeks was found to have no effect on
the ultimate plateau yield of pappilomas, indicating that the initi-
ation event was an irreversible change. But when promotion was
so delayed, the latent period for appearance of the pappilomas
after the start of promotion was shortened (Hennings and Yuspa,
1985), indicating that there was some relative growth advantage
for the initiated cells relative to the normal cells, even in the ab-
sence of promoter. After the development of a full plateau yield
of papillomas, continued treatment with the promoter has little
additional effect on the production of malignant tumors or the
ratio of “promoter-dependent” and promoter-independent papil-
lomas (Furstenberger and Kopp-Schneider, 1995), but conver-
sion of the papillomas to malignant carcinomas (“progression”)
is facilitated by a second round of treatment with genetically ac-
tive “initiators” (Hennings et al., 1983). Thus the basic picture is
for (at least) two irreversible genetic steps separated by a round
of clonal expansion of the initiated cells relative to uninitiated
“normal” cells in the same tissue (Chu et al., 1987; Hennings
et al., 1993). More recently the molecular pathological path-
ways to some tumors have been more extensively elaborated
(e.g., Fearon and Vogelstein, 1990; Sjoblom et al., 2006). Our
goal in this work is not to describe the actions of the mutagens
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or the specific genetic changes they produce. Rather, we seek to
create categories for contributions of chemicals that are not mu-
tagenic in themselves before, after, and in between the divisions
created by the two (or more) genetic steps to full malignancy.

The system proposed here is far from the first of its type.
Weisburger and Williams (1983) suggested a mechanism-based
separation of carcinogens into eight classes (Table 1). One se-
mantic difference that is worth pointing out at the outset is that
the Weisburger and Williams system attempts to classify “car-
cinogens” whereas ours is a classification of “modes of action.”
Our variation allows, in principle, for the same chemical to have
more than one “mode of action,” as we think is likely in many
cases. The possibility of multiple modes of action is also an im-
portant feature of a classification framework recently advanced
by Butterworth (2006).

An important conceptual advance that has been made in re-
cent years is the idea that at least in some cases the nature of

TABLE 1
Weisburger and Williams (1983) “classes of carcinogenic chemicals”

Type Mode of action Examples

Genotoxic
1. Direct acting or primary carcinogen Electorphile, organic compound,

genotoxic, interacts with DNA.
Aziridine, bis(chloromethyl) ether.

2. Procarcinogen or secondary carcinogen Requires conversion through
metabolic activation by host or in
vitro to type 1.

Vinyl chloride, benzo[a]pyrene,
2-naphthylamine, dimethylnitrosamine.

3. Inorganic carcinogen Not directly genotoxic, leads to
changes in DNA by selective
alteration in fidelity of DNA
replication.

Nickel, chromium.

Epigenetic
4. Solid-state carcinogen Exact mechanism unknown; usually

affects only mesenchymal cells and
tissues; physical form vital.

Polymer or metal foils, asbestos.

5. Hormone Usually not genotoxic; mainly alters
endocrine system balance and
differentiation; often acts as
promoter.

Estradiol, diethylstilbestrol.

6. Immunosuppressor Usually not genotoxic; mainly
stimulates “virally induced,”
transplanted, or metastatic
neoplasms.

Azathioprine, antilymphocytic serum.

7. Cocarcinogen Not genotoxic or carcinogenic, but
enhances effect of type 1 or type 2
agent when given at the same time.
May modify conversion of type 2
to type 1.

Phorbol esters, pyrene, catechol, ethanol,
n-dodecane, SO2.

8. Promoter Not genotoxic or carcinogenic, but
enhances effect of type 1 or type 2
agent when given subsequently.

Phorbol esters, phenol, anthralin, bile
acids, tryptophan metabolites,
saccharine.

Source: Weisburger and Williams (1983).

early “initiation” events involves the development of a “muta-
tor” phenotype (Dixon and Kopras, 2004; Mutch et al., 2004;
Hollander et al., 2005; Jacinto and Esteller, 2007; Halazonetis
et al., 2008). For colon cancer there are two main variants of
this. First there is the APC pathway, mutated in 50–80% of spo-
radic colorectal cancers in the general population, as well as the
germ-line genes of people with the familial adeonopolyposis
coli condition. The APC protein has several functions, among
which is the stabilization of microtubule connections to chro-
mosomes. Loss of APC function causes a greatly increased rate
of generation of chromosomal aberrations that goes under the
name of chromosomal instability (CIN) (Fearnhead et al., 2001;
Narayan and Roy, 2003). A second type of “mutator” transition
important for the initiation of some colon cancers is a group
of mutations in genes important for “mismatch repair” (MMR)
function. These give rise to hereditary nonpolyposis colorec-
tal cancer (HNCC)—the most common single form of heritable
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CARCINOGENESIS OPERATIONAL CLASSIFICATION SYSTEM 101

predisposition to colon cancer. MMR-deficient cells show large
increases in rates of small deletions or additions (Ponz de Leon
and Percesepe, 2000).

Given this as an initial definition of one type of “initiation”
it is easy to see why chronic exposure to agents that adjust the
balance of genomic defense mechanisms away from apoptosis
and toward potentially error-prone DNA repair (or replication in
the face of DNA damage) could give rise to a selective survival
advantage to the “initiated” cells relative to their normal stem-
cell counterparts. A similar type of change may happen normally
with aging as the pool of stem cells available to replenish differ-
entiated epithelial tissue cells may become depleted, or in cases
of tissue damage (e.g., partial hepatectomy) where the needs for
differentiated cells may cause a relative deemphasis on apopto-
sis as a genomic defense mechanism. In the classic skin cancer
initiation–promotion–progression system it appears that specific
mutation in the ras gene (Hras) creates a selective growth advan-
tage that sets the stage for progression by mutation of the p53
gene, which further weakens cellular defenses against genomic
instability (Kemp, 2005).

There are, of course, other older conceptual models of the
essential nature of “initiation.” The classic work of Moolgavkar
and Knudson (1981) was based on the discovery of recessive
germ-line tumor suppressor genes. The thought was that mu-
tation of one of a homologous pair of these genes on dif-
ferent chromosomes might give rise to a “leaky” or incom-
plete suppression of growth that manifested itself as a growth
vs differentiation/death advantage. In contrast to the “muta-
tor” concept of initiation, this model leads directly to an ex-
pectation that the initiated stem cells as a group should have
some kind of net growth advantage compared to normal stem
cells, even in the absence of some additional exposure to a
“promoter.”

1.3 Methods and Criteria for Defining Categories and
Subcategories

To construct our classification system, we took both “bottom-
up” and “top-down” approaches. Literature searches revealed
many specific examples of putative nonmutagenic modes of ac-
tion, which we proceeded to tentatively classify within the broad
outlines of the “initiation–promotion–progression” framework
articulated earlier. The ideal would be to describe a system of
categories of causal processes that are exhaustive (covering all
possible nonmutagenic modes of action) and mutually exclusive
(having no overlap in the sense that any specific mode of action
falls unambiguously into only one category). The system we de-
scribe next falls short of this ideal; however, we try to assess the
potential for ambiguities and overlaps as we proceed through
the analysis.

The detailed exploration of subcategories in the system in
Section 2 has some resemblance to the proverbial exploration
of the shape of an elephant by blind men. Each blind investi-
gator starts from a particular biological process, biomarker, or
putatively nonmutagenic chemical, and describes portions of the

system as they are revealed using that probe. The challenge is
to take a shot at describing the system as a whole—knowing
that, like the blind men, the system that can be described at
this time is almost certainly missing many of the connections
among the separate pieces that the individual investigators have
identified.

Because the initiation phase of carcinogenesis is better un-
derstood than later phases, we found it relatively straightforward
to define a series of subcategories for this phase from first prin-
ciples, combined with observations of specific examples as we
encountered them. Briefly the articulated subcategories are:

• Actions (effects from the interactions of the agent with
the organism) that change basic transport processes.

• Actions that change metabolic handling of the parent
chemical or active metabolites.

• Actions that change the effective “target size” for mu-
tagenic initiation—the number of cancer-susceptible
stem cells and progenitor cells in a specific tissue and/or
their rate of replication.

• Actions that change the efficiency of genomic replica-
tion and defense processes.

• Other miscellaneous actions that make initiation more
likely (e.g., toxic processes that result in increased gen-
eration or greater persistence of DNA-reactive oxidants
in sensitive tissues).

In contrast, we found it to be quite challenging to compile
a definitive set of mutually exclusive and exhaustive groupings
for “promotion” modes of action. Wherever possible, we chose
to define promotion subcategories by using the results of exper-
iments in congenic “knock-out” versus wild-type mouse strains.
Congenic strains differ from each other only in a single gene.
When the “knock-out” strain that is missing a particular gene
fails to support promotion by a particular chemical that is effec-
tive in congenic mouse carrying the wild-type gene, that is evi-
dence that one or more of the functions performed by that gene
are essential for the promotion. Such an observation, however,
does not mean that there are not other “essential” components of
the causal chain leading from exposure to promotion effect. By
analogy, removing either the battery or the starter motor from a
car will prevent a car from starting. We found evidence for such
an ambiguity in at least one case—two different sets of knock-
outs [connexin genes and constitutive active/androstane nuclear
receptor (CAR)] were able to prevent promotion by phenobar-
bital.

Overall, the promotion subcategories we have defined are:

• Inhibition of gap junction communication and/or ac-
tivation of the constitutive active/androstane nuclear
receptor (CAR) (e.g., by phenobarbital).

• Action via the Ah receptor (e.g., by TCDD, other planar
dioxins and PCBs).

• Action via the phorbol ester/protein kinase C/-
or the okadaic acid/protein phosphatase (PP-1 and
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PP-2A)/TNF-alpha/NF-kappa B/AP-1/COX-2 path-
ways.

• Action via the peroxisome-proliferator alpha receptor/
NF-kappa B pathway.

• Actions that change the selective advantage of initiated
cells in ways that are not yet traced to specific molecular
pathways.

We cannot be confident that all of these represent completely
distinct groups, mechanistically. For example, promoters clas-
sified in several of these groups inhibit gap junction commu-
nication. Additonally, upregulation of Cox-2, which we have
associated with the tumor necrosis factor (TNF)-alpha path-
way, can evidently also be accomplished by an ortho-substituted
PCB, which we would have otherwise tentatively classified in
the phenobarbital/gap junction group. More definitive evaluation
of these categories, and the classifications of individual chem-
icals in one or more than one groups within the system, will
require additional cross-testing of the effectiveness of promo-
tion by members of each putative category in systems deficient
in functions required by members of other categories, and in
initiation–promotion systems for a number of different tissues
and experimental animals.

Three subcategories are defined for the progression phase,
again inspired by both a priori considerations and specific ex-
amples:

• Actions that change hormonally mediated processes
that enhance the growth of specific types of fully
developed tumors (e.g., estrogen-dependent breast
cancers).

• Actions that change the efficiency of immune system
processes in controlling or destroying incipient tumors
(“immune surveillance” or, in the newer terminology,
“immunoediting”).

• Actions that change local tissue conditions in ways that
favor survival or colonization of new tissues by metas-
tases, such as the establishment of tumor blood sup-
plies.

Finally, there are at least two mode of action subgroups that,
on reflection, seem likely to act at multiple phases of carcino-
genesis:

• Regenerative cell proliferation and other mitogenic
stimuli.

• Epigenetic changes—methylation and other changes to
DNA and protein components of chromosomes that do
not affect the primary DNA sequence.

(Actions that change transport and metabolic handling can
also be expected to act at multiple phases to the extent that they
affect the systemic or local pharmacokinetics of agents that are
active in each phase.)

1.4 Reasons for Optimism—Modern Experimental and
Modeling Tools Available to Help Define Modes of Action
for Individual Agents

Recent years have seen several advances in the tools available
for practical discrimination among different modes of action for
specific carcinogenic processes. First, as mentioned earlier, the
“knockout mouse” technology is very helpful for distinguish-
ing genes whose functions are or are not essential to support a
paricular mode of action.

Second, because of the great potential public health and eco-
nomic interest in finding drugs that could be used to inhibit later
phases of the carcinogenic process, we find an appreciable lit-
erature of animal model systems with good promise for use in
screening anticarcinogenic agents that operate in specific ways
in both experimental rodents and humans (De Flora and Fergu-
son, 2005; Steele and Kelloff, 2005; Corpet and Pierre, 2005;
Elcombe et al., 2002; Kohno et al., 2005).

Third, there is now a substantial set of initiation–promotion,
and even initiation–promotion–progression, models in animals
that can be used to sort out the activities of specific agents in
several important tumor sites in animals and people. The tu-
mor sites with such systems include liver (Guo et al., 2004),
skin (the classic original initiation–promotion model system,
where promotion itself appears to have at least two stages—
Slaga et al., 1980a, 1980b), colon, and breast. In the liver, it is
possible to quantify the generation of single putatively initiated
cells (Moore et al., 1987) and follow their growth versus apop-
tosis into the development of transformed foci (Grasl-Kraupp
et al., 2000). This builds on the important early work on of
Goldsworthy and Pitot (1985a, 1985b) on the use of liver foci
to distinguish initiators from promoters. Application of colon
cancer initiation–promotion models to three agents that are all
cyclooxygenase-2 (COX-2) inhibitors (aspirin vs. cucurmin) il-
lustrates the potential for this system to reveal differences in
mode of action according to our classification system. It ap-
pears that aspirin is active in reducing carcinogenesis during
the initiation phase in this model, whereas cucurmin (an in-
gredient in curry) is active during the promotion/progression
phases. The activity of a third specific COX-2 inhibitor, JTE-
522, appears to be most strongly related to exposure in the
postinitiation phase of another colon cancer model (Wei et al.,
2005).

Finally, there are now good examples of sophisticated
modeling of the induction and growth of initiated clones.
These include the modeling by Portier (1996) of 2,3,7,8-
tetrachlorodibenzodioxin (TCDD) effects in liver initiation–
promotion experiments. Unexpectedly, this work yielded a coun-
terintuitive finding that TCDD appears to make significant con-
tributions both to initiation (or, in their term “activation”) in the
form of an increased rate of generation of new initiated clones
and to promotion (in the form of enhanced relative growth of
those initiated clones, apparently via a decreased death rate
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CARCINOGENESIS OPERATIONAL CLASSIFICATION SYSTEM 103

of the initiated cells. [This result is, however, controversial.
An analysis by Conolly and Andersen (1997) using a different
model formulation reportedly is able to fit the same data with-
out including an effect of TCDD on initiation.] Similar modeling
studies by Luebek et al. (2005) also show an effect of pheno-
barbital in prolonging the period of initiation following treat-
ment with a known genetically active agent. The mechanism
postulated by Luebek et al. for this case is an inhibition of apop-
totic death in cells carrying genetic damage from the initiator
treatment.

Section 3 defines a tiered experimental approach and cri-
teria for categorizing the actions of individual agents into the
groupings of this system. The experiments suggested include a
battery of initial hypothesis-generating tests intended to iden-
tify biomarkers of particular kinds of activity within the sys-
tem (including exploratory tests of initiation, promotion and
progression-enhancing actions), followed by more definitive as-
sessments with the aid of experiments in knock-out mice or other
specific inhibition systems.

The full process outlined there is not inexpensive. It will in-
volve appreciable adaptation of the testing protocols now used
by research agencies such as the National Toxicology Program
in the United States and similar institutions elsewhere. However,
changes in these protocols are already under active discussion
at this time, as indicated by a newly released report from the
National Research Council (NRC, 2007). The reward for these
changes will not only be the potential for better risk assessment
and decision making on individual chemicals. The growth and
refinement of this kind of system provide a framework for in-
tegrating our understanding of the process of carcinogenesis as
a whole. It will facilitate the development and testing of gen-
eralizations for the mathematical forms of dose-response rela-
tionships and interspecies projection rules that can be expected
within various mode-of-action groups. This in turn may lead to
both more targeted and effective efforts for cancer prevention
and treatment by interrupting various steps in the causal chain
leading to cancers caused by both environmental chemicals and
other external and internal exposures.

1.5 Expectations for Dose/Duration/Response
Relationships

The primary goal of this article is to develop a hierarchi-
cal system of categories of nonmutagenic modes of action for
carcinogenesis. It is not to comprehensively assess existing in-
formation on dose/duration/response relationships.

Nevertheless, one of the original reasons why investiga-
tors felt it of interest to distinguish nonmutagenic from mu-
tagenic modes of action was to develop different expectations
for dose/duration/response relationships and low dose risks
(Williams, 1983; Weisburger and Williams, 1983). Historically,
the oldest initiation–promotion systems—for skin and liver tu-
mors (O’Connell et al., 1987; Pitot et al., 1987)—yielded three
generalizations about promotion that survive as central assump-
tions in the field to this day:

First, promotion is qualitatively different from initiation, and
caused by agents that do not act by primary genetic mechanisms
such as DNA adduct formation and miscopying. Second, while
a single exposure to an initiator often can be shown to con-
tribute to carcinogenesis, promotion requires exposure that is
sustained over a prolonged period (at least months). Early stages
of promotion are classically considered to be reversible. Third,
although mutagenesis often is linear as a function of dose at
low exposure levels, promotion dose-response relationships are
generally highly nonlinear—often threshold-like (Goldsworthy
et al., 1984).

Mechanistically, it is very reasonable to expect appreciable
nonlinearities in dose-response relationships for “promotion”
modes of action in many cases. In contrast to mutagenesis by
agents that react directly with DNA, it is not expected that single
molecules of promoters, all by themselves, can bring about the
same kind of transition as occurs with initiating somatic mu-
tations. Presumably many molecules of the promoting agent,
delivered over an extended time, are generally needed to affect
enough macromolecular targets (e.g., gap junction connections
between adjacent cells) that inherent system redundancies are
overcome in individual cells or in multicellular units responsible
for specific growth/differentiation control functions.

Nevertheless, individual molecules of promoting substances
do not necessarily need to act all by themselves when present in
very low concentrations. If their actions effectively make small
modifications to “background” promotion processes caused by
other agents or simple age-related changes, then it is conceivable
that there could be essentially linear incremental changes to
the rates of those processes in relation to promoter doses over
relatively small intervals of change in the response variable. This
argument was made in the original discussion of cancer dose-
response modeling for regulatory purposes (Crump et al., 1976)
and still holds today, as long as the carcinogen in question makes
relatively modest incremental changes to the causal mechanisms
responsible for background cancers of specific types.

Unfortunately, some of the early papers that present observa-
tions to support the nonlinear expectation generalizations listed
earlier do not show their data in ways that would be considered
adequate today. For example, Goldsworthy et al. (1984) support
their conclusion of high nonlinearity/threshold behavior using a
plot that presents numbers of foci observed on the y axis versus
a logarithmic transformation of the dose (x) axis. This is now
well known to artifactually produce an appearance of a threshold
even in cases where there is no nonlinearity in the underlying
data (Haseman, 2003; Hattis and Goble, 2007). (Logarithmic
transformations of the x axis are permissible and helpful in the
context of a probit type dose response analysis when the re-
sponse is quantal, when it is hypothesized that there is a log-
normal distribution of individual thresholds for producing the
effect in different exposed subjects, and when the response axis
is transformed into “probits” or “z-scores”—essentially units of
standard deviations of the cumulative lognormal distribution of
thresholds. The effect of retaining a linear representation on the
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response axis while using a log transformation of the x axis can
be seen below in the comparison of Figure 14 with Figure 16
later in this article.)

Because of the possibility of important background interac-
tions, the precise form of the relationship between promoter
doses and promotion contributions to cancer risk may well vary
from system to system, from species to species, and even among
individuals within species. Higher rates of interacting back-
ground processes mean, other things being equal, that there can
be larger absolute changes (both positive and negative) from
small additions to or subtractions from these processes. [There
are respectable mechanistic hypotheses that can give rise to in-
hibition as well as enhancement of carcinogenesis over some
dose ranges for some nonmutagenic modes of action (Conolly
and Lutz, 2004; Lutz, 1998).] For this reason, we think that
the type of classification derived later in this article may have
an important role to play in identifying potentially interacting
processes that could be studied in humans and animals to help
derive expectations for incremental risk changes from promot-
ers of different types and for the whole panoply of other agents
that can modify all the processes that are part of the pathways
to carcinogenesis.

2. DETAILED OUTLINE OF THE PRELIMINARY
CLASSIFICATION SYSTEM

2.1 Pre-Initiation or Co-Initiation Modes of Actions
This first set of subcategories is the most straightforward. We

know a great deal about the somatic cell mutagenic processes
that are the usual basis of “initiation.” From this we can make
reasonable inferences about how these processes might be fa-
cilitated by chemical and physical agents that are not directly
mutagenic themselves. Briefly, the indirect actions are organized
next into:

• Actions that change basic transport processes.
• Actions that change metabolic handling.
• Actions that change the effective “target size” for mu-

tagenic initiation—the number of cancer-susceptible
stem cells and progenitor cells in a specific tissue and/or
their rate of replication.

• Actions that change the efficiency of genomic replica-
tion and defense processes.

• Other actions that make initiation more likely (e.g.,
toxic processes that result in increased generation or
greater persistence of DNA-reactive oxidants in sensi-
tive tissues).

2.1.1 Actions That Change Basic Transport Processes
Sometimes long-term cumulative changes caused by one tox-

icant have implications for internal exposure to another. Particles
are cleared from the lung in two phases with very different half-
lives depending on the site of deposition. Particles deposited
in the deep lung (alveoli and terminal respiratory airways, be-

yond the ciliated tracheobronchial airways) must be cleared by
processes involving macrophages, with half-lives of 100 days
or more even in nonsmokers. In smokers this clearance is im-
paired so that elimination half-lives appear to depend linearly
on the cumulative number of pack-years of cigarette exposure
(Moller et al., 2001; Bohning et al., 1982). Moller et al. (2001)
find an increment in the long-term particle clearance half-life of
about 6 days per pack-year. Such reductions in long-term clear-
ance would be expected to increase the chronic accumulation of
small particles of many kinds, and to increase associated effects
(Hattis and Silver, 1994), including cancer initiation from genet-
ically active agents in those particles. Data from an experimental
animal system indicate that cigarette smoke increases the long-
term retention of asbestos fibers in the lung (McFadden et al.,
1986), providing one possible contributory mechanism for the
greater-than-additive interaction of asbestos and cigarette smok-
ing for increasing lung cancer risk (Cai et al., 2001; Blot et al.,
1978; Liddell 2001).

2.1.2 Actions That Change Metabolic Handling
This category includes induction of enzymes like some

mixed-function oxidases that convert chemicals to forms that
can directly react with DNA. For example CYP2E1, which acti-
vates several low-molecular-weight procarcinogens, is induced
by ethanol (Ingleman-Sundberg et al., 1993, 1994; Tsutsumi
et al., 1993) or nicotine (Micu et al., 2003). Thus, it has re-
cently been reported that people with relatively high alcohol
consumption show synergistically increased risks of liver can-
cers caused by vinyl chloride (Mastrangelo et al., 2004). (Vinyl
chloride is metabolized by Cyp2E1 to a DNA reactive epoxide
that is thought to be the proximate cause of the liver tumors.)
Similar observations of enhanced vinyl chloride carcinogenesis
in alcohol treated animals were made decades ago (Radike et al.,
1981). Ethanol also enhances the metabolic activation of several
nitroso compounds (Swan et al., 1984; Tsutusmi et al. 2006).

Detoxifying enzymes can also be induced, or agents can af-
fect metabolism by depleting a cofactor needed for enzyme ac-
tivity. Gopalan et al. (1993) report that buthionine sulfoximine
depletion of glutathione (a cofactor for glutathione S-transferase
detoxification enzymes) enhances the initiation of liver foci by
aflatoxin-B1. Sesardic et al. (1988) report induction of a partic-
ular Cyp enzyme by cigarette smoking.

Another possible mechanism is that chemical agents that bind
to the active sites of either activating or detoxifying enzyme can
inhibit activities.

There is an important need to develop good theory and obser-
vations of dose-time-response relationships for enzyme induc-
tion processes in general. A worthy early effort is by Kohn et al.
(2001). Among other things, Kohn’s model features depletion
of Ah receptors by enhanced proteolysis following binding to
TCDD. Complex nonmonotonic dose-response relationships are
produced in Kohn’s model by the presence of multiple binding
sites for TCDD-liganded receptors with different affinities for
TCDD (Kohn and Melnick, 2002).

C
ri

tic
al

 R
ev

ie
w

s 
in

 T
ox

ic
ol

og
y 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

N
yu

 M
ed

ic
al

 C
en

te
r 

on
 0

6/
23

/1
0

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.

Joseph George
Rectangle



CARCINOGENESIS OPERATIONAL CLASSIFICATION SYSTEM 105

2.1.3 Actions That Change The Effective “Target Size” for
Mutagenic Initiation

It is well established that prenatal or perinatal exposure to
a variety of natural and synthetic estrogens increases the inci-
dence of cancers in hormone-dependent tissues (Herbst et al.,
1971; Hilakivi-Clark et al., 1999, 2000; Weiss et al., 1997;
Palmer et al., 2006). A mechanism that has been frequently
postulated for this is a relative increase in the population of
transformation-susceptible stem or progenitor cells (Birnbaum
and Fenton, 2003; Baik et al., 2005). This theoretical mechanism
has not, to our knowledge, been established by actual enumera-
tions of stem-cell populations in affected tissues in animals with
versus without external treatments with estrogenic chemicals,
but is bolstered by a number of less direct observations outlined
below.

Brown (1998) observed increased breast cancers after a se-
quence of prenatal TCDD administration followed by mutagenic
DMBA dosing at sexual maturity. The prenatal TCDD produced
an increased number of terminal end bud structures by the time
of the DMBA exposure. The authors drew the inference that
the prenatal TCDD delayed maturation and thereby indirectly
might have increased the remaining undifferentiated stem-cell
population. In controls these terminal end buds had mostly dif-
ferentiated into lobules. For later studies see Fenton et al. (2002).
Dioxin apparently decreased the branching of terminal end buds
only when the exposure occurred in late gestation (GD15) and
not after (e.g., GD20).

DES is well documented to be a perinatal carcinogen for
vaginal cancer in both humans and experimental animals. Ex-
posure to DES during critical periods of differentiation leads
to lasting changes in estrogen target tissues resulting in benign
and malignant abnormalities in the reproductive tract later in
life (Newbold, 2004). Newbold (2004) provides the following
description of the differentiation changes that appear related to
the pathological process in the vagina at low doses:

During the differentiation of the mammalian reproductive tract,
the columnar epithelium lining the vaginal lumen is derived from
the fetal Mullerian duct (MD). As differentiation progresses, these
columnar cells are replaced by up-growing urogenital sinus (UGS)
epithelium, These UGS cells then differentiate into squamous cells
that line the differentiated vagina. Exposure to DES during this crit-
ical stage of differentiation interferes with the replacement of the
original MD epithelium leaving foci of columnar cells in the vagina.
These columnar cells grow into benign “gland-like” structures called
“vaginal adenosis.” Most of these foci of adenosis will be eventu-
ally covered over and replaced by squamous cells but a few foci
may remain after DES treatment. Vaginal adenocarcinoma occurs in
these foci of adenosis. Our animal data suggests that adenocarcinoma
does not originate from adenosis but rather both lesions occur in the
same foci of columnar cells. In all of my experience, vaginal adeno-
carcinoma has only been observed to coexist with adenosis. Thus,
more foci of columnar cells increase the probability of developing
adenocarcinoma. Adenosis and adenocarcinoma were only seen in
the lower DES dose mice, not in the high dose. High dosed mice
had excessive vaginal keratinization, so that any remaining colum-
nar cells were completely replaced and covered over by squamous
cells (squamous metaplasia). In mice, these squamous cells are also

susceptible to neoplasia (squamous cell carcinoma). Thus, the high
dosed animals have a different tumor manifestation due to different
cellular phenotypes lining the vagina. (p. 147)

Huang et al. (2005) provide a similar description of differ-
entiation changes from columnar epithelium to squamous meta-
plasia in the uterus in mice treated over the first 5 postnatal days.
They also provide evidence that these changes are mediated by
the estrogen receptor, as they do not occur in estrogen-alpha re-
ceptor knockout mice. The linkage to the estrogen receptor is
key in projecting risks from this type of action to other more
common environmental chemicals whose estrogenic action is
orders of magnitude weaker than that of DES (Newbold, 2004).
The paper of Huang et al. (2005) emphasizes observations in-
dicating premature differentiation of the uterine epithelial cells
and reduced cell proliferation.

Durando et al. (2007) have recently reported that when preg-
nant rats are treated with the environmental estrogenic com-
pound bisphenol A (BPA), the female offspring exhibit a larger
ratio of cell proliferation to apoptosis in both epithelial and stro-
mal cells of the breast after puberty (PND 50). This was princi-
pally attributable to a decrease in apoptosis, although there was
also a modest increase in proliferation. There is also an increased
number of hyperplastic ducts in adulthood (PND 110 and 180),
and, after treatment with the initiator nitrosomethyl urea at PND
50, increased numbers of both mammary hyperplastic ducts and
tumors are observed at PND 180. However the numbers of an-
imals tested were inadequate to detect a statistically significant
increase in the incidence of full-fledged tumors by PND 180 un-
der these conditions. (None out of 10 animals administered the
NMU initiator alone developed tumors, whereas 2/15 animals
administered NMU + bisphenol A developed mammary tumors
within 6 months after the administration of the initiator.) Pre-
vious studies by in the same laboratory had found an increased
number of terminal end buds—the putative site of development
of mammary cancers—in animals treated with BPA during ges-
tation (Markey et al., 2001; Muñoz-de-Toro et al., 2005).

Muto et al. (2002) report that prenatal through PND 19
postnatal dosing with the anti-estrogenic PCB isomer 126
(3,3′,4,4′,5-pentachlorobiphenyl) causes dose-related changes
in the numbers and replication rates of terminal end buds (TEB)
in the breast at PND 50 (after puberty). Low–moderate doses
increase the density of relatively less differentiated TEB and in-
crease their cellular replication rates, whereas a very high dose
causes reductions in these parameters. TEB are thought to be
the sites of mammary carcinogenesis (Russo et al., 1982; Russo
and Russo, 1996; Imaoka et al., 2006). When similarly treated
animals are given the initiator DMBA at PND 50 the numbers
of breast tumors seen by day 190 (Muto et al., 2001) is signif-
icantly correlated with the product of the TEB number and the
replication rate (PCNA labeling index) of TEB cells (Figure 2).

There is also evidence that developmental exposures of males
to high doses of estradiol predispose to later-life prostate tu-
mors. Lower environmentally relevant doses of both estradiol
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FIG. 2. Correlation of mammary tumors/animal (Muto et al.,
2001) with the product of terminal end bud density and PCNS
labeling index (Muto et al., 2002) in animals treated perinatally
with different doses of PCB126 and then initiated by DMBA at
PND 50.

and bisphenol A reportedly lead to increases in “prostatic in-
traepithelial neoplasia” in later life (Prins et al., 2006; Ho et al.,
2006).

A new method for quantifying breast stem cells (Savarese
et al., 2006) seems capable of more directly examining whether
changes in stem cell number can in fact help quantify dose-time-
response relationships for changes in later-life susceptibility to
breast and other hormone-related cancers.

2.1.4 Actions That Change the Efficiency of Genomic Replica-
tion and Defense Processes

2.1.4.1 Topoisomerase Inhibitors Interfere With Normal
DNA Replication, Leading to Strand Breaks. In the last two
decades an important role has become apparent for the enzyme
topoisomerase II in normal DNA replication. This enzyme gets
its name from its function to change the topology of DNA dur-
ing replication, transcription, and repair. It binds covalently to
DNA in such a way as to produce a temporary double-strand
break, allowing another DNA strand to pass through the break.
After this, normally the breaks in the two strands are rejoined
(religated). However some compounds (DNA topoisomerase in-
hibitors) can stabilize the usually transient state of the complex
with the double-strand break unrepaired, and thus inhibit religa-

tion. This leads to chromosome breakage and rejoining events
that in rare cases splice together inappropriate portions of dif-
ferent genes, leading to uncontrolled cellular growth promotion
signals. This could be reclassified as a “mutagenic” mechanism,
but we treat it here among the co-initiators for completeness.

Just such gene fusions are responsible for a key step in the
development of several types of acute lymphocytic and acute
myeloid leukemia in children (Lightfoot and Roman, 2004). By
examining blood spots made at birth in children who later devel-
oped leukemia, it has been found that these events often happen
during fetal life, to be followed by one or more subsequent steps
in leukemia development after birth (Gale et al., 1997).

Epidemiological studies indicate that cases of adult
leukemias occur at increased frequency after chemotherapy with
topoisomerase II inhibitors for other cancers (Greaves, 1999; Le
Deley et al., 2007) compared to patients treated with other types
of chemotherapy. Topoisomerases inhibitors are also used de-
liberately in the control of HIV, and activity of this type has
also been reported from a metabolite of the headache remedy
acetaminophen (Bender et al., 2004) and in a wide variety of
foods and herbal medicines (Lightfoot and Roman, 2004). So
far, there is limited evidence that maternal dietary consumption
of specific DNA topoisomerase II inhibitors increases the risk of
gene fusion related leukemias in children (Spector et al., 2005;
Alexander et al., 2001; Ross, 1998).

2.1.4.2 Inhibition of DNA Repair or Other Genomic Defense
Processes (Apoptosis and Cell Cycle Checkpoint Function).
Historically, metal ions have been most prominently mentioned
as inhibitors of various DNA repair processes (Zakour, 1981;
Weisberger and Williams, 1983). Hartwig (2002) gives a mod-
ern account of the inhibition of base excision repair (BER) and
nucleotide excision repair by relatively low noncytotoxic doses
of nickel(II), cobalt(II), cadmium(II), and As(III) ions, and Fil-
ipic et al. (2006) stress DNA repair inhibition as a mechanism
for the mutagenicity of cadmium. Both chromium and nickel,
administered in drinking water, have recently been reported to
dose-dependently enhance skin carcinogenesis induced by ultra-
violet light (Uddin et al., 2007). As(III) inhibits the ligation step
of BER in which the final single-strand break is rejoined after a
damaged based has been cut out and replaced with a based com-
plementary to the one on the undamaged opposite strand. Others
of these metals seem to inhibit damage recognition during NER.
A suspected common mechanism for the actions of metal ions
is substitution for the zinc in the “zinc finger” DNA and pro-
tein binding moieties as has recently been found for cobalt and
cadmium ions’ disruption of the XPA nucleotide excision re-
pair enzyme (Kopera et al., 2004; Bal, 2003). These zinc finger
moieties are present in a variety of enzymes involved in DNA
repair.

Other things being equal, the effect of exposure to a DNA
repair inhibitor should be to delay the repair of DNA damage.
This should in turn raise the equilibrium level of damage un-
der the normal circumstances where DNA damage and repair
processes are both occurring continuously (as for DNA lesions
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FIG. 3. Lognormal plot of the distribution of oxidative DNA
lesions/cell in a cross-sectional study of lymphocytes from 141
randomly selected people from Bremen, Germany—data of
Merzenich et al. (2001).

generated as a by-product of free radicals resulting from normal
oxidative metabolism). Merzenich et al. (2001) have reported
the results of a cross-sectional survey of oxidative DNA lesions
and urinary levels in lymphocytes from participating, randomly
selected adults from Bremen, Germany (Figure 3). The data are
reasonably well approximated by a lognormal distribution with
a geometric standard deviation of about 2.6 (that is, the central
95% of a random population should be spread out over approxi-
mately a 42-fold range from about 6.5-fold less to 6.5-fold more
than the geometric mean of about 1400 lesions/cell. Of the met-
als whose urinary excretion was measured (cadmium, nickel,
chromium, and lead), nickel proved to be a significant (p <

.05) predictor of the concurrent level of oxidative damage to
lymphocyte DNA. Separately, Bialkowski et al. (1999) have ob-
served inhibition by cadmium(II) ions of an enzyme that repairs
oxidative DNA damage (8-oxo-dGTPase) in testicular tissue,
accompanied by an increase in 8-oxo-guanine in vivo. This ap-
pears biologically significant because the testis is a target organ
for carcinogenesis by cadmium(II) ions. Ni(II) ions, which do
not induce significant numbers of testicular tumors, were found
to be a weaker inhibitor of 8-oxo-dGTPase in that tissue.

A similar increase in equilibrium DNA damage present at
the time of DNA copying in “S” phase of the cell cycle should
be produced by inhibition of cell cycle checkpoint mechanisms
that suspend cell replication pending repair in response to DNA
damage (Shackelford et al., 1999). The most prominent of these

checkpoints is positioned just before the cell enters S phase at the
end of G1, although there are other checkpoints at other places
in the cell cycle.

Changes in the efficacy of the apoptosis response to DNA
damage can also reduce or enhance initiation. However, other
than the modeling studies of dioxin action by Portier et al. (1996)
and Luebek et al. (2005), we have not yet come across evidence
that particular chemicals act to enhance initiation in this way.

Mukherjee and Sikka (2006) report that the classical skin
tumor promoter TPA (12-O-tetradecanoylphorbol 13-acetate)
reduces the P53-mediated signaling directing cells with DNA
damage toward apoptosis when exposure to the DNA damag-
ing agent benzo[a]pyrene occurs close to the time of the TPA
exposure. Alternatively, an agent that fostered cell replication,
by shortening the time available for repair prior to DNA copy-
ing, could effectively reduce the probability repair prior to DNA
replication, thus generating more mispairing errors per unit of
initial DNA damage (Hattis, 1990). As can be seen in Figure 4,
data of Ewing et al. (1998) indicate that TPA can enhance skin
tumor responses by mice when given as much as 5 weeks before
the mutagenic initiator dimethylbenzanthracene.

2.1.5 Other Actions That Make Initiation More Likely
There are a number of mechanisms that give rise to increased

oxidative stress in tissues. Among these are some actions of
peroxisome proliferator alpha agonists (Peters et al., 2005), as

FIG. 4. Effect of administration of two doses of the “promoter”
TPA at various times before or after the “initiator” (DMBA) .
Data of Ewing et al. (1988).
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previously mentioned, although their action seems predomi-
nantly in the “promotion” category discussed below.

Inflammatory processes are also an important source of en-
dogenous oxidants that are suspected to contribution to car-
cinogenic initiation (Babbar and Caesero, 2006; Marquez et al.,
2007; Ohshima et al., 2005).

2.2 Promotion Modes of Action
2.2.1 Expectations and Observations for Age-Related
Differences in Susceptibility

To qualify as a promoter, a chemical must enhance
the relative growth rate and/or depress the relative rate of
death/differentiation of clones of cells that have undergone an
“initiation” compared to normal stem or progenitor cells. In con-
trast to the modes of action that enhance initiation, promotion is
expected to enhance carcinogenesis to a greater extent in older
than in younger animals.

A remarkable paper by Kraupp-Grasi et al. (1991) provides
direct quantitative observations of age related differences in the
strength of promotion for promoters of two different classes—
phenobarbital, a member of the gap-junction inhibitor class; and
nafenopin, a peroxisome proliferator. The observations are sum-
marized in Table 2. Whether one expresses the promotion effect
in terms of numbers of tumors that are macroscopically detected
or in terms of tumor volume, older animals have a several fold
larger enhancement than younger animals. These findings re-
inforce earlier observations of enhanced promotion activity in
older versus younger animals with phenobarbital (Ward, 1983;
Ward et al., 1988) and the paradigmatic peroxisome proliferator
WY-14,643 (Cattley et al., 1991).

Relevant observations of age-related differences in suscepti-
bility for a member of a third promoter class—the phorbol ester
TPA—are provided by a paper of Battalora et al. (2001) and
summarized in Figure 5. The mice studied by Battalora et al.
carried a genetically introduced v-Ha-ras initiating mutation in
all of their cells. Nevertheless, the numbers of tumors yielded by
20 weeks after a brief TPA promotion treatment (2 days/week
for 2 weeks) increased appreciably with the age of the mice at the
start of promotion. The pattern of increase with age appears to
differ for different TPA doses, but the conclusion is clear that in
addition to the initiating event, some further age- or time-related
accumulation of further genetic or epigenetic changes is needed
for individual cells to respond to TPA treatment by growth into
visible tumors. Some of the higher dose/longer duration points
in these data may have been distorted downward because the
authors chose not to record more than 30 papillomas per animal.

In their discussion, Battalora et al. (2001) report that simi-
lar increases in promotion sensitivity with age have not always
been observed in more conventional initiation–promotion exper-
iments. In the classical initiation promotion study of Berenblum
and Shubik (1949) it was found that a delay in promotion fol-
lowing initiation from 3 to 43 weeks did not change the ultimate
tumor yield. This was taken as important evidence that the ini-

tiating events are irreversible. In other experiments where both
initiation and promotion are conducted at a fixed time inter-
val in animals of different ages, there is clearly a potential for
the known decreases in age-related sensitivity to initiation to
obscure age-related differences in promotion. The quantitative
significance of stochastic postinitiation events (including epi-
genetic changes and the relative growth vs death/differentiation
rates of initiated cells) clearly can differ from system to system.

2.2.2 Kinds of Evidence Available to Construct Categories
of Promotion Activity

As indicated in section 1, it has proven quite complicated to
compile a definitive set of mutually exclusive and exhaustive
groupings for promotion modes of action. Before detailing the
provisional categories of promotion it is worth discussing the
implications of different kinds of evidence that are available for
distinguishing various groups.

Most definitive on our list of types of evidence are exper-
iments in congenic knockout versus wild-type inbred mouse
strains. This kind of evidence is available for two peroxisome
proliferators (via a PPAR-alpha knockout mouse strain), and
for phenobarbital from both a gap junction knockout (Moen-
nikes et al., 2000) and a knockout for an apparently unrelated
gene— constitutive active/androstane nuclear receptor (CAR)
(Yamamoto et al., 2004). Separately the classic phorbol ester
tumor promoter TPA has been shown to be ineffective or at
least much less effective in mice lacking active TNF-alpha genes
(Arnott et al., 2002; Suganuma et al., 1999).

Less definitive lines of evidence include observations that a
particular chemical causes responses by activation or blocking
of a specific receptor: generally one associated with promotion
activity by a lead chemical, such as TCDD. The reason why
this kind of evidence is considered “less definitive” is that just
because a chemical has a particular kind of activity that can
contribute to promotion does not allow a conclusive inference
that this mode of action is the sole or predominant way that it does
act in a particular carcinogenesis system. Only a showing that a
specific inhibition of promotion by a specific pathway (e.g., via
a knockout mouse) inhibits cancer promotion by the compound
can establish that some other mode of action is not operative.
Nevertheless, classification by major receptor binding/activation
types can be very helpful in organizing chemicals into groups
likely to have similar modes of action, and even quantifying
relative potency of members of the group for action via specific
receptor types.

For example, TCDD is famous for inducing many responses
via binding of the aryl hydrocarbon (AH) receptor, and potencies
of more or less related compounds have been estimated from po-
tencies for causing biological responses thought to be mediated
by that receptor. These potencies seem to describe the addi-
tive effects of different combinations of dioxin-like compounds
(Walker et al., 2005). Activation of this particular receptor by
a genetic manipulation that causes constitutive expression of
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TABLE 2
Observations of Kraupp-Grasl et al. (1991) on promoting activities of phenobarbital and nafenopin in younger (13–70 week)

versus older (57–114 week) rats

Group
Number of

rats
<3
mm

3–8
mm

>8
mm

All
sizes

Average number/
tumor-bearing liver,

all sizes

Estimated
tumor

“hits”/animala

Estimated mean
tumor volume/rat

(mm3)b

Percent rats with hepatocellular adenoma by tumor diameter
Young rats, no

treatment
18 0 0 0 0 0

Young rats,
phenobarbital (50
mg/kg-day in diet)

28 4 0 0 4 1 0.036 0.064

Young rats,
nafenopin (100
mg/kg-day in diet)

17 41 6 0 41 1.1 0.53 6.7

Old rats, no
treatment

29 3 0 0 3 1 0.035 0.062

Old rats,
phenobarbital (50
mg/kg-day in diet)

20 55 30 0 55 2.7 0.80 25

Old rats, nafenopin
(100 mg/kg-day in
diet)

19 90 63 0 90 6 2.25 83

Percent rats with hepatocellular carcinoma by tumor diameter
Young rats, no

treatment
18 0 0 0 0 0

Young rats,
phenobarbital (50
mg/kg-day in diet)

28 0 0 0 0 0

Young rats,
nafenopin (100
mg/kg-day in diet)

17 6 18 12 35 1.2 0.435 107

Old rats, no
treatment

29 0 0 3 3 1 0.035 21

Old rats,
phenobarbital (50
mg/kg-day in diet)

20 0 0 0 0 0

Old rats, nafenopin
(100 mg/kg-day in
diet)

19 37 63 53 90 6.4 2.25 554

aCalculated as –ln(1 – fraction of animals with tumors of all sizes).
bCalculated assuming that the three size groups of tumors average about 2, 87, and 606 mm3 each, respectively.

genes that are normally induced via AhR binding has been shown
to dramatically enhance carcinogenesis following exposure to
known mutagenic initiators (Moennikes et al., 2004). We there-
fore have tentatively classified coplanar “dioxin-like” PCBs in
the AhR category. By contrast, many non-coplanar PCBs (those
with chlorines in the alpha position right next to the bond that
links the two aromatic rings) have gap-junction inhibition activ-

ity and are therefore tentatively presumed to act primarily via
that phenobarbital-like pathway (Machala et al., 2003).

Similarly, “peroxisome proliferators” tend to cause changes
in transcription of various genes by binding to the peroxi-
some proliferator alpha receptor (PPAR). One general diffi-
culty with classifying compounds on the basis of receptor action
alone is that receptors generally come in multigene families of
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FIG. 5. Data of Battalora et al. (2001) on the relationship be-
tween age at the start of promotion, TPA dose, and the numbers
of skin papillomas induced by 20 weeks after 2 weeks of TPA
treatments.

phylogenetically and functionally related members. The actions
of different members of these multi-gene families can be dis-
tinct, or even opposite to the action of the major receptor defining
the family. For example, there are also peroxisome proliferator
beta, gamma, and delta receptors, some of which seem to in-
hibit various processes related to carcinogenesis (Peraza et al.,
2006; Kim et al., 2006a). Depending on the affinities of dif-
ferent chemical agonists for different members of a family of
related receptors, qualitatively different responses can be gen-
erated. Quantitatively, different affinities for different receptors
mediating opposite actions can even give rise to nonmonotonic
dose-response relationships (Kohn and Melnick, 2002).

Supportive evidence for classification may come in the form
of observations of the kinds of foci of initiated cells that a chemi-
cal induces. For example, the gap junction inhibitor phenobarbi-
tal tends to promote clones initiated by beta-catenin mutations
(37/46) with a phenotype that includes glutamine synthetase
over expression and glucose -6-phosphatase deficiency (Aydin-
lik et al., 2001; Loeppen et al., 2002). Foci that appear following
treatment with an initiator only (diethylnitrosamine) do not in-
clude detectable numbers with beta-catenin mutations (0/13).
(Schwartz et al., 2003; Aydinlik et al., 2001). By contrast, the
peroxisome proliferator Wy-14,643 does promote foci that are
not initiated by beta-catenin mutations, and that show a phe-
notype that does include glucose-6-positive activity in the ab-
sence of glutamine synthetase activity (Moennikes et al., 2003).
Liver foci promoted by TCDD or a constitutively overactive
aryl hydrocarbon receptor also tend to promote clones that lack

glutamine synthetase (Devereux et al., 1999; Moennikes et al.,
2004).

Liver tumors initiated by beta-catenin mutations are of partic-
ular interest for risk analysis because they seem to be frequent
among tumors in rodents induced by many chemicals (Dev-
ereux et al., 1999), and also make up a discernable proportion of
liver cancers in people (13/81 in one recent study from Japan—
Nishida et al., 2007; Devereux et al., 2001). Beta-catenin muta-
tions seem to act by enhancing stimulation via the Wnt pathway
(Anna et al., 2000; Devereux et al., 1999; Anna et al., 2003).
Similar signaling can also be induced by disruption of the APC
gene in livers of mice (Colnot et al., 2004). Beta-catenin muta-
tions are also frequent among the tumors promoted by the non-
ortho PCB 153 (Strathmann et al., 2006), which, like many other
non-ortho PCBs, also shows important gap junction inhibition
activity (Machala et al., 2003) (see dose-response analysis later).

Next we discuss promotion actions under several different
subheadings:

1. Gap junction inhibition (phenobarbital type, associated with
promotion of beta-catenin-initiating mutations with glu-
tathione synthetase+ and eosinophilic focus phenotypes).
Nonplanar PCBs also appear to belong to this group (Strath-
mann et al., 2006; Machala et al., 2003). Phenobarbital fails
to promote initiated liver tumor clones in specific knock-
out mice that lack connexin-32—the chief mediator of gap
junction communication (Moennikes et al., 2000). On simi-
lar grounds, phenobarbital promotion also seems to depend
on the constitutive active/androstane nuclear receptor (CAR)
(Yamamoto et al., 2004). As yet the connection, if any, be-
tween these two apparently required mediators of phenobar-
bital promotion is not understood.

2. Peroxisome proliferator alpha receptor activation
(Wy-14,643, nafenopin, associated with promotion of
“weakly basophilic” foci on classic hematoxylin and eosin
staining). These chemicals fail to promote cancer in PPAR-
knockout mice (Gonzalez et al., 1998; Peters et al., 1997). In
contrast to the gap junction inhibition/phenobarbital group,
Wy-14,643 does promote initiated clones in connexin-32
knockout mice (Moennikes et al., 2003).

3. Aryl hydrocarbon receptor (AhR) activation (TCDD, other
planar dioxins, and planar PCBs) (Watson et al., 1995). Tu-
mors promoted by these agents exhibit a low frequency of
beta-catenin mutations (1/18 TCDD induced liver tumors
compared with 20/29 induced with methyleugenol; Devereux
et al., 1999).

4. TNF-alpha pathway activation (particularly for
Hras-initiated skin tumors) (Kemp, 2005) by phorbol
ester [12-O-tetradecanylphorbol 12-acetate (TPA)] promot-
ers and okadaic acid. Protein kinase C (PKC) appears to
induce terminal differentiation of skin cells that is manifest
in a pronounced hyperplasia of treated skin (Reiner and
Slaga, 1983; Matsui et al., 1994). This presumably leads to
enhanced signaling to tumor-susceptible stem cells to divide.
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In contrast to some other tumor promoters, this vision of
the mode of action is consistent with TPA’s capability to
enhance carcinogenesis when given some weeks prior to
an initiator, as noted earlier (Figure 4) (Furstenberger et al.,
1985; Ewing et al., 1988a).

In the case of TPA, the fundamental molecular action seems
to be stimulation of activity of a protein kinase C (PKC) isomer.
TPA stimulates PKC activity by binding to a site on the enzyme
that normally binds a natural ligand—diacylglycerol (DAG)
(Castagna et al., 1982). This evidently induces widespread
calcium-dependent differentiation of epithelial cells (Yuspa
et al., 1988; Reiners and Slaga, 1983; Yuspa et al., 1982, 1983;
Matsuii et al., 1994), leading to the well-known thickening of
the skin. Deletion of the gene for the major PKC isoform (PKC
alpha) responsible for PKC-induced signaling renders mice re-
sistant to skin carcinogenesis (Arnott et al., 2002; Suganuma,
1999), although deletion of the gene for another PKC isoform has
the opposite effect (Chida et al., 2003)—enhanced tumor pro-
motion, associated with enhanced skin thickening. The major
isoform PKC-mediated signaling for differentiation may have
two separate implications for indirect actions on the carcino-
genic process:

First, perhaps to replace the cells induced to differentiate, the
proliferation of “dark basal keratinocytes” is stimulated. These
cells, very numerous in fetal life and infancy but progressively
more rare with age (Figure 6), are putative epithelial stem cells—
likely targets of carcinogenic transformation. The prenatal peak
at gestation day 19 corresponds to the time of peak prenatal
sensitivity to initiation in a transplacental initiation/postnatal

FIG. 6. Changes in the percentage of basal cells classified as
dark keratinocytes (presumptive stem cells) at various ages, and
after TPA treatment. Data of Klein-Szanto et al. (1981).

promotion protocol (Goerttler et al., 1980). Thus the increase
in initiation rates by promoter administration before initiation
(Figure 4) might be understood in terms of the numbers and pro-
liferation rates of these susceptible stem cells (the mechanisms
discussed in subsections 2.1.3 and 2.1.4 earlier).

Second, the genetically active initiating chemicals cause a
wide variety of mutations, some of which confer resistance to the
differentiation signals caused by chronic TPA treatments (Yuspa
and Morgan, 1981; Hennings et al., 1987). These differentiation-
resistant clones have a selective growth advantage relative to nor-
mal skin stem cells, and are the likely source of the benign papil-
lomas and malignant carcinomas seen with continued treatment
of TPA after initiation. Additionally, the continuous depletion
of the stem cell compartment with TPA/PKC-induced differen-
tiation is likely to induce continuing chemical signals to basal
cells to replicate.

Promotion by TPA is greatly inhibited in mice that are defi-
cient in a particular cyclin-dependent kinase (Rodriguez-Puebla
et al., 2002) or that are deficient in the inflammatory mediator tu-
mor necrosis factor (TNF)-alpha (Arnott et al., 2002; Suganuma
et al., 1999; Fujiki et al., 2000). TNF-alpha-deficient mice also
cannot support promotion by okadaic acid (Suganuma et al.,
1999), although they are as competent as normal mice in sup-
porting promotion by the pesticide mirex (Arnott et al., 2002).
Okadaic acid has a somewhat distinct mechanism at the level
of the primary activating process in that it appears to increase
growth factor second-messenger signaling by inhibition of phos-
phatases (which destroy second-messenger signals), whereas
TPA induces the TNF-alpha pathway by activating protein ki-
nase C via a binding site normally triggered by the natural ligand
diacyl glycerol (DAG) (Peng et al., 1997; Slaga et al., 1995; Fu-
jiki et al., 1994). Another part of the TNF-alpha pathway appears
to be the cyclooxygenase isoenzyme COX-2. A reportedly selec-
tive inhibitor of COX-2 abolished the promoting effect of TPA,
but not promotion by TCDD (Wolfle et al., 2000).

On the other hand, a report by Hara et al. (2005) indicates
that while genetic deficiency (lacking a particular exon) of the
primary protein kinase C alpha gene does impair the hyperplasia
response to TPA, as would be expected, mice without PKC alpha
are even more, rather than less sensitive to skin tumor promotion
than congenic wild type mice. Transgenic mice that overexpress
PKC delta or PKC epsilon in the basal keratinocytes of their
epidermis are reportedly resistant to TPA-induced tumor for-
mation but sensitive to epidermal hyperplasia induced by TPA
treatment (Hara et al., 2005). The precise role of PKC alpha in
conventional skin tumor promotion systems, in contrast to other
PKC isoforms, remains to be fully elucidated. Wheeler et al.
(2003) report that mice overexpressing a different PKC isoform,
PKC epsilon, show enhanced TNF alpha levels in serum, and
enhanced development of metastatic squamous cell carcinoma
following TPA promotion.

5. Other changes in selective advantage of initiated cells not
yet traced to specific molecular pathways.
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The first two and the fourth group listed (at the bottom of
page 14 above) are defined in terms of results in specific knock-
out strains where absence of a particular mechanistically relevant
function is associated with absence of promoting activity for a
defined group of agents. The aryl hydrocarbon receptor group
is suggested by experiments showing parallel promotion activ-
ity for known high-potency activators of this receptor (TCDD)
and specific genetic overexpression of the receptor (Patel et al.,
2006). The final category is a basket for agents that induce se-
lective advantage in initiated cells by mechanisms that have not
yet been separately elucidated.

We cannot be confident that all of these represent completely
distinct groups, mechanistically. For example, changes in the
expression of connexin genes that mediate gap junction com-
munication are induced by promoters classified in several of
the groups identified above (Budunova et al., 1996). Potent
gap junction inhibition activity is also reported for the phor-
bol ester cancer promoters (Rivedal and Leithe, 2005), retinoic
acid and retinaldehyde (Pulukuri and Sitaramayya 2004), and
TCDD (Baker et al., 1995; Mally and Chipman, 2002). The gap
junction inhibition activity for some barbiturates is reportedly
correlated with their promoting activity in rodent liver bioas-
says (Ren and Ruch, 1966). At least in the case of the phorbol
esters, the inhibition appears to be mediated by an increased
degradation rate of a key connexin protein (Leithe and Rivedal,
2004), mediated by the central phorbol ester mechanism of ac-
tion via binding to protein kinase C. Upregulation of Cox-2,
which we have associated with the TNF-alpha pathway, can
evidently also be accomplished by an ortho-substituted PCB
(2,2′,4,4′-tetrachlorobiphenyl; Bezdecny et al., 2007), which we
would have otherwise tentatively classified in the phenobarbi-
tal/gap junction group on the basis of the extensive observations
of Machala et al. (2003). More definitive evaluation of these cat-
egories, and the classifications of individual chemicals in one or
more than one groups within the system, will require additional
cross-testing of the effectiveness of promotion by members of
each putative category in promotion systems deficient in func-
tions required by members of other categories. For example,
Wolfle et al. (2000) report that the promoting effect of TPA, but
not TCDD, is prevented by a selective inhibitor of COX-2 en-
zymatic activity. Other relevant information may be produced
with the aid of observations in initiation–promotion systems for
a number of different tissues and experimental animals.

2.2.3 Promotion via Inhibition of Gap Junction Communication
and/or Activation of the Constitutive Active/Androstane Nuclear
Receptor (CAR)

Part of the promotion story that has come together in the
last several years is the gap junction inhibition mechanism. This
consists of interference with the cell–cell “communication” via
transfer of small molecules across “gap junctions” involving
“connexin” proteins. Such inhibition is thought to release the
initiated cells from growth inhibition by untransformed neigh-
boring cells (Trosko et al., 2004; Mesnil, 2002; Tsushimoto et al.,

1983). In cell culture systems, it has also been shown that signals
for apoptosis can be transmitted via gap junctions (Krutovskikh
et al., 2002). Another assay used to detect the inhibition of gap
junction communication involves the rescue of 6-thioguanine-
resistant cells when they are cocultured with sensitive cells at
high densities (Yotti et al., 1979).

The chlorinated insecticides lindane, chlordane, and DDT
are prime examples of gap junction communication inhibitors
(Caruso et al., 2005, Rivedal and Witz, 2005; Klaunig et al.,
1990; Boutwell et al., 2005). Recently, relatively strong gap
junction inhibition activity has been reported for some metabo-
lites of benzene that are thought to be important for benzene
hematotoxicity (Rivedal and Witz, 2005). This may be an ex-
planation for the fact that benzene seems to induce its strongest
effects in inducing human leukemias within the first 10 years
after exposure. The enhancement of leukemia incidence by ben-
zene declines in subsequent decades (Richardson, 2008).

Cell cell communication inhibition activity has also been
reported for a number of agents primarily classified in other
promotion categories below—e.g., the peroxisome proliferator
clofibrate (Krutovskikh et al., 1995). Inhibition of communi-
cation is associated with relocalization of the connexin pro-
teins from the plasma membranes to the cytoplasm (Krutovskikh
et al., 1995).

This is by no means a newly postulated mode of action.
Trosko and others (Tushimoto et al., 1983; Trosko and Chang,
2001; Trosko et al., 2004, 2005; Trosko, 2007) have been de-
veloping related theory and observations over at least a quar-
ter century. However a key relatively recent set of findings is
based on the use of connexin-knockout mice. These mice have
a greatly increased background incidence of tumors (8- to 25-
fold for the two sexes) and also enhanced susceptibility to car-
cinogenesis started by known initiators (Temme et al., 1997;
Hokaiwado et al., 2005). Moennikes (2000) report that unlike
wild-type mice, these connexin32-negative mice do not show
promotion of initiated liver tumors by phenobarbital.

Phenobarbital is also apparently ineffective in promoting tu-
mors initiated relatively early in mouse postnatal development
(preweaning) but not in postweaning mice (Lee, 2000; Weghorst
and Klaunig, 1989). Trosko (2005) has advanced, as an explana-
tion of this, that the initiated cells in preweaning mice are primar-
ily less differentiated primary stem cells in the liver, which do
not have gap junction intercellular communication structures,
and therefore are not subject to promotion by inhibiting the
functioning of those structures. By contrast, more of the cells
initiated in postweaning animals have developed functioning
gap junctions and therefore their growth can be promoted by
phenobarbital. In support of this, Luebeck et al. (2005) report
that the tumors that eventually appear in the animals initiated
at 2 versus 6 weeks of age differ in their predominant initiating
mutations—the lesions in animals initiated at 2 weeks frequently
had Ha-ras mutations, whereas the lesions in animals initiated at
6 weeks showed predominantly beta-catenin mutations. On the
other hand, the deficiency of phenobarbital in promoting tumors
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FIG. 7. Changes in connexin-32 protein spots per hepatocyte
with age. Data of Harada et al. (2003).

from young animals appears to be strain and sex dependent.
Pereira et al. (1986) report actual inhibition of tumorigenesis
in 15-day initiated mice of one strain (B6C3F1), but positive
promotion in another (BALB/c). Weghorst and Klaunig (1989)
report inhibition of tumorigenesis in 15-day initiated B6C3F1
male mice “promoted” with phenobarbital, but enhancement of
adenoma formation in females of the same strain.

One of the benefits of a mechanism-driven definition of pro-
motion subcategories is that it may provide clues to age-related
changes in related processes. Data of Harada et al. (2003) plotted
in Figure 7 show a substantial decline with age in the numbers of
connexin-32 protein spots per hepatocyte in untreated animals.
It is not known how the background of initiated cell repression
by neighboring cells in untreated animals declines in parallel
with this.

One other benefit of subcategorization is that it allows more
extensive analysis of dose response relationships for chemicals
with putatively similar modes of action. Machala et al. (2003)
have published results of dose response experiments in vitro for
gap junction inhibition for 37 different PCBs at 5 concentrations
each. Only the non-coplanar ortho-substituted PCBs were found
to have significant activity in this assay—four dioxin-like copla-
nar PCBs all had ED50s for inhibition of gap junction inhibition
that were larger than the highest dose used in the experiments.
Moreover, in two independent experiments using combinations
of one ortho and one non-ortho PCB congener, it was found that
their combined promotion activities are even less than additive
(Dean et al., 2002; Tharappel et al., 2002), indicating that they
act by different, and apparently partly offsetting, processes.

FIG. 8. Plot of all data points for the inhibition of gap junction
communication by 31 PCBs (with dose expressed as a fraction
of each PCB’s ED50) . Data of Machala et al. (2003).

Figure 8 shows a plot of all the individual data from the
Machala et al. (2003) observations for the 31 PCB congeners
with ED50s in the dose range tested—expressing the amount of
each PCB in each of the 5 concentrations as a fraction of its own
ED50. Figure 9 focuses on data points in the low dose region
between 0 and 2 ED50s. Figures 10 and 11 show the same data
consolidated into a smaller number of observations (intervals of
0.2 ED50 each) and fit to a Hill function of the form:

Fraction of Control Gap Junction Communication

= 1

1 + [PCB]n

where the exponent n is a constant fitted to the empirical data,
and [PCB] is the concentration of each PCB congener expressed
in units of ED50s for that PCB. For example, if the concentration
used in a particular culture were 0.2 mM , and that PCB had an
ED50 of 0.1 mM , [PCB] for that data point would be 2.

The n in the Hill equation is a measure of the nonlinear-
ity in the dose-response data. An n of 1 would be expected if
binding by a single inhibiting molecule could effectively shut
down the measured cell cell communication for a particular func-
tional unit. It can be seen that the data are relatively well fit
by a Hill function with an exponent of concentration of about
2.4—indicating appreciable nonlinearity, but perhaps not a fully
threshold-like dose response function as is often assumed. The
fit of the equation to the data in the low-dose region does not
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FIG. 9. Low-dose dose-response relationship for inhibition of
gap junction intercellular communication by 31 PCBs (with
dose expressed as a fraction of each PCB needed for 50%
inhibition)—data of Machala et al. (2003).

unambiguously support or refute the possibility of thresholds in
the inhibition response on an individual cellular basis. In any
event these observations tend to support the notion that the non-
planar PCBs can be coherently treated as having activity of one
type that differs from the promotion activity of planar PCBs.

2.2.4 Promotion Mediated via the Ah Receptor (TCDD, Other
Planar Dioxins, and PCBs)

The aryl hydrocarbon (Ah) receptor is so named because it is
activated by binding with a wide variety of aromatic molecules.
The most famous of these is 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD). After the receptor is bound, it translocates to
the nucleus, forms a heterodimer with aryl hydrocarbon nuclear
translocator (ARNT), and activates transcription of a wide vari-
ety of genes with dioxin-responsive promoter sequences (Safe,
2001). These include at least one gene for a potent mitogen
that is part of the epidermal growth factor family (Patel et al.,
2006). Potencies for activities mediated by the Ah receptor are
the basis for the assignment of “toxic equivalents” (TEQs) for a
wide range of dioxins, dibenzofurans, and planar PCBs (Walker
et al., 2005). Knerr and Schrenk (2006) report that concentration-
weighted averages of these TEQs for different commercial PCB
mixtures are better correlated with their carcinogenic potencies
than unweighted doses of total PCBs. Recently it has been pro-
posed that the natural ligand of the Ah receptor is not an aromatic
hydrocarbon at all, but the second-messenger compound, cyclic

FIG. 10. Fit of the full Machala et al. (2003) data on inhibition
of gap junction communication to a Hill model with a power of
2.4.

adenosine monophosphate (cAMP) (Oesch-Bartlomowicz et al.,
2005). As mentioned earlier, constitutive upregulation of the Ah
receptor renders animals more sensitive to carcinogenesis by
known initiators (Moennikes et al., 2004).

Promotion by TCDD is inhibited by antioxidants (Wolfle and
Marquardt, 1996), but not by a selective COX-2 inhibitor that
does prevent promotion by TPA (Wolfle et al., 2000).

FIG. 11. Low-dose plot of the fit of the Machala et al. (2003)
PCB GJIC data to a Hill function with a power of 2.4.
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2.2.5 Promotion via the Phorbol Ester/Protein Kinase C/- or
the Okadaic Acid/Protein Phosphatase (PP-1 and PP-2A)/TNF-
Alpha/NF-Kappa B/AP-1/COX-2 Pathways

Phorbol esters, including the paradigmatic 12-O-
tetradecanylphorbol 13-acetate (TPA), are the classic tumor
promoters, dating back to the original initiation–promotion
skin painting experiments of Berenblum (Berenblum, 1941;
Berenblum and Shubik, 1947). For many years it has also
been known that TPA acts primarily by first binding to protein
kinase C (PKC) by substituting for the normal PKC ligand
diacylglycerol (Nishizuka, 1984, 1995; Clemens et al., 1992).
An inhibitor of protein kinase C inhibits promotion by TPA,
but apparently has no effect on promotion by TCDD (Wolfle
and Marquardt, 1996).

Protein kinase C (PKC) is a serine-threonine kinase with a
variety of isoforms. On activation, it translocates to the cell mem-
brane where it is undergoes more rapid degradation. This activa-
tion and accelerated degradation can be triggered nonspecifically
by a variety of irritants (including acid, base, and detergents com-
pounds) applied to the skin (Li et al., 1998), and by the promoter
hydrogen peroxide (Konishi et al., 1997). Long-wave ultraviolet
radiation (320–400 nm), also a promoter, induces PKC in human
epidermal keratinocytes in tissue culture (Matsui et al., 1994).

More recently, the pathways involved in these actions have
been connected to signaling pathways that also involve inflam-
matory responses via experiments in TNF-alpha knockout mice
(Arnott et al., 2002). Kemp (2005) represents the action of TPA
as via interactions with MAP-kinase processes connected to the
H-Ras oncogene signaling cascade. MAP-kinase activates the
transcription factor AP-1.

Vital components of this pathway have been substantially
defined by experiments in which promotion by TPA and okadaic
acid have been inhibited in various ways:

First, TPA promotion is inhibited by a selective COX-2 an-
tagonist (Wolfle et al., 2000). Mice genetically deficient in either
COX-1 or COX-2 show about a 75% reduction in skin carcino-
genesis from 7,12-dimethylbenz[a]anthracene (DMBA) initia-
tion followed by TPA promotion treatment (Tiano et al., 2002).
Flavones also appear to inhibit TPA tumor promotion via sig-
naling processes that involve prostaglandin E2 (Ko et al., 2002).

More generally, an early report indicates that TPA promo-
tion and associated activities are inhibited by a variety of anti-
inflammatory agents (Slaga and Scribner, 1973), and inhibitors
of the lipoxygenase arachadonic acid cascade for the produc-
tion of prostaglandins (Nakadate, 1989; Kavanaugh et al., 1999).
Chronic inflammatory processes and associated cytokines have
been widely implicated in the promotion of cancers (Tsuji et al.,
2003) and anti-inflammatory agents can be effective inhibitors
(Slaga and Scribner, 1973). COX-2 overexpression has been fre-
quently found as a feature of newly developed human colorectal
adenomas and carcinomas (Eberhart et al., 1994) and COX-2 in-
hibitors have been considered to be among the more promising
agents for cancer chemoprevention (Marks and Furstenberger,
2000; Martin et al., 2005: Kim et al., 2006b).

Third, a dominant negative c-Jun mutant also inhibits TPA
and okadaic acid promotion, apparently by squelching the induc-
tion of activating transcription factor-1 (AP-1) (Thompson et al.,
2002a, 2002b). The AP-1 transcription factor is a dimer made
up of 18 different combinations of Jun-Jun or Jun-Fos proteins.
AP-1 activation affects cell-cycle checkpoint functions, prolifer-
ation, growth arrest, and apoptosis. Messner et al. (2001) report
that transforming levels of okadaic acid seem to facilitate cell-
cycle progression in rat liver epithelial cells up to the G(1)/S
checkpoint, but then trap many exposed cells at the point of this
phase change. Okadaic acid inhibition of phosphatases I and II
appears to lead to hyperphosphorylation of c-jun, which in turn
mediates increased binding of AP-1 to DNA (Peng et al., 1997).

Fourth, deficiency in a particular cyclin-dependent kinase,
Cdk4, also inhibits skin tumor development. However, this defi-
ciency does not affect the proliferation of normal kertatinocytes
or the epidermal hyperplasia induced by TPA (Rodriguez-Puebla
et al., 2002).

There is evidence for partial overlap between the initiating
events leading to skin tumors promoted by TPA and those pro-
moted by the oxidant benzoyl peroxide (BzPo). In a series of
experiments in which promotion was started with BzPo and later
switched to TPA, it was found that the TPA eventually doubled
the overall number of papillomas that became visible by the
end of the promotion period. By contrast, when promotion was
started with TPA and switched at an analogous time point to
BzPo, no additional papillomas were induced, indicating that
some of the initiating mutations that are promotable by TPA are
not promotable by BzPo (Mancuso et al., 2004). By contrast,
administration of mirex and TPA to DMBA initiated animals
yielded a tumor multiplicity greater than the sum of each agent
separately (Meyer et al., 1993). This suggests that these agents
act at different steps in the carcinogenic process leading to the
same tumors.

Another set of promoter agents that reportedly activate pro-
tein kinase C signaling pathways and increase prostaglandin
production via NF-kappa B/AP-1 pathway to induction of the
COX-2 enzyme are a set of bile acids, including deoxycholic
acid (Glinghammar et al., 2002; Oshima et al., 1996; Huang
et al., 1992). This promotion mechanism appears likely to be
important in human colon cancer (Weisburger et al., 1983; Im-
ray et al., 1992). [It should be noted that deoxycholic acid also
induces DNA damage and may therefore act in part by a muta-
genic mode of action (Glinghammar et al., 2002).]

Unlike TPA okadaic acid acts by inhibiting the destruc-
tion of “second messenger” phosphorylation signals by phos-
phatase 1 and 2A. This in turn induces increased expression of
a chemokine, CXCLI/KC via a pathway involving NF-kappaB
(Feng et al., 2006).

2.2.6 Peroxisome-Proliferator Alpha Receptor (PPAR α)/NF-
kappa B Actions

PPARα is a ligand-activated transcription factor that is clas-
sified as part of the steroid receptor superfamily (Latruffe et al.,
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2000). Liver, heart, kidney, muscle, and vascular endothelial
cells are the major sites of expression. PPARα induces tran-
scription of selected genes after forming a heterodimer with the
retinoic X receptor (RXR).

In one of those cross-connections that bedevils attempts to
neatly subdivide the components of biological systems, PPARα

and its specific binding protein appear to be activated by pro-
tein kinase C (Blanquart et al., 2004; Misra et al., 2002). Protein
kinase C is of course a primary mediator of the promotion mech-
anisms discussed in the previous subsection. Natural ligands for
PPARα include fatty acids that are produced by the cyclooxyge-
nase enzymes, which were also covered as intermediate effectors
of the PKC and okadaic acid group of promoters. However, in
contrast to the promoters in that group, Blanquart et al. (2004)
and Paumelle et al. (2006) report that PPARα activation has anti-
inflammatory actions—repressing pathways mediated by AP-1
and NF-kappaB. In cell culture studies, Gray et al. (2005) re-
port that the level of phosphorylated PPARα is increased by
treatment with Wy-14,643 as well as the PKC activator phor-
bol myristol acetate (PMA). In addition, inhibitors of PKC de-
creased Wy-14,643-induced PPARalpha activity in a variety of
reporter assays. It seems plausible that pathways for promotion
of carcinogenesis may be better represented as an interacting
web than as a series of discrete sets events arranged in simple
linear sequences.

Like gap junction inhibition, activation of PPARα seems to
be a feature of many chemicals of different types (Klaunig et al.,
2003). Table 3 reproduces a list of “representative peroxisome
proliferators” included in a recent review of the health risks
of trichloroethylene by the National Research Council (NRC,
2006). “Peroxisomes” are specific organelles that break down
long-chain and polyunsaturated fatty acids. Liver cancer pro-
motion by the paradigmatic peroxisome proliferator Wy-14,643
is inhibited in mice with a deletion of a specific subunit of the
NF-kappa B gene (Glauert et al., 2006), in addition to mice lack-
ing PPARα itself (Gonzalez et al., 1998; Peters et al., 1997)—the
latter being the definitive finding for categorization in this group.

Some other authors have used differences in short-term
in responses by wild-type and PPARα full mice to identify
likely modes of action for specific chemicals—e.g., the work
of Nakajima et al. (2000) finding sex-specific differences in en-
zyme induction in response to 2-week trichloroethylene expo-
sures. Although such short-term experiments can be suggestive,
mode-of-action conclusions are much more securely based on
full tumor promotion observations in wild-type compared to
congenic PPARα full animals.

The importance of conducting full tumor promotion or car-
cinogenesis experiments in PPARα wild-type versus null mice
is reinforced by recent unexpected observations with di(2-
ethylhexyl) phthalate (DEHP), one of the substances included
by NRC among its list of “representative peroxisome prolif-
erators” in Table 3. Contrary to expectation, Ito et al. (2007)
report that DEHP administration to PPARα null mice causes
increased, rather than decreased numbers of liver tumors com-

TABLE 3
Compounds listed as “representative peroxisome proliferators”

in an NRC review of the human health risks of
trichloroethylene

Commercial category Compound

Hypolipidemic drug Gemfibrozil (U.S.)
Clofibrate (U.S. and other

countries)
Fenofibrate (other countries,

not U.S.)
Wy-14,643 (not approved for

drug use)
Nafenopin (not approved for

drug use)
BR-931 (not approved for

drug use)
Methylclofenepate (not

approved for drug use)
Herbicide Lactofen

Fomasafen
2,4-Dichlorophenoxyacetic

acid
2,4,5-Trichlorophenoxyacetic

acid
Plasticizers and polymerizers Di-(2-ethylhexyl)phthalate

Di-(2-ethylhexyl)adipate
Di-n-butyl phthalate
Perfluorooctanoic acid
Perfluorooctanesulfonate

Solvents Trichloroethylene
Perchloroethylene

Other pharmaceuticals Valproic acid (antimania,
approved U.S. and
elsewhere)

LY-171,883 (leukotriene D4
receptor agonist, not
approved)

Dehydroepiandrosterone
(dietary supplement and
human adrenal steroid,
approved in U.S. and
elsewhere)

Source: National Research Council, 2006.

pared to congenic wild-type mice. Thus, although DEHP does
induce peroxisomes, its carcinogenesis for mouse liver evidently
proceeds by a mechanism that does not depend on PPARα.

Yang et al. (2007) have recently reported that when PPARα

is constitutively activated only in rat hepatocytes in transgenic
mice, “the transgenic mice did not develop hepatocellular car-
cinomas, even though they exhibited peroxisome proliferation
and hepatocyte proliferation, indicating that these events are not
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sufficient to induce liver cancer.” By contrast, they observed that
normal mice that do develop hepatocarcinomas when given per-
oxisome proliferators show active proliferation of nonparenchy-
mal cells (NPCs). Yang et al. therefore draw the inference that
stimulation of proliferation of these NPCs and/or other asso-
ciated events are likely to be important for the causal chain
leading to liver tumors following peroxisome proliferator ad-
ministration. Among the nonhepatocytes that are candidates to
mediate liver cancer promotion, Roberts et al. (2007) and Gon-
zalez (2002) identify Kupfer cells, the resident macrophages of
the liver. In support of this, Rusyn et al. (2001) report that the
peroxisome proliferator DEHP induces a rapid (peak at 2 hours
after administration) generation of free hydroxyl radicals, but
this is not found after treatment with glycine, which inactivates
Kupfer cells.

2.2.7 Actions That Change Selective Advantage of Initiated
Cells That Are Not Yet Traced to Specific Molecular Pathways

In almost any set of categories that does not obviously ex-
haust the available mechanisms, it is prudent to include a catch-
all group for “other” processes not yet fully and specifically
identified. We have found two significant observations of pro-
motion activity for which current evidence provides no clear
basis for classification into any of the categories described in
other sections above.

First are experimental observations and quantitative model
simulations of the enhanced relative growth of liver foci by pen-
tachlorobenzene or hexachlorobenzene (Ou et al., 2001). Sec-
ond, Takahashi et al. (2001) report promotion of of uterine en-
dometrial proliferative lesions by 17-beta-estradiol following
initiation by ethylnitrosourea. This indicates that natural hor-
mones can have promotion activity in endocrine-sensitive tis-
sues. Hormonal effects on carcinogenesis that have not yet been
clearly identified with individual stages of the carcinogenic pro-
cess (e.g. they could involve changes in rates of initiation, pro-
motion, or progression) include changes in the frequency with
which initiated cells are effectively removed by terminal differ-
entiation or apoptosis. Some likely example of this are the effects
of early and multiple pregnancies in reducing later breast can-
cer risk (Moolgavkar et al., 1980; Layde et al., 1989; Kampert
et al., 1988) and observations of the effect of estradiol on apop-
tosis (Tesarik et al., 1999).

2.3 Progression Modes of Action
To be classified into the “progression” group, an agent

should enhance the survival, growth, malignant transformation,
or metastasis of preexisting tumors. There are three basic cate-
gories for nonmutagenic “progressor” modes of action: (1) ac-
tions that change hormonally mediated processes that enhance
the growth of specific cell types (e.g., estrogen-dependent breast
cancers); (2) actions that change the efficiency of immune sys-
tem processes in controlling or destroying incipient tumors (“im-
mune surveillance” or, in the newer terminology, “immunoedit-

ing”; Dunn et al., 2002; Buell et al., 2005); and (3) actions that
change local tissue conditions that favor survival or colonization
of new tissues by metastases such as the establishment of tumor
blood supplies (Go et al., 1999).

In addition, some oxidant compounds appear to act at least
in part by facilitating the malignant conversion process itself,
perhaps by either a genetic or epigenetic mechanism. Athar
et al. (1989) report that after prolonged (20 weeks) promotion
of DMBA-initiated mice with TPA the numbers of benign pa-
pillomas induced approaches a plateau. At that point treatment
with benzoyl peroxide induces malignant conversion of some of
the pappilomas to fully malignant cancers (Athar et al., 1989).
Whether this should be defined as a fourth “progressor” sub-
type, a quasi-mutagenic epigenetic transition mechanism, or a
relatively late-acting type of “promotion” is not entirely clear.
The next discussion focuses on the first three categories from
the previous paragraph. All of these have relatively clear founda-
tions in experience with the medical management of full-fledged
tumors.

2.3.1 Enhancement of Tumor Growth by Signaling via
Hormonal Receptors

The dependence of some types of tumors on growth signals
delivered via external hormones is well established. About 65–
70% of breast cancers worldwide express estrogen receptor al-
pha, and are dependent on estrogen for growth (Duss et al.,
2007; Sui et al., 2007). Moreover, evidence suggests that the
proportion of newly diagnosed breast cancers that are estrogen
receptor positive is larger and had been increasing in the 1990s in
the United States (from about 74.5% to 77.5% in the 6 years be-
tween 1992 and 1998), continuing trends observed in earlier data
(Li et al., 2003). Some of the most important types of therapy for
estrogen-receptor-positive breast cancers involve specific inter-
ference with estrogen signaling (tamoxifen) (Kurebayashi 2007;
Patel et al., 2007), enhancement of the rate of destruction of the
estrogen receptor itself (Patel et al., 2007), or reduction in sys-
temic estrogen concentrations by inhibitors of aromatase, which
reduce estrogen synthesis (Mackay et al., 2007).

Recently there has been an important “experiment of nature”
that indicates the population-wide importance of estrogen sig-
naling in contributing to the progression stage of breast cancers.
After a change of medical recommendations in 2001, there was
a rapid change in the use of hormone replacement therapy for
postmenopausal women in the United States (Figure 12) (Ravdin
et al., 2007) and elsewhere (Bouchardy et al., 2006). By 2004
the use of hormone replacement therapy had declined to about
a third of its former value, with the midpoint of the decline
happening in late 2002. Ravdin et al. report that nearly at the
same time, the incidence of newly diagnosed estrogen-positive
breast cancers began a sharp decline. For women in the just-post-
menopausal age group (50–69 years), the incidence of estrogen
receptor positive tumors declined 14.7% (95% confidence in-
terval 11.6–17.4), whereas estrogen receptor negative tumors
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FIG. 12. Abrupt decline in prescriptions for the most commonly
prescribed forms of hormone replacement therapy (Premarin and
Prempro). Data of Ravdin et al. (2007).

showed a nonsignificant reduction of 1.7% (95% confidence in-
terval –4.6 to +8.0). Quarterly statistics from the SEER program
show a transition from a constant rate up through the second
quarter of 2002 to a new relatively constant rate beginning in the
fourth quarter of 2003, with the midpoint of the decline coming
approximately in the first quarter of 2003—apparently less than
a year after the midpoint of the decline in prescriptions for hor-
mone replacement therapy. This is in contrast to the decades it
usually takes for a change in occupational exposures to putative
initiators to be reflected in changes in manifest cancers.

In prospective studies there is a positive association of mea-
sured serum estradiol (as well as testosterone) with breast cancer
risk in postmenopausal women (Key et al., 2002; Missmer et al,
2004). The relationship is stronger for tumors that have active re-
ceptors for estrogen and progesterone (Missmer et al., 2004). In
apparent contrast, when similar measurements are made in pre-
menopausal women, there continues to be an association with
testosterone, but not with estradiol (Kaaks et al., 2005). One pos-
sible reason for the negative results for estradiol for this case is
that the measurements are based on only a single hormone sam-
ple per woman, and in premenopausal women this fluctuates
with the menstrual cycle.

Several research groups have utilized the MCF-7 tissue cul-
ture line of human estrogen-sensitive breast cancer cells to test
for potential estrogenic effects of different agents (Rasmussen
et al., 2003; Steinmetz et al., 1996; Decastro and Neuberg, 2007;
Decastro et al., 2006; Maras et al., 2006; Hong et al., 2005). In
vivo growth of these cells depends on a continuous supply of

FIG. 13. Relationships between two in vitro measures of po-
tency for estrogenic action: estrogen receptor binding and stim-
ulation of growth of estrogen-sensitive human breast cancer de-
rived (MCF-7) cells. Data of Olsen et al., 2005.

estrogen—tumors from this line fail to grow in ovariectomized
mice, but will grow in ovariectomized mice supplied with estro-
gen (Shafie, 1980). Figure 13 is a log–log plot showing a broad
correlation between estrogen receptor binding affinity and the
concentration needed to cause a standard enhancement of the
growth rate of MCF-7 cells in a particular culture system (Olsen
et al., 2005).

Growth of premalignant breast cancer cells can be inhibited
by all-trans-retinoic acid (ATRA) (Jinno, 2002).

2.3.2 Inhibition of Immune Surveillance/Immunoediting
The idea that the immune system acts as an important line of

defense against tumors originated with Burnet in the 1950s, and
has gone through a few up-and-down cycles in the importance
accorded it by cancer researchers in the subsequent decades.
Most recently, the significance of immune system impairment
for the enhancement of cancer risk has been definitively estab-
lished via the experience of long-surviving organ transplant pa-
tients who must live with chronic immune suppression to prevent
rejection. Based on a large follow-up of 13,077 kidney transplant
recipients in Australia and New Zealand through over 100,000
person-years of follow-up, Buell et al. (2005) quote findings of
Chapman et al. (2004) of an overall 3-fold increased risk of ma-
lignancy of all types [1545 observed vs. 495 expected (95% CL
= 2.97–3.28)]. Table 4 shows the leading tumor sites from that
study in terms of the absolute excess of tumors observed over
those expected. The data indicate relatively high excesses and
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TABLE 4
Tumor sites found at excess rates in kidney transplant recipients in Australia and New Zealand—Data of Chapman et al. (2004)

as Quoted in Buell et al. (2005),a sorted by absolute numbers of excess cases

Site
Observed

cases
Expected

cases

Standardized
incidence

ratio

Absolute
excess
cases

Cumulative percent
absolute

excess cases

All lymphomas 231 22.74 10.16 208.26 19.8
Melanoma 183 57.64 3.17 125.36 31.8
Kidney, ureter, and urethra 125 14.73 8.49 110.27 42.3
Colorectal 141 72.76 1.94 68.24 48.8
Bladder 82 15.97 5.13 66.03 55.1
Trachea, bronchus, and lung 108 53.85 2.01 54.15 60.2
Unknown primary 70 16.74 4.18 53.26 65.3
Head, neck, and lip 63 22.77 2.77 40.23 69.1
Vulva 41 0.9 45.56 40.1 73.0
Cervix uteri 46 6.97 6.60 39.03 76.7
Kaposi’s sarcoma 28 1.06 26.42 26.94 79.2
Esophagus 29 6.14 4.72 22.86 81.4
Thyroid 27 5.96 4.53 21.04 83.4
Leukemia 32 12.28 2.61 19.72 85.3
Breast 87 69.52 1.25 17.48 87.0
Liver 19 3.97 4.79 15.03 88.4
Vagina 12 0.33 36.36 11.67 89.5
Penis and other male genital 11 0.62 17.74 10.38 90.5
Multiple myeloma 15 5.62 2.67 9.38 91.4
Other Sites 195 104.51 1.87 90.49 100.0
Total 1545 495.08 1049.92

aAnalysis of 13,077 patients in Australia and New Zealand from 1980 to 2003 (110,395 person-years), standardized for age, sex, and calendar
year with the Australian population.

standardized incidence ratios (observed/expected cases) for lym-
phoid tumors and leukemias, but also for kidney/bladder tumors,
cancers of female reproductive organs, and Kaposi’s sarcoma.

Swann and Smyth (2007) highlight three primary roles for
the immune system in the prevention of tumors:

• Defense against viral infections with carcinogenesis as
one long term outcome.

• Timely elimination of other pathogens, preventing
establishment of an inflammatory environment con-
ducive to tumorigenesis.

• Specific identification and elimination of tumor cells
based on their expression of tumor-specific antigens or
related markers of cellular stress.

The last bullet defines the traditional “immune surveillance”
idea. A slightly more modern modification of this goes under
the rubric of “immunoediting.” This includes frank elimination
of tumors. But it also includes a potentially prolonged period
of control of tumor growth, which can eventually break down,
allowing escape of tumor clones resistant to the immune effec-
tors. Immunoediting implies a bidirectional interaction between

tumor and inflammatory/regulatory cells that are ultimately re-
sponsible for organizing the functions of an immunosuppressive
network at the tumor site (Croci et al., 2007).

There is likely to be some overlap between aspects of pro-
motion and effects of chemicals on this “immunoediting” aspect
of tumor growth control. In particular, the inflammatory medi-
ator TNF-alpha, mentioned earlier in the promotion section, is
regarded as a critical component of immunoediting networks
(Devoogdt et al., 2006). Pasquinelli (1985) early on observed
some immunosuppressive effects of thiobenzamide in connec-
tion with tumor promotion.

2.3.3 Enhancement of Tissue Conditions Supporting Survival,
Growth, or Metastasis of Cancers (e.g., Angiogenesis)

Recently there has been considerable progress in mathemat-
ical modeling of tumor growth, together with more qualitative
features of cancer progression. Among the types of qualitative
transitions that are important in some tumors is upregulation of
the N -cadherin type of adhesion molecule relative to E-cadherin
(Nagi et al., 2005; Hazan et al., 2004). Another type of transition
is the induction by hypoxia of the Met tyrosine kinase—a high-
affinity receptor for the hepatocyte growth factor. Inhibition of
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this induction prevents invasive growth in at least some systems
(Pennacchietti et al., 2003). Generally, as tumors grow they cre-
ate increasingly harsh microenvironmental conditions for them-
selves, such as hypoxia. These altered microenvironmental con-
ditions tend to favor the growth of clonal variants with more
malignant/metastatic phenotypes (Anderson et al., 2006). This
implies that chemical stressors that lead to relatively nonspe-
cific worsening/disruption of tissue conditions might thereby
contribute to tumor progression. At this time this implication
should be regarded as a hypothesis in need of specific quantita-
tive testing.

The processes by which tumors enhance their own blood sup-
ply by inducing the ingrowth of blood vessels (angiogenesis)
have become important targets for new kinds of chemotherapy
and secondary prevention measures in recent years (Georgiou
et al., 2006). Papers in this area often mention stimulation of
COX-2 and expression of vascular endothelial growth factor
(VEGF) as key intermediates in this process (Marks et al., 2000;
Cervello et al., 2005; Masferer 2001). Among the external chem-
ical agents that reportedly can stimulate angiogenesis are ar-
senic (Mousa et al., 2007), nicotine (Wong et al., 2007), mor-
phine (Gupta et al., 2002), the “A” range of frequencies of ul-
traviolet light (UVA) (Bachelor and Bowden, 2004), and (via
macrophages) the muscarinic receptor agonist carbachol (De la
Torre et al., 2005). The description of the pathway for the UVA
effects is via MAP kinase, AP-1, and COX-2, and therefore has
strong analogies to the description of the action of TPA in the
promotion discussion (section 2.2.5 earlier). COX-2 can be in-
duced by chronic exposure of human bladder cells to arsenic(III)
in tissue culture (Eblin et al., 2007). COX-2 inhibitors suppress
the growth of human hepatocellular carcinoma implants in nude
mice (Kern et al., 2004). The hepatitis B virus, which is known
to have a synergistic interaction with aflatoxin in causing hu-
man liver cancer, also seems to enhance the expression of a key
mediator of angiogenesis in the liver (Sans-Cameno et al., 2006).

2.4 Multiphase Modes of Action
As noted earlier, there is a psychological trap in develop-

ing a system for classifying modes of action for individual
chemicals. Just because a chemical is shown convincingly to
do one thing that affects carcinogenesis in one specific phase
in one established carcinogenesis system, that does not mean
that the same chemical might not act in other ways at other
phases of carcinogenesis in the same or different experimen-
tal or natural carcinogenesis systems. For example, the ge-
netically active meat-derived carcinogen 2-amino-1-methyl-6-
phenylimidazo[4,5-b]pyridine (PHiP) also appears to have ap-
preciable estrogenic activity (Lauber et al., 2004).

The presence of such multiple-mode-of-action examples
presents another type of challenge to researchers who would
use statistical discriminant analysis methods to define cate-
gories by observing properties of putative exemplars of dif-
ferent types of carcinogens. For example Ellinger-Ziegelbauer
et al. (2005) have compared gene expression profiles of

four putative “genotoxic” (nitrofluorene, dimethylnitrosamine,
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone, and aflatoxin
B1) and four putative “nongenotoxic” hepatocarcinogens
(methapyrilene, diethylstilbestrol, WY-14643, and piporonyl
butoxide). The validity and accuracy of a weighting system de-
rived by the statistical procedure developed in this way depends
on whether the biological actions of the example chemicals used
to train the system to distinguish among the putative types do in
fact differ primarily in ways that are causally associated with the
different ways they contribute to the induction of cancers. This
should be regarded as a hypothesis in need of testing with addi-
tional exemplars not included in the original set used to develop
the discriminant analysis weightings. Moreover, as additional
mechanistic detail becomes available on how specific carcino-
gens act in particular cases, investigators will need to revise their
statistical analyses to make distinctions among newly identified
subcategories (such as those for “promotion” types illustrated
earlier).

Some kinds of actions seem likely to enhance transitions at
multiple steps in the process of carcinogenesis. Tentatively we
include in this category generic mitogenic stimuli such as the
regenerative proliferation that occurs following gross cell killing
(discussed in more detail in section 2.4.1 later). This is because
the enhanced replication of stem cells needed for tissue replen-
ishment is likely to both increase the number of mutations cre-
ated for all mutagenic transitions in a multi-stage cancer process,
and allow the expression of any relative growth advantage at-
tributable to intrinsic characteristics of cells with “initiating”
mutations.

Similarly “epigenetic” changes in methlylation and other sec-
ondary modifications to genomic DNA appear to have similar
functions in the carcinogenic process as mutations (Baylin and
Herman, 2000; Esteller et al., 2000a; Herman and Baylin, 2003).
Growth promotion genes can be activated or tumor suppression
genes can be silenced by epigenetic changes in ways that have
very similar implications for cell function as if the changes were
brought about by alterations in the primary sequence of DNA.
There seems little a priori reason to suspect that these epigenetic
changes have a different tendency to mediate transitions that
are early vs late in the multi-stage carcinogenic process. (This
should not, however, be interpreted to mean that dose-response
relationships for bringing about epigenetic changes will be sim-
ilar to the “single-hit” relationships that may be indicated for
mutagenic changes produced by DNA damaging agents.) These
effects are discussed in more detail in section 2.4.2 later.

There is also a sense in which changes in transport or
metabolic processing could enhance multiple phases in the car-
cinogenic process—via actions that increase the ratio of the bi-
ologically effective dose to the external dose of agents that act
at multiple phases.

2.4.1 Regenerative Cell Proliferation and Other Mitogenic
Stimuli

Lock and Hard (2004) have discussed the evidence for differ-
ent modes of action for a variety of agents that cause renal tubular
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tumors in classical bioassay studies, including regenerative cell
proliferation.

One specific example of an agent that is likely to act in part
by stimulation of cell replication is ultraviolet light. In addi-
tion to its well known mutagenic action, ultraviolet light rapidly
activates epidermal growth factor (EGFR). Congenic knockout
mice, who lack this receptor, do not show the enhancement of
cell replication that is seen in wild-type mice after exposure to
ultraviolet light (El-Abaseri et al., 2006).

Some have argued that agents such as chloroform, partic-
ularly when administered by gavage (which produces more in-
tense peaks of internal exposure) are likely to induce tumors only
at doses that induce appreciable cytotoxicity and regenerative
proliferation (Constan et al., 2002). It is important to understand
that, like other modes of action, regenerative hyperplasia may
be present but not necessarily directly causally connected to the
occurrence of specific tumors. For example Melnick et al. (1998)
have cast doubt on the hypothesis that the regenerative hyperpla-
sia induced by trihalomethanes is causally connected to the liver
tumors induced in mice by those agents by comparing the dose-
response functions for the enhancement of cell replication and
the tumorigenesis. They find that dose-response relationships for
hepatocyte labeling index and some other indices of proliferation
were appreciably sigmoidal, while the liver tumors themselves
had a near linear dose-response relationship. Additionally, they
found that two of the trihalomethanes, bromodichloromethane
and chlorodibromomethane, induced high-incidences tumors at
doses that had very modest or no effects on cell proliferation. On
the other hand Pegram et al. have made comparisons of the muta-
genicity of chloroform with that two brominated trihalomethane
using a bacterial system, and concluded that the brominated tri-
halomethanes are much better mutagens, raising the possibility
that their carcinogenic action should be expected to have a much
greater mutagenic component than chlroform. An expert panel
assembled by the International Life Sciences Institute concluded
that chloroform’s mode of action was nonmutagenic and non-
linear (Andersen and Robinson, 2001); this position is reflected
in the most recent risk analysis recorded by U.S. Environmental
Protection Agency (EPA) in its IRIS system.

2.4.2 Epigenetic Changes—Methylation and Other Changes to
DNA and Protein Components of Chromosomes That Do Not
Affect the Primary DNA Sequence

Contributions of epigenetic changes to carcinogenesis have
been the subjects of an enormous amount of research in re-
cent years (Baylin and Chen, 2005; Baylin et al., 1998; Galm
et al., 2006; Brock et al., 2007). Genome-wide hypomethyla-
tion and tumor suppressor gene hypermethylation are reportedly
among the most common changes in human cancers (Yamada
et al., 2005). There is evidence that epigenetic changes can be
early events in the development of neoplasia (Tlsty et al., 2004;
Yamada et al., 2005; Baylin and Chen, 2005) and that are some-
times detectable in patches of normal tissue before development

of malignancy (Holst et al., 2003). There is also evidence that
other specific epigenetic changes can occur late in the process—
becoming more prevalent in fully malignant cancers compared
to more benign precursor lesions (Douglas et al., 2004; Nuovo
et al., 1999; Belinsky et al., 2006; Weitzman et al., 2004).

Maintaining appropriately activating versus repressing
methylation states through generations of cells is a long-term
challenge for aging organisms, and failure in these processes is
seen progressively with age at rates that seem much greater than
would be expected for traditional DNA mutation (Bennet-Baker
et al., 2003; Toyota, 1999; Issa, 2002; Ahuja and Issa, 2000).
In rats, changes in rates of hypomethylation occur relatively
rapidly shortly after birth but then stabilize in organs not known
for their continuing proliferation (brain, heart, skeletal muscle).
However in the liver, age related changes in hypomethyation
continue through 6 months of age (Hoal-van Helden and van
Helden, 1989). As might be expected, age related changes in
methylation are much slower in humans than in mice (Ono et al.,
1990).

Additionally some epigenetic changes seem to lead to greater
rates of traditional mutations (Jacinto and Esteller, 2007).
Methylation-related silencing of the main enzyme responsi-
ble for maintaining methylation status itself—methylguanine
methyltransferase (MGMT)—leads to increased rates of G to A
transitions (Esteller et al., 2000b, 2001).

Belinsky et al. (2003) have illustrated the use of a practical
tool to identify cases where epigenetic changes are an impor-
tant component of the enhancement to tumorigenesis by specific
chemical carcinogens. They find that disruption of one allele
for cytosine-DNA methyltransferase (DNMT) leads to a 50%
decrease in lung cancers induced by a tobacco specific carcino-
gen in mice. This reduction can be nearly replicated by short-
term treatment of DMNT wild-type mice with the demethylating
agent 5-aza-2′-deoxycytidine. When treatment with this latter
agent was combined with sodium phenylbutryate, an inhibitor
of histone deacetylase, lung tumors induced by the tobacco car-
cinogen were further decreased. Another compound that has
recently been identified as a histone deacetylase inhibitor with
possible effects on carcinogenesis is the anti-epileptic agent val-
proate (Milutinovic et al., 2007).

Transcription of many important genes that cause cells to
grow and reproduce is effectively kept in check by the methy-
lation of cytosine bases in promoter regions of the genes. Thus,
continued control of the growth of stem and progenitor cells
depends on the maintenance of the pattern of methylation even
when some cell replication is essential to maintain a continuing
input of cells to differentiating and functional cell populations.
Folate and S-adenosylmethionine (SAM) are key cofactors that
allow methyltransferase enzymes to deliver the needed methyl
groups to the correct positions on newly produced DNA strands.
There is a substantial case to be made that chemicals that act
in part by depleting SAM might be affecting a process that
has appreciable relevance to the chain of events that leads to
cancers.

C
ri

tic
al

 R
ev

ie
w

s 
in

 T
ox

ic
ol

og
y 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

N
yu

 M
ed

ic
al

 C
en

te
r 

on
 0

6/
23

/1
0

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



122 D. HATTIS ET AL.

Recent information indicates an ambiguous role for folate in
carcinogenesis. On the one hand folate deficiency clearly leads
to genomic instability and enhances initiation in both animal
systems (Pogribny et al., 2006; Ghosal et al., 2006; Geter et al.,
2005) and humans (Fenech 2001; Duthie et al 2004; Wasson
et al., 2006; Kim 2007; Novakovic et al., 2006; Skibola et al.,
1999). On the other hand, folate appears to enhance later stages
of carcinogenesis, and some important anticancer therapies (e.g.,
methotrexate) are designed to interfere with folate availability
for full-fledged tumors that have already developed.

Among environmental chemicals, one of the stronger candi-
dates for a hypomethylation mode of action is dichloroacetate
(DCA). Dichloroacetate exposures lead to decreased methyla-
tion of the promoter regions of the proto-oncogenes c-jun and
c-myc and increased expression of the corresponding m-RNAs
(Tao et al., 2000). These effects are preventable by dosing with
methionine, a precursor of S-adenosylmethionine, the methyl
donor in the pathway leading to transfer of methyl groups to
DNA. Methionine dosing also prevents the induction of liver
cancer by dichloracetate in mice (Pereira et al., 2004).

In this context it is of interest that an extensive 2-year carcino-
genesis dose-response study is available for DCA (Carter et al.,
2003). This study yielded dose-response information for both
fully developed liver cancers (Figure 14) and premalignant liver
foci of various histological types (Figure 15). Contrary to the
usual expectation for a mode of action of this type, the data do
not indicate appreciable nonlinearity over the fairly wide dose
range studied. They fail to reject even a simple linear stochastic

FIG. 14. Dose response relationship for fully developed car-
cinomas in the liver. Data of Carter et al. (2003) and lin-
ear/stochastic model fit.

FIG. 15. Combined pre-cancer lesion incidence versus dose.
Data of Carter et al. (2003).

interpretation of dose response (p = .46 for a two-parameter
model containing only a term for background and a term for
the linear slope). [The “linear-stochastic” dose response func-
tion represented by the line in Figure 14 is directly derived from
the expectation for a Poisson process in which individual can-
cer transformation events occur independently within individual
animals:

Fraction of animals with at least 1 tumor

1 − fraction of animals with zero tumors = 1 − e−m

where m is average number of tumor transformations per animal.
Rearranging, the number of tumor transformations per animal
(plotted on the y axis for Figure 15) is

m = − ln(1 − fraction of animals with tumors)

where “ln” indicates natural (base e) logarithm.]
Because of the expectation for nonlinear dose response for

this case, another option for dose-response modeling would be
a traditional probit-type analysis, which assumes a lognormal
distribution of thresholds for individual animals (for more de-
tailed description, see Hattis, 2008; Hattis and Burmaster, 1994).
Figure 16 shows the same data from Figure 14 analyzed in this
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FIG. 16. Dose-response relationship for fully developed carci-
nomas in the liver (data of Carter et al., 2003, and lognormal
threshold distribution model fit).

way. One benefit of this form of analysis is that it yields an esti-
mate of the interindividual variability among the animals in the
form of the geometric standard deviation of the assumed log-
normal distribution of individual thresholds (3.1 in this case, the
antilog of the log probit slope in the plot shown). The model fit
by maximum likelihood in Figure 16 also does not depart sig-
nificantly from the data (p = .42 for a three-parameter model,
where estimates were made of the background incidence of tu-
mors, the probit slope, and the intercept).

This case, with its rich detail of precursor lesions and mode
of action hypotheses via SAM depletion, reduction of promoter
methylation, and enhanced expression of proto-oncogene, seems
to be a prime candidate for the development of a quantitative bio-
logically based model for carcinogenesis via a putative alteration
in epigenetic control of gene expression.

3. WEIGHT-OF-EVIDENCE CRITERIA, AND
EXPERIMENTAL APPROACHES TO ASSIGNING
CATEGORIES TO INDIVIDUAL AGENTS

Elaboration of the classification system in the previous sub-
section begs the question of implementation. What types of ev-
idence should be sought in order to sort particular observations
of carcinogenesis in specific tissues by specific agents into the
various groupings? A tiered set of tests for this purpose is sum-
marized in Figure 17. The approach might include:

• Initial exploration of the possibility of a mutagenic
mode of action by standard criteria.

• Initial hypothesis generation through a series of short-
term tests for specific types of activity characterizing
major mode-of-action possibilities (e.g., inhibition of
DNA repair, induction of cytochrome P-450 [P450]
activities that could enhance or inhibit actions of other
exposures, inhibition of gap junction communication,
enhancement of cell replication, or enhancement of tu-
mor transplantation among syngeneic animals or ani-
mals with known genetic differences that should entail
surmounting strong or weak immune system defenses
against foreign tissue transplantation antigens).

• Tentative categorization into the broad phases of
nonmutagenic modes of action (pre- or co-initiation,
promotion, progression, or multiphase) with implica-
tions about likely age-related differences in relative
sensitivity. Distinguishing between co-initiation and
promotion will generally require a series of experi-
ments in which the test agent is administered either
before or after established initiators and/or promoters,
with monitoring of the later development of either
preneoplastic foci or full-fledged tumors. Identifying
agents with progression activity will generally require
experiments studying the effects of test agents on the
establishment or growth of tumors that are transplanted
among animals

• Subcategorization within identified phases will involve
(1) measuring the activity of the test agent for particu-
lar modes of action with the aid of specific biomarkers
(e.g., inhibition of gap junction communication;
inhibition of specific types of DNA repair) and broadly
relating the carcinogenic activity of the agent in dif-
ferent systems with the dose response relationship for
changes in that specific biomarker as a function of dose,
and (2) establishing that specific inhibition of a selected
mode of action (e.g., a knockout-mouse with a specific
gene inactivated) abolishes the ability of the test chem-
ical to enhance a carcinogenic response in a particular
system.

3.1 Criteria for a Mutagenic Mode of Action
For direct and indirect (metabolic activation) mutagenic

modes of action, the approach is already fairly well worked out
in existing U.S. EPA guidance (U.S. EPA, 2005b) for the use of
the following types of evidence:

• Measurements of direct DNA reaction activity, either
by the parent chemical or metabolite(s), and/or chem-
ical structural groups that make such reactions very
likely.

• Measurements of genetic activity in standard in vitro
and in vivo test systems—agents classified as muta-
genic “are usually positive in multiple test systems for
different genetic endpoints, particularly gene mutations
and structural chromosome aberrations, and in tests
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124 D. HATTIS ET AL.

FIG. 17. Tiers of experimentation and analysis for assigning mode-of-action categories for risk assessments.

performed in vivo which generally are supported by
positive tests in vitro” (U.S. EPA, 2005b).

• Observations of carcinogenesis in standard mammalian
bioassay test systems at high but minimally toxic dose
levels in more than one anatomical location, prefer-
ably in more than one species and gender of test
animals.

Evidence of these types indicates that at least some (but
not necessarily all) of the carcinogenic activity of a particu-
lar substance is likely to be attributable to genetic modes of
action.

3.2 Initial Hypothesis-Generation and Tentative
Categorization Into Phases for Nonmutagenic Modes
of Action

One early test for agents that act in the liver is the system
pioneered by Moore et al. (1987). Reportedly, genetically ac-
tive agents induce appreciable numbers of single glutathione-
transferase placental form (GST-P) positive liver cells—putative
initiated hepatocytes—within 48 hours of dosing. By contrast,
some “promoters” tested (phenobarbital, methylcholanthrene,
polychlorinated biphenyls, and isosafrole) failed to do this but
at least some do alter the growth versus apoptosis balance at later
stages of the development of liver foci (Gopalan et al., 1993).
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Ito et al. (2003) have applied a more elaborate 8-week protocol
looking for enhanced generation and growth of this same type
of liver focus to 313 test agents.

More generally, classification into one or more of the broad
groupings of nonmutagenic modes of action (co-initiation, pro-
motion, progression, and multiphase modes) can be envisioned
as a series of initiation–promotion-progression bioassays in
which the test agent is administered either before or after es-
tablished initiators or established promoters of different types.
One promising start for a screening system is the three-organ
initiation–promotion model of Stoner et al. (2002). Another is
the set of two- and three-phase protocols of Abdelatif et al.
(2003–2004) recently applied to indicate promotion activity by
perfluoro-octanoic acid. Still more recently, Iatropoulos (2006)
have elaborated a four-organ (liver, lungs, urinary bladder, and
breast) accelerated initiation–promotion cancer bioassay system
in rats and applied it to the assessment of an antitrypanosomiasis
drug.

The process of initial hypothesis-generation for modes of ac-
tion for specific test agents will generally be facilitated by a
series of specific short-term studies. As mentioned earlier, these
include inhibition of DNA repair, induction of P450 activities
that could enhance or inhibit actions of other exposures, inhibi-
tion of gap junction communication, enhancement of cell repli-
cation, or enhancement of tumor transplantation among syn-
geneic animals or animals with known genetic differences that
should entail surmounting strong or weak immune system de-
fenses against foreign tissue transplantation antigens.

To fall in the “co-initiation” group, the agent should be effec-
tive in enhancing a neoplastic or preneoplastic response (e.g.,
focus formation) before and/or during the administration of an
established ”initiator.” For such experiments, for example, the
known initiator could be given to young adult animals (e.g., 3
months–4 months of age in rodents), and comparisons could be
made with groups in which the putative pre-initiator agent is
given from 1–2 versus 9–12 months of life—before or after the
established initiator. A greater carcinogenic response in the 1–2
month old group would tend to support the hypothesis of a co-
carcinogenic effect via enhancement of initiation. Greater activ-
ity in the latter 9–12 month group would suggest activity at a pos-
tinitiation stage of carcinogenesis. Alternatively, as in the case
of some estrogenic and some other receptor-active compounds
affecting differentiation, the agent can be given in fetal life,
and enhanced carcinogenesis can be observed following later
administration of an initiator (Muto et al., 2001; Brown, 1998).

To be classified in the “promotion” group, there should be
substantial evidence for the following: (1) The agent signifi-
cantly enhances tumorigenesis when administered after an es-
tablished “initiator” but not before (unless pre-initiator activity
is also postulated) [see, for example, experiments of Umemura
(1999) with pentachlorophenol]. (2) The agent has one or more
of the specific activities postulated to promote the growth or in-
hibit the loss of initiated cells. (3) The agent has its carcinogenic
efficiency inhibited or enhanced by agents or circumstances

(e.g., gene knockouts or knockins in congenic inbred animals)
that specifically inhibit or enhance that activity.

Less definitive lines of evidence include observations that
a particular chemical causes responses by activation or block-
ing a specific receptor, generally one associated with promotion
activity by a lead chemical. Thus:

• TCDD is famous for inducing many responses via bind-
ing of the aryl hydrocarbon (AH) receptor, and poten-
cies of more or less related compounds have been esti-
mated from potencies in causing biological responses
thought to be mediated by that receptor, and these po-
tencies seem to describe the additive effects of differ-
ent combinations of dioxin-like compounds (Walker
et al., 2005). Activation of this particular receptor by
a genetic manipulation that causes constitutive ex-
pression of genes that are normally induced via AhR
binding has been shown to dramatically enhance car-
cinogenesis following exposure to known mutagenic
initiators (Moennikes et al., 2004). Coplanar “dioxin-
like” PCBs are classified in the AhR category, whereas
non-coplanar PCBs (those with chlorines in the al-
pha position right next to the bond that links the two
aromatic rings) have gap junction inhibition activity
and are tentatively presumed to act primarily via that
phenobarbital-like pathway.

• Similarly, “peroxisome proliferators” tend to cause
changes in transcription of various genes by binding
to the peroxisome proliferator alpha receptor (PPAR).
Once general difficulty with this approach is that re-
ceptors generally come in multigene families of histor-
ically and functionally related members whose actions
can be distinct, or even opposite to the action of the ma-
jor receptor defining the family (for example, there are
also peroxisome proliferator beta, gamma, and delta
receptors, some of which seem to inhibit various pro-
cesses related to carcinogenesis—Peraza 2006; Guo
et al., 2004). Depending on the affinities of different
chemical agonists for different members of a family
of related receptors, qualitatively different responses
can be generated. Quantitatively, different affinities for
different receptors mediating opposite actions can even
give rise to nonmonotonic dose response relationships
(Kohn and Melnick, 2002).

The reason why this kind of evidence is considered “less defini-
tive” is that just because a chemical has a particular kind of activ-
ity that can contribute to promotion does not allow a conclusive
inference that this mode of action is the sole or predominant
way that it does act in a particular carcinogenesis system. Only
a showing that a specific inhibition of promotion by a specific
pathway (e.g., a knockout mouse) inhibits cancer promotion by
the compound can establish that the process represents at least
part of the chain of causation leading to the tumors.
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Finally, to be considered to have “progression” activity, an
agent should enhance the growth of preexisting benign or malig-
nant tumors that have previously been deliberately transplanted
into recipient animals.

3.3 More Specific Categorization Into Mode-of-Action
Subcategories

Ideally, in order to form the basis for risk assessment based
on one or more of these “alternative” (not directly mutagenic)
modes of action for carcinogenesis, there should be substantial
evidence of the following types:

• A demonstration that the chemical agent has activity
of one or more of the specific types described in the
classification system.

• A specific description of the hypothesized “alternative”
mechanism, including a pathway of one or more inter-
mediate causal steps where “biomarker” measurements
of “key events” have been made in relation to exter-
nal exposure and/or tumor frequencies (this criterion
is very similar to the existing guidance for developing
nonmutagenic modes of action).

• A good theoretical and empirical relationship between
doses of the chemical under study and the incidence
or level of a specific biomarker of the “alternative”
mechanism (e.g., thymidine labeling indices for cell
replication). The mathematical form used to interpret
and project the empirical data should be based on
reasonable inferences from the hypothesized causal
processes. For example, for hypothesized receptor-
mediated processes there should be some specifica-
tion for the numbers of receptors per relevant cell that
should be occupied to produce a transition along the pu-
tative pathway to carcinogenesis, and the “background”
distribution of binding of those receptors by ligands
normally present in the affected tissues (Melnick et al.,
1996; Portier et al., 1992; Kohn and Portier, 1993).

• A good correlation (across doses, animal strains, gen-
der, and/or species) between the specific biomarker of
the “alternative” mechanism and quantitative observa-
tions of tumors, tumor-related DNA changes, or indica-
tors of heritable change such as the number and size of
clonally derived foci of altered cells in relevant organs.

• As indicated earlier, observations that specific inhibi-
tion of the process signaled by the “biomarker” leads
to a reduction in tumors or tumor-related DNA changes
compatible with the dose response relationship de-
scribed in the previous bullet. Such a specific inhibition
may be produced, for example, by a chemical agent
with a well-characterized specific action in the dosage
used or an engineered genetic difference in a strain of
experimental animals that knocks out the function of a
particular gene (Rosenberg, 1997).

These, we think offer a more specific set of criteria than form
the bases of “weight-of-evidence” determinations for “nonlin-
ear” modes of action in current practice. By encouraging greater
specificity in such categories, we think they will have the effect
of encouraging research that usefully informs quantitative risk
assessments and eventually assessments of uncertainties based
on analogies among chemicals with similarly classified types of
carcinogenic activity.

Moreover, where the consequences of classification into a
nonmutagenic mode of action category may be that assessed
risk is reduced by orders of magnitude, it is important to keep
the possibilities of more-risk-producing modes of action in the
ultimate risk/uncertainty characterization. For example, even a
5% chance that a mode of action producing a 100-fold larger risk
estimate is operative will produce a combined “expected value”
for harm that is increased nearly sixfold from the estimate of
harm that would be produced by the remaining assessed 95%-
likely mode of action in a model-averaging calculation, e.g.:

0.95 × 1 + 0.05 × 100 = 0.95 + 5 = 5.95

It is also important to keep in mind that the mode-of-action
categories provide a starting point for measurement and analysis
of human variability, which is likely to be different for differ-
ent modes of action in the system. This can only be assessed,
however, with the aid of observations in humans of variability
in biomarkers specific for each mode of action.

3.4 Conclusion—Resource Constraints and the Benefits
of Categorization

The full process outlined here is not inexpensive. It will in-
volve appreciable adaptation of the testing protocols now used
by research agencies such as the National Toxicology Program
in the United States and similar institutions elsewhere. How-
ever, changes in these protocols are already under active discus-
sion at this time, as indicated by a newly released report from
the National Research Council (2007). The reward for these
changes will not only be the potential for better risk assessment
and decision-making on individual chemicals. The growth and
refinement of this kind of system provide a framework for in-
tegrating our understanding of the process of carcinogenesis as
a whole. It will facilitate the development and testing of gen-
eralizations for the mathematical forms of dose-response rela-
tionships and interspecies projection rules that can be expected
within various mode of action groups. This in turn may lead to
both more targeted and more effective efforts for cancer pre-
vention and treatment by interrupting various steps in the causal
chain leading to cancers caused by both environmental chemi-
cals and other external and internal exposures.

4. TENTATIVE IMPLICATIONS
Finally, a few implications for risk assessment are worth some

emphasis. First, it is likely that many carcinogens have multi-
ple modes of action; these may include both mutagenic and
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nonmutagenic components. In such cases it will often happen
that exposure-related changes in resulting risks will be the sum of
the age- and dose-dependent contributions from the component
modes of action, although more complex interactions among
the modes are not out of the question. Sometimes, particularly
at higher dose levels, the interactions may be multiplicative.

Second, effects that are caused in early life (particularly en-
hancements in the processes that lead to initiation) will not nec-
essarily be fully reflected in changes in tumor incidence until
later in life.

Third, development of practical procedures for assessing the
human risks from specific modes of action for specific test
agents will be challenging. It will benefit, however, from the
creative adaptation of advanced molecular biological tools to
the measurement of “background” and test-agent-induced pro-
cesses along pathways to cancer in humans compared to other
species.
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A useful model for studying liver carcinogenesis related to oxidative
stress and inflammation. Redox Rep. 12(1):35–39.

Martin, S., Phillips. D.C, Szekely-Szuck, K., Elghazi, L., Desmots,
F., and Houghton, J.A. (2005). Cyclooxygenase-2 inhibition sen-
sitizes human colon carcinoma cells to TRAIL-induced apoptosis
through clustering of DR5 and concentrating death-inducing signal-
ing complex components into ceramide-enriched caveolae. Cancer
Res. 65:11447–11458.

Masferrer, J. (2001). Approach to angiogenesis inhibition based on
cyclooxygenase-2. Cancer J. 2001 7(Suppl. 3):S144–150.

Mastrangelo, G., Fedeli, U., Fadda, E., Valentini, F., Agnesi, R., Maga-
rotto, G., Marchi, T., Buda, A., Pinzani, M., and Martines, D. (2004).
Increased risk of hepatocellular carcinoma and liver cirrhosis in vinyl
chloride workers: Synergistic effect of occupational exposure with
alcohol intake. Environ. Health Perspect. 112(11):1188–1192.

Matsui, M.S., Wang, N., MacFarlane, D., and DeLeo, V.A. (1994).
Long-wave ultraviolet radiation induces protein kinase C in normal
human keratinocytes. Photochem. Photobiol. 59(1):53–57.

McFadden, D., Wright, J.L., Wiggs, B., and Churg, A. (1986). Smoking
inhibits asbestos clearance. Am. Rev. Respir. Dis. 133(3):372–374.

Meek, M.E., Bucher, J.R., Cohen, S.M., Dellarco, V., Hill, R.N.,
Lehman-McKeeman, L.D., Longfellow, D.G., Pastoor, T., Seed, J.,
and Patton, D.E. (2003). A framework for human relevance analysis
of information on carcinogenic modes of action. Crit. Rev. Toxicol.
33(6):591–653.

Melnick, R.L., Kohn, M.C., Dunnick, J.K., and Leininge, J. (1998).
Regenerative hyperplasia is not required for liver tumor induction
in female B6C3F1 mice exposed to trihalomethanes. Toxicol. Appl.
Pharmacol. 148(1):137–147.

Melnick, R.L., Kohn, M.C., and Portier, C.J. (1996). Implications for
risk assessment of suggested nongenotoxic mechanisms of chemical
carcinogenesis. Environ. Health Perspect. 104(Suppl. 1):123–134.

Merzenich, H., Hartwig, A., Ahrens, W., Beyersmann, D., Schlepegrell,
R., Scholze, M., Timm, J., and Karl-Heinz, J. (2001). Biomonitor-
ing on carcinogenic metals and oxidative DNA damage in a cross-
sectional study. Cancer Epidemiol. Biomarkers Prevent. 10:515–
522.

Mesnil, M. (2002). Connexins and cancer. Biol. Cell 94(7–8):493–500.
Messner, D.J., Ao, P., Jagdale, A.B., and Boynton, A.L. (2001). Abbre-

viated cell cycle progression induced by the serine/threonine protein
phosphatase inhibitor okadaic acid at concentrations that promote
neoplastic transformation. Carcinogenesis 22(8):1163–1172.

Meyer, S.A., Moser. G.J., Monteiro-Riviere, N.A., and Smart, R.C.
(1993). Minimal role of enhanced cell proliferation in skin tumor pro-
motion by mirex: a nonphorbol ester-type promoter. Environ. Health
Perspect. 101(Suppl. 5):265–269.

Micu, A.L., Miksys, S., Sellers, E. M., Koop, D. R., and Tyndale, R. F.
(2003). Rat hepatic CYP2E1 is induced by very low nicotine doses:
An investigation of induction, time course, dose response, and mech-
anism. J. Pharmacol. Exp. Ther. 306(3):941–947.

Milutinovic, S., D’Alessio, A.C., Detich, N., and Szyf, M. (2007).
Valproate induces widespread epigenetic reprogramming which in-
volves demethylation of specific genes. Carcinogenesis 28(3):560–
571.

C
ri

tic
al

 R
ev

ie
w

s 
in

 T
ox

ic
ol

og
y 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

N
yu

 M
ed

ic
al

 C
en

te
r 

on
 0

6/
23

/1
0

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



134 D. HATTIS ET AL.

Misra, P., Owuor, E., Li, W., Yu, S., Qi, C., Meyer, K., Zhu, Y.J.,
Rao, M.S., Kong. A.N., and Reddy, J.K. (2002). Phosphorylation
of transcriptional coactivator peroxisome proliferator-activated re-
ceptor (PPAR)-binding protein (PBP). Stimulation of transcrip-
tional regulation by mitogen-activated protein kinase. J. Biol. Chem.
277(50):48745–48754.

Missmer, S.A., Eliassen, A.H., Barbieri, R.L., and Haninson, S.E.
(2004). Endogenous estrogen, and rogen, and progesterone concen-
trations and breast cancer risk among postmenopausal women. JNCI
96:1856–1865.

Moennikes, O., Buchmann, A., Romualdi, A., Ott, T., Werringloer, J.,
and Schwarz, M. (2000. ). Lack of phenobarbital-mediated promo-
tion of hepatocarcinogenesis in connexin32-null mice. Cancer Res.
60:5087–5091.

Moennikes, O., Loeppen, S., Buchmann, A., Andersson, P., Ittrich,
C., Poellinger, L., and Schwartz, M. (2004). A constitutively active
dioxin/arkyl hydrocarbon receptor promotes hepatocarcinogenesis
in mice. Cancer Res. 64:4707–4710.

Moennikes, O., Stahl, S., Bannasch, P., Buchmann, A., and Schwarz,
M. (2003). WY-14,643-mediated promotion of hepatocarcinogenesis
in connexin32-wild-type and connexin32-null mice. Carcinogenesis
24(9):1561–1565.
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