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BACKGROUND: People are exposed to numerous chemicals throughout their lifetimes. Many of these chemicals display one or more of the key charac-
teristics of carcinogens or interact with processes described in the hallmarks of cancer. Therefore, evaluating the effects of chemical mixtures on can-
cer development is an important pursuit. Challenges involved in designing research studies to evaluate the joint action of chemicals on cancer risk
include the time taken to perform the experiments because of the long latency and choosing an appropriate experimental design.
OBJECTIVES: The objectives of this work are to present the case for developing a research program on mixtures of environmental chemicals and can-
cer risk and describe recommended approaches.
METHODS: A working group comprising the coauthors focused attention on the design of mixtures studies to inform cancer risk assessment as part of
a larger effort to refine the key characteristics of carcinogens and explore their application. Working group members reviewed the key characteristics
of carcinogens, hallmarks of cancer, and mixtures research for other disease end points. The group discussed options for developing tractable projects
to evaluate the joint effects of environmental chemicals on cancer development.
RESULTS AND DISCUSSION: Three approaches for developing a research program to evaluate the effects of mixtures on cancer development were pro-
posed: a chemical screening approach, a transgenic model-based approach, and a disease-centered approach. Advantages and disadvantages of each
are discussed. https://doi.org/10.1289/EHP8525

Introduction
Humans are exposed to numerous, dynamic environmental stres-
sors (chemical, physical, biological, and social) over their life-
times. Biomonitoring programs, such as the National Health and
Nutrition Examination Survey (NHANES) in the United States
and the Consortium to Perform Human Biomonitoring on a
European Scale (COPHES), have increased awareness on the
extent of exposure to diverse chemicals (Bocato et al. 2019). It
follows that a single exposure approach to environmental health
research is inadequate, and traditional research strategies (e.g.,
genome-wide association and Gene×Environment studies) have
limited ability to assess complex exposures and their interactions
with intrinsic factors to influence biology and health outcomes
(McHale et al. 2018). Correspondingly, experts across multiple
disciplines have acknowledged the need for research and regula-
tory frameworks that move beyond single chemicals and address
the effects of combined exposures (encompassing both combina-
tions of chemicals and chemical and nonchemical stressors) and
complex mixtures [i.e., mixtures of unknown or variable compo-
sition, complex reaction products, or biological materials

(UVCBs)] on disease (Carlin et al. 2013; Drakvik et al. 2020).
Although nonchemical stressors can also play important roles in
cancer development (Antoni et al. 2006) and many of the com-
bined exposure concepts discussed can be applied to nonchemical
stressors, the discussion herein centers on combined chemical
exposures (commonly referred to as chemical mixtures). We dis-
tinguish between cumulative risk assessment, which examines
risks posed by exposures to disparate stressors (e.g., chemical,
biological, and physical stressors), and mixtures risk assessment,
which examines risks associated with chemical mixtures (e.g.,
combinations ranging from different ratios of two chemicals to
complex mixtures exceeding hundreds of individual chemicals).

In considering the effects of combined exposures on disease,
cancer is both a particularly challenging and critical disease to
study. Cancer is a complex disease with varied presentations (i.e.,
different etiologies and target tissues) (NCI 2021). The collection
of pathologies classified as “cancer” involves dysregulation of
multiple interconnected signaling cascades leading to acquisition
of key features that in combination allow uncontrolled growth
(Hanahan and Weinberg 2011). It is precisely because of the
complexity and the latency observed in cancer development that
the contribution from multiple diverse stressors should be investi-
gated. Indeed, we believe this complexity—combined with recent
advances in our understanding of cancer—brings a new perspec-
tive to mixtures research. Cancer is both well suited for research
from a combined exposure perspective and a critical public health
concern (Madia et al. 2019).

Considerable scientific debate has centered on attribution of
risk factors contributing to cancer development. Although envi-
ronmental exposures have been convincingly linked to certain
cancer types, such as arsenic and cancers of the skin and lung
(NTP 2016), some modeling efforts have suggested that most
cancer incidences are attributable to random errors in DNA repli-
cation (Tomasetti and Vogelstein 2015; Tomasetti et al. 2017).
The latter assertion has been vigorously contested, with compet-
ing modeling approaches suggesting that the contribution from
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intrinsic risk factors (e.g., DNA replication errors) has been
greatly overstated (Wild et al. 2015; Wu et al. 2016).
Furthermore, Wu et al. (2018) highlight the multifactorial nature
of cancer causation and the possibility of interactions between
intrinsic and extrinsic factors (e.g., environmental exposures that
result in DNA mutations) in cancer development.

The history of cancer research provides a foundation for
examining the effects of exposures to chemical mixtures on can-
cer development. Following identification of “initiation” and
“promotion” as discernable stages of chemical carcinogenesis
(Berenblum and Shubik 1947), subsequent observations of cancer
development indicated more complex processes (Armitage and
Doll 1954). Improved in vitro testing led to recognition of the im-
portance of sequence of exposure to multiple carcinogens and the
possibility that combinations of agents could increase carcino-
genic responses, in comparison with responses associated with
the individual agents (DiPaolo and Casto 1978). Based on these
observations, there has been an explosion of research concerning
the molecular mechanisms underlying carcinogenesis. Hanahan
and Weinberg summarized these findings as the hallmarks of can-
cer (Hanahan and Weinberg 2000, 2011). The hallmarks include
the underlying conditions of genetic instability and inflammation,
along with the acquired capabilities of sustained proliferative sig-
naling, evasion of growth suppressors, resistance to cell death,
replicative immortality, induction of angiogenesis, activation of
invasion and metastasis, reprogramming of energy metabolism,
and elusion of immune surveillance (Hanahan and Weinberg
2011).

Although the hallmarks of cancer address the biological proc-
esses underlying cancer development, the key characteristics of
carcinogens describe the properties of carcinogenic chemicals
(Smith et al. 2016). The 10 key characteristics of carcinogens are
that they: a) act as an electrophile either directly or after meta-
bolic activation; b) are genotoxic; c) alter DNA repair or cause
genomic instability; d) induce epigenetic alterations; e) induce
oxidative stress; f) induce chronic inflammation; g) be immuno-
suppressive; h) modulate receptor-mediated effects; i) cause
immortalization; and j) alter cell proliferation, cell death, or nutri-
ent supply (Smith et al. 2016). The key characteristics of carcino-
gens have been used to evaluate the strength of mechanistic
evidence of carcinogenicity of individual stressors (Temkin et al.
2020), and they hold promise for informing the development of
research on combined exposures.

Consideration of the effects of combined exposures on cancer
was the founding principle of the Halifax Project, in which cancer
biologists and toxicologists investigated evidence for interactions
between environmental chemicals and the hallmarks of cancer
(Goodson et al. 2015). The group posited that chemicals present in
the environment below levels considered to be harmful based on
their individual dose–response relationships could act on different
hallmark-related molecular targets and cumulatively contribute to
the development of cancer (Goodson et al. 2015). Although there
has been extensive work using initiation-promotion models that
incorporate binary mixtures to explore mechanisms of carcinogene-
sis and evaluate interventions (DiGiovanni 1992; Hursting et al.
1999), few research efforts have attempted to elucidate how joint
effects of combined exposures on cancer can quantitatively inform
mixtures risk analysis (Arcos et al. 1988; Perez-Carreon et al. 2009;
Siddens et al. 2012; Vial andDescotes 2003;Walker et al. 2005).

There are several examples of efforts to develop and refine
predictive tools for estimating risk from combined exposures
with noncancer diseases. Disruption of male reproductive tract
development is a well-studied end point for combined exposures
(Christiansen et al. 2009; Conley et al. 2018; Metzdorff et al.
2007; Rider et al. 2008). The premise is that chemicals act

through different signaling pathways [e.g., phthalates that lower
testosterone (Parks et al. 2000) and pesticides that block andro-
gen receptor activity (Wilson et al. 2008)] to converge on a given
adverse outcome or disease (e.g., malformations of the male
reproductive tract) and exhibit effects at lower doses than if they
were present alone. Numerous combinations of chemicals have
been explored to interrogate the underlying hypothesis that
responses to chemical mixtures occur at doses containing individ-
ual chemicals below their no observed effect levels (Howdeshell
et al. 2017). In most cases, a model based on the concept of dose
addition, where chemicals contribute cumulatively, appears to
predict the observed chemical mixture responses (Kortenkamp
2020). The implication of these endocrine disruptor studies is
that chemical mixtures risk assessments should not be limited to
chemicals of a single class (e.g., phthalates) but instead also
should include chemicals that target the same system or develop-
mental process, such as male reproductive tract development
(Kortenkamp 2020). However, it should be noted that the joint
action of endocrine disruptors can be consistent with those pre-
dicted by dose additive models, or greater or less than those dose
additive model predictions, depending on the dose–response rela-
tionships and underlying biology (Webster 2013).

More recent examples of newly developed tools to predict
effects of mixtures can be found in the Horizon 20/20 EuroMix
projects (Bopp et al. 2018; Lichtenstein et al. 2020; Rotter et al.
2018). Three different end points were selected for case study de-
velopment: liver steatosis, adverse reproductive effects from en-
docrine disruption, and craniofacial malformations (Rotter et al.
2018). We contend that continuing to develop similar case studies
on the use of mechanistic information to better understand the
hazards posed by mixtures is necessary for increasing confidence
in application of this disease-centric approach to grouping chemi-
cals for risk assessment. Furthermore, we propose that cancer is
an appropriate disease target for this type of mixtures research.

Considerations in Developing Research Approaches
for Evaluating Chemical Mixtures and Cancer
A working group comprising the coauthors focused attention on
the design of mixtures studies to inform cancer risk assessment
as part of a larger effort to refine the key characteristics of carci-
nogens and explore their application. The underlying goal of the
working group was to stimulate research in the area of mixtures
and cancer by identifying and discussing potential approaches for
researchers to consider. Toward this goal, working group mem-
bers reviewed the key characteristics of carcinogens, hallmarks
of cancer, mixtures research for other disease end points, and ear-
lier efforts to highlight the need for research on mixtures and can-
cer (i.e., the Halifax Project). During two meetings at the
University of California, Berkeley, and through subsequent corre-
spondence, group participants discussed and debated research
options. The approaches presented here represent consensus of
the working group on promising paths for exploring the joint
action of chemicals on cancer development. The considerations
below and examples provided throughout this commentary are
meant to provide a fresh perspective through the lens of the key
characteristics approach and inform scoping activities, not to pro-
vide a definitive blueprint for execution of mixtures studies.

The low-dose hypothesis proposed by the Halifax Project and
the mechanistic organization from the key characteristics of car-
cinogens provide a starting point to build a research program to
elucidate possible joint action of chemicals on cancer (Goodson
et al. 2015; Smith et al. 2016). We anticipate two goals for future
work on the effects of combined exposures on cancer: a) to
inform decisions on which chemicals to include in cancer-based
chemical mixtures risk assessments, and b) to decrease
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uncertainty in the quantitative evaluation of the cancer risks asso-
ciated with those chemicals. With these goals as the foundation,
several overarching considerations apply to research intended to
inform decision-making on cancer and mixtures.

Traditionally, quantitative risk assessments rely on dose–
response data from animal studies that are performed with rela-
tively high doses of single chemicals. High doses facilitate detec-
tion of statistically significant adverse effects (e.g., tumors) while
maintaining manageable sample sizes (Melnick et al. 2008).
Significant debate has surrounded extrapolation from high doses
to the lower doses that are more typical of human exposure to
environmental contaminants (Rhomberg et al. 2011). The
assumption of low-dose linearity based on the multistage somatic
mutation theory (Armitage and Doll 1957) has been challenged
based on examples of threshold-dependent mechanisms of action
involved in cancer development such as inflammation (Bogen
2019). Such modeling issues are compounded in mixtures stud-
ies, which involve inputting data from dose–response analyses of
multiple chemicals into additive models based on assumptions
about their joint action (Rider et al. 2018). We propose that these
challenges highlight the need for robust dose–response data for
individual chemicals and recommend study designs that include
careful dose selection to span the range of response levels as well
as consideration of statistical power of the study.

Although a comprehensive review of the design options for
mixtures studies is beyond the scope of this commentary and can
be found elsewhere (Borgert et al. 2001; Simmons et al. 2018),
some general principles bear emphasis. Two examples of mixture
study designs that we recommend for consideration based on
their utility in elucidating the joint action of chemicals include
the isobolographic method for binary mixtures and fixed-ratio ray
method for higher order mixtures (Figure 1) (Simmons et al.
2018). For example, the isobolographic method (Figure 1A) has
been used in a high-throughput testing context to identify promis-
ing combination therapies that result in greater-than-additive
effects (Griner et al. 2014). Alternatively, the fixed-ratio ray
design (Figure 1B) has been used extensively to evaluate the joint
action of chemical mixtures containing multiple chemicals
(Conley et al. 2018; Crofton et al. 2005; Meadows et al. 2002).

Mutagenic or carcinogenic effects of environmentally relevant
mixtures have been actively investigated (Benjamin et al. 1999;
NTP 1993a, 1993b; Perez-Carreon et al. 2009; Shelby et al.
1990). We contend that there are significant challenges in inter-
preting studies performed exclusively in the low-dose region,
particularly when expected mixture responses are not articulated.
In general, such studies find a lack of clear carcinogenicity or
potentiation with administration of environmentally relevant mix-
tures. However, it is important to note that these studies did not
include modeling to establish expected outcomes based on knowl-
edge of individual chemical dose–response relationships.
Additionally, the chemical selection was based on environmental
occurrence, not mechanistic information (NTP 1993a, 1993b).
Another important factor in study design is selection of an appro-
priate sample size to allow for detection of statistically significant
differences among treatment groups. An instructive example can
be found in the prospective power calculations conducted to select
sample sizes at each exposure concentration in a toxicological
study on a complex mixture of drinking water disinfection by-
products (Dingus et al. 2011). In our opinion, the use of low expo-
sure concentrations, lack of predicted effects, and inadequate sam-
ple sizes complicate extrapolation of findings to other mixture
ratios, doses, or combinations of chemicals. Our recommendations
include incorporating a range of mixture doses (from environmen-
tally relevant to higher doses expected to elicit significant
responses), selecting chemicals with available dose–response data

or generating those data prior to mixture evaluation, using predic-
tive additivity models to generate expected mixture outcomes for
comparison to observed data, and incorporating power calculations
to select sample sizes.

Toxicokinetic data are useful in understanding the behavior of
mixtures within the model system and in translating data from
the experimental model to the human experience (Thompson et al.
2008). For example, toxicokinetic and toxicodynamic models can
be used to identify and characterize chemical interactions and as
a basis for grouping chemicals for mixtures risk assessment
according to common biological targets (Andersen and Dennison
2004). Although physiologically based toxicokinetic (PBTK)
models have been used to evaluate some mixtures [e.g., benzene,
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Figure 1.Mixture study designs. The isobolographic method (A) illustrates
the possible effects of a binary combination of chemicals, where a and b rep-
resent the doses of chemicals A and B, respectively, that elicit equivalent
effect levels [e.g., doses eliciting a response that is 50% of the maximum
response (ED50)]. The solid black line connecting a and b is an isobole for
two chemicals that are dose–additive. Selection of chemical ratios repre-
sented by the black dots along the isobole is recommended to provide multi-
ple data points for comparison between observed and predicted responses.
Experimental data could indicate the following types of joint action depend-
ing on the location of data points within the isobolograph: dose additivity
(along the isobole), greater-than-additive interaction (e.g., dotted line), less-
than-additive interactions (e.g., either of the dashed lines), or independent
action (solid gray line). The fixed ratio ray method involves evaluation of
the dose–response relationships of the individual chemicals (B) and a mix-
ture containing each chemical in a set ratio. In this example, individual
chemical dose–response relationships (dotted lines) are used to determine
equipotent doses (i.e., dA, dB, dC, dD represent the ED50s for chemicals A,
B, C, and D, respectively). Multiple doses (i.e., dilutions) of the mixture at
the dA:dB:dC:dD ratio would then be evaluated, and mixture responses com-
pared with predictions based on an assumption of dose additivity. Deviations
of the experimental mixtures data from the predicted mixture responses
could indicate less-than-additive or greater-than-additive interactions.
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toluene, ethylbenzene, and xylene (Ruiz et al. 2020)], high data
requirements preclude widespread adoption. However, we rec-
ommend including toxicokinetic measurements in mixtures study
designs if at all possible.

Although the Halifax Project focused on promoting research
on the combined effects of noncarcinogenic chemicals to induce
cancer (Goodson et al. 2020), we propose that the initial goal
should be to test the mixtures hypothesis itself. Thus, we propose
that chemicals should be selected for inclusion in a mixtures
research program based on the goal of targeting multiple molecu-
lar mechanisms involved in cancer (e.g., chemicals that display
distinct key characteristics of carcinogens) in order to test
hypotheses of joint action. At this time, we view focusing on
chemicals that are likely to co-occur in the environment as impor-
tant but secondary, and thus initial mixtures research might
include known carcinogens to evaluate the underlying chemical
interactions with biological targets. We contend that inclusion of
a carcinogenic chemical(s) will allow quantitation of the change
in potency of the carcinogen, or shift in the dose–response curve,
when combined with noncarcinogenic chemicals.

The final consideration for a research program on mixtures
and health outcomes pertains to selection of cancer as the disease
of interest. As discussed in the “Introduction,” cancer is a collec-
tion of pathologies that present in different tissues with varied eti-
ologies (NCI 2021). Therefore, we contend that it is critical to
consider whether a research program can be designed for a
“generic” cancer, with principles applying globally to the disease,
or whether a more targeted approach is required. Both scenarios
are reflected among the options detailed below.

Approaches for Evaluating the Effects of Mixtures
on Cancer
We developed three approaches (a chemical screening approach,
a transgenic model-based approach, and a disease-centered
approach) that consider the key elements of choice, namely
chemicals, test model, and cancer type/site with different prioriti-
zation, which are reflected in the order of selection (Figure 2).
Note, however, that the three approaches are not mutually exclu-
sive and can be combined. For example, the screening approach
to chemical selection can be used to identify chemicals that are
then tested in either the transgenic model or disease-centered
approach. Often, the selection of the first key element strongly
influences the available options for the other element(s). All three
approaches include chemicals expressing different key character-
istics in mixtures studies.

Chemical Screening Approach
The first proposed approach for developing a research plan for
evaluating chemical mixtures and cancer involves mining data
from high-throughput screening (HTS) efforts and other data-
bases to select chemicals that interact with key characteristic/
hallmark-associated molecular targets (Figure 2A). In addition to
being a stand-alone option for exploring combined effects of
chemicals on cancer pathways, the screening approach could
offer a complementary method for chemical selection to either
the disease-centered or transgenic model-based approach.

This approach requires prioritization of chemical selection,
followed by model selection. Whereas selected chemicals may
target specific cancer sites, the chemical screening approach is
cancer-site agnostic and relies on the common features of carci-
nogenesis. For example, Demetriou et al. (2018) analyzed biop-
sies from different cancer sites and proposed a temporal sequence
for the acquisition of the hallmarks of cancer in which cancer
unfolds in a generally common sequence with resisting cell death,

insensitivity to antigrowth signals, and sustained proliferation
occurring first (nearly simultaneously), followed by deregulated
energetics, replicative immortality, and the activation of invasion
and metastasis. They further noted that angiogenesis and avoid-
ing immune destruction were hallmarks that could appear at vary-
ing steps in this common sequence (Demetriou et al. 2018).

Previous data mining efforts provide a model for identifying
candidate chemicals. The U.S. Environmental Protection Agency
proposed predicting the carcinogenic potential of chemicals in
rodents by mining results from in vitro HTS assays, whose target
genes mapped to pathways within the hallmarks of cancer frame-
work (Kleinstreuer et al. 2013). Using a training set of 232 chemi-
cals with data from 672 in vitro measurements, researchers
identified in vitro end points that correlated with rodent carcinoge-
nicity (e.g., mouse liver neoplasms). They mapped these measures
to cancer hallmarks (e.g., angiogenesis, sustained proliferation),
and in their model, the more activities induced at cancer-related
endpoints by a chemical, the higher the probability that the chemi-
cal would be carcinogenic in rodents. Finally, the authors used the
model to predict carcinogenicity of 33 chemicals not included in
the training set and found that chemicals with higher scores
(in vitro activity at more cancer-related end points) were more
likely to be classified as “possible,” “probable,” or “likely” human
carcinogens with few false negatives, i.e., 2 of the 33 chemicals
with low in vitro scores were classified as “probable” or “likely”
human carcinogens (Kleinstreuer et al. 2013).

This type of approach could be used to screen the library of
chemicals evaluated in HTS programs such as ToxCast™ and
Tox21 to identify environmental chemicals that act on molecular
targets and indicate specific key characteristics of carcinogens.
For example, chemicals that bind to the estrogen receptor would
indicate potential for receptor-mediated activity. Other important
factors to consider when using cell lines include: a) conclusions
from research based solely on common cancer-derived cell lines
may differ from results using cells derived from nonmalignant tis-
sue, and thus key results should at least be confirmed in nonneo-
plastic cells; b) there are multiple examples in which exposure to
a mixture of chemicals has effects that could not be anticipated
from the results of exposure to the individual mixture compo-
nents and, thus, there needs to be empirical study of mixture ex-
posure in addition to estimates derived from the study of the
individual chemicals within the mixture (Goodson et al. 2020).

Another example involves identification of the key character-
istics expressed by carcinogens (listed by the International
Agency for Research on Cancer based on literature review and
ToxCast™ /Tox21 data) (Guyton et al. 2018). The authors con-
cluded that most chemicals classified as Group 1 (carcinogenic to
humans) and Group 2A (probably carcinogenic to humans) dis-
played multiple key characteristics of carcinogens, and some of
the key characteristics appeared to be more prevalent than others.
Although this analysis is limited by uneven data distribution
(e.g., older, phased-out chemicals typically lack data on end
points such as epigenetic changes) and other factors, the approach
could be adapted to screen mechanistic data available for binary
combinations of carcinogens to identify key characteristic combi-
nations that result in greater-than-additive potency (Figure 2C).
This principle is illustrated in a study of immunosuppressive
drugs combined with carcinogens (Bugelski et al. 2010) that
found no consistent potentiation of carcinogenic responses from
known carcinogens in combination with immunosuppressive
drugs. Instead, combinations resulted in either greater or lesser
carcinogenic activity depending on the dose, cocarcinogen, and
tissue (Bugelski et al. 2010). This finding likely reflects that
immune modulation is a complex process that can be both pro-
and anticarcinogenic, depending on the combination involved.
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The goals of this screening approach are to identify candidate
chemicals for inclusion in mixture assessments and evaluate a
number of combinations for joint action using in vitro models
(Figure 2A). Recent efforts have sought molecular biomarkers and
in silico/in vitro assays that correspond to key characteristics
(Smith et al. 2020). The tools created through this work could be
used to screen candidate chemicals for efficacy and potency. Based
on the resulting list of candidate chemicals, research could then test
binary combinations of chemicals in models with higher human
relevance (but likely lower throughput), such as 3D tissue models
to identify potential interactions (Figure 2A). For example,
Williams et al. (2016) developed a mouse mammary gland orga-
noid and investigated proteomic signatures following exposure to

three chemical classes [phthalate, bisphenol A (BPA), and poly-
chlorinated biphenyl] or to estrogen as a comparator. We view
such models as useful to explore chemical combinations because
they start with normal tissue and measure signatures indicative of
processes involved in carcinogenesis (e.g., apoptosis, cell adhe-
sion, and proliferation) (Williams et al. 2016). Higher order cell
culture systems are improving our ability to mimic complex bio-
logical interactions in vitro, but challenges remain (Duval et al.
2017).

In the approach outlined in Figure 2A, individual chemicals
are first screened for activity in in vitro assays mapped to the key
characteristics of carcinogens. Chemicals that display significant
activity for different key characteristics can then be evaluated

Figure 2. Three proposed approaches for designing studies to evaluate the combined action of chemicals on cancer. (A) An example of a chemical screening
approach to study development and design. In this example, in vitro assays mapped to key characteristics of carcinogens are used to screen a library of chemi-
cals. Chemicals that display specific activity at each of the key characteristics of carcinogens are selected. Binary combinations of chemicals are evaluated to
elucidate the nature of joint action (e.g., dose addition, response addition, interaction). (B) An example of a transgenic model-based approach for study devel-
opment and design is presented. In this example, the rasH2 mouse is the model and displays carcinogenicity at multiple sites. Next, chemicals are selected
based on their expression of key characteristics of carcinogens. Dose–response data are generated for individual chemicals and additivity models are used to
predict mixture responses (dashed dose–response curve). Finally, predicted responses are compared to observed mixture data (dots). (C) An example of a dis-
ease-centered approach for study development and design. First, colon cancer is selected as the disease of interest. Next, a PhIP/DSS mouse model (i.e., chemi-
cally induced model of colon cancer) and additional target chemicals (atrazine, cadmium, and bisphenol A) that exhibit different key characteristics of
carcinogens are selected. Finally, a series of studies with the progressive addition of chemicals is conducted and data are analyzed to evaluate additivity.
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systematically in binary combinations using an isobolographic
method to identify dose additivity and greater-than-dose–addi-
tive interactions. We anticipate that this type of investigation
could provide important information on which key characteris-
tics of carcinogens are more likely to additively contribute to
carcinogenicity.

Transgenic Model-Based Approach
A second approach for designing studies on cancer and mixtures is
to select a well-established transgenic rodent model and use a
chemical mixture with appropriate key characteristics to target a
combination of hallmarks critical to cancer development in that
model. In other words, selection of the transgenic model is the pri-
ority, and key elements of the research program (e.g., cancer type,
chemicals) are dependent on which transgenic model is selected.
For study feasibility, both the p53+=– mouse and rasH2 mouse
(e.g., CByB6F1-Tg(HRAS)2Jic) are generally accepted as a
second-species short-term alternative to the lengthy and expensive
conventional 2-y, 2-rodent test for cancer hazard identification/car-
cinogenicity by the International Conference on Harmonization
(ICH) and the U.S. Food and Drug Administration (U.S. FDA)
(Nambiar et al. 2012). For the purpose of building a research pro-
gram on mixtures and cancer, the transgenic rasH2 mouse (Tg
rasH2) 26-wk bioassay may be useful for several reasons. First, the
presence of HRAS isolated from human cancer, which encodes on-
cogenic p21ras protein, makes Tg rasH2mice highly susceptible to
tumor development when exposed to chemicals known to cause
cancer in humans. Overexpression of HRAS (defined as 2- to 3-
fold higher expression levels comparedwithwild-typemice) rather
than induction of point mutations is thought to be responsible for
accelerated tumor development (Tamaoki 2001), although point
mutations may play a role in some Tg rasH2 tumors (Mitsumori
et al. 1998). Second, the incidence of spontaneous tumors across
target tissues is generally low until 6 months of age, i.e., the dura-
tion of the Tg rasH2 bioassay (Mitsumori et al. 1998). Based on
extensive historical control data, the model has a very stable tumor
incidence range (Paranjpe et al. 2019). These features allow for the
examination of multiple target sites of malignancies. The lung,

spleen, and forestomach are considered informative target organs
in the Tg rasH2model, in addition to the target organs identified in
standard 2-y carcinogenicity assays in rodents (e.g., colon, hemato-
poietic organs, skin, urinary bladder) reported in previous long-
term carcinogenicity bioassays in rats and mice (Mitsumori et al.
1998). Third, the Tg rasH2 26-wk (6-month) bioassay is accepted
by the ICH and the U.S. FDA for testing both nongenotoxic and
genotoxic agents, whereas p53+=– mice are generally accepted
only for genotoxic agents (Jacobs and Brown 2015). Results from a
series of comprehensive studies showed that Tg rasH2 mice were
more sensitive (with more rapid onset and/or higher incidence of
more malignant tumors) to both genotoxic and nongenotoxic
human carcinogens than non-Tg mice and unresponsive to noncar-
cinogens (Mitsumori et al. 1998; Morton et al. 2002; Usui et al.
2001; Yamamoto et al. 1998). Further, the Tg rasH2 bioassay pre-
dicts neoplastic findings relevant to human cancer risk assessment
on par with 2-y rodent models and produces fewer human-
irrelevant neoplastic outcomes (Morton et al. 2002).

The Tg rasH2 model has been used to test multiple chemicals,
including known human and rodent carcinogens and noncarcino-
gens, as well as other chemicals, such as immunosuppressive
agents, hormones, and peroxisome proliferators (Mitsumori et al.
1998; Morton et al. 2002; Usui et al. 2001; Yamamoto et al. 1998).
From these reviews and additional studies we identified in
PubMed, we gathered information on Tg rasH2 bioassay testing of
59 individual agents, 2 mixtures (tobacco smoke, mixed xylenes),
and 17 chemical combinations (mainly initiator-promoter studies)
(Excel Table S1). We propose leveraging the experimental details
(e.g., route of exposure, dose) and outcome information (e.g.,
tumors, preneoplastic lesions) from these studies to inform study
design of chemical mixtures in the Tg rasH2 assay.

We propose to test whether specific combinations of chemi-
cals collectively possess sufficient critical key characteristics rele-
vant to cancer development such that together they induce tumors
in Tg rasH2 mice, even if the chemicals are unable to do so indi-
vidually. Important considerations are the selection of the most
informative and relevant: a) key characteristics (i.e., characteris-
tics that drive cancer development and are not markers of late-
stage tumorigenesis), and b) chemicals (i.e., chemicals that are

Table 1. Advantages and limitations of the three proposed approaches for evaluating mixtures and cancer.

Approach Advantages Limitations

Chemical screening • Can generate rapid and cost-effective information
on activity and potency of many chemicals— good
for identifying unknowns

• Incorporation of both screening assays and 3D tis-
sue assays increases confidence in findings

• Lack of complexity in test systems complicates
translation to whole animal models and
humans

• Limited ability to observe interactions among
chemicals that require higher order systems

Transgenic model-based • Can use a model with a large historical database to
leverage existing data

• Generalizable across cancer types

• Robust design facilitates interpretation and
extrapolation

• Requires significant investment due to need for
individual chemical and mixture dose–response
data

• Translation complicated by a lack of one-to-one
relationship with human disease (e.g., some cancer
sites less relevant than others)

Disease-based • Targeting specific cancer types can allow for
greater translational context (focus on cancers with
high human relevance and confidence in model)

• Streamlined design minimizes dose groups
required while providing data on potential chemical
interactions

• Flexibility to add chemicals (with unique key char-
acteristics of carcinogens) in progressive studies

• Biology of these cancers is well understood; sys-
tem changes due to chemical insults can be com-
pared to historical data

• Can only address cancers for which models are
available

• Models may have limited generalizability to other
types of cancer

• Should only include chemicals with key character-
istics of carcinogens relevant to cancer of interest

• Single dose of “additional” chemicals complicates
extrapolation of findings to other exposure scenar-
ios (doses, chemical ratios)

Environmental Health Perspectives 035003-6 129(3) March 2021



linked to specific key characteristics and have high exposure
potential) to include in mixtures. The study design proposed for
the transgenic model approach differs from that proposed for the
disease-centered approach in two important ways: a) It considers
multiple tumor types in a single model, and b) It involves a clas-
sic mixtures fixed-ratio ray design (Figure 2B). In contrast to the
disease-centered approach, which has a preselected cancer site of
interest, the transgenic model approach includes all tumor sites
for analysis. Lung adenoma and carcinoma, forestomach papil-
loma and carcinoma, skin papilloma, and spleen hemangiosar-
coma are all relevant tumor end points in Tg rasH2 mice. We
assert that HRAS2 overexpression leads to the cancer hallmark of
“sustained proliferative signaling” and overlaps with the key
characteristic of carcinogens of “alters cell proliferation, cell
death, or nutrient supply.” Additional chemicals to be considered
for inclusion in mixtures studies should act through other mecha-
nisms to incorporate different key characteristics of carcinogens
and hallmarks of cancer. The fixed-ratio ray design is commonly
employed in mixtures experiments (Meadows et al. 2002).
According to this method, a fixed ratio of chemicals is evaluated
at multiple dilutions to generate observed dose–response data,
which is then compared to responses predicted using individual
chemical data and assumptions about the type of joint action
(e.g., dose additivity, independent action). Concordance between
predicted and observed data indicates support for the underlying
additivity assumption, whereas deviation indicates a potential
interaction among mixture components (Figure 2B). Methods for
statistically comparing predicted to observed dose–response
curves have been described previously (Gennings 2018; Jonker
et al. 2005).

Chemicals identified through either the Halifax Project or
review of publications using the Tg rasH2 model (Excel Table
S1) are candidate mixture components. For example, chemicals
that were negative or equivocal when tested individually in the
Tg rasH2 bioassay but possess some key characteristics of carci-
nogens would be candidate mixture components. For such chemi-
cals, the highest negative individual dose previously tested could
be used in the mixture. Another important consideration in study
design involves power to detect treatment-related changes, as dis-
cussed in the “Introduction” section above. Based on power cal-
culations, 20–25 mice per sex per group were recommended for
carcinogenicity assessment studies in Tg rasH2 mice (Morton
et al. 2002). Because power calculation results are derived from
expected magnitude and frequency of change, testing of chemi-
cals with less carcinogenic potential may require more animals,
longer study duration, and/or other modifications to assure
adequate power to detect differences in tumor incidence
(Maronpot et al. 2000). Preneoplastic proliferative lesions could
be informative intermediate outcomes. For example, proliferative
lesions (e.g., hyperplasia, polyp) mark an important step in the
continuum from healthy tissue to metastatic tumor in some can-
cer types (Cardiff et al. 2006).

Although the transgenic model approach described here is
focused on simultaneous chemical exposures, the study design
could easily be adapted to assess more complex mixture scenar-
ios, such as sequential exposures, exposure during critical devel-
opmental windows, and addition of nonchemical stressors (e.g.,
physiological stress, chronic infection, obesity) (McHale et al.
2018). For example, obesity increases the risk of arsenic-
associated lung and bladder cancer in humans by several-fold
compared with risks for nonobese individuals (Steinmaus et al.
2015). Human cancer has been associated with early-life environ-
mental conditions (Grandjean et al. 2015; Moore 2016; Walker
and Ho 2012) and is sometimes mediated by persistent epigenetic
modifications (a key characteristic of carcinogens) (El Hajj et al.

2014). Examples of animal studies that have assessed cumulative
risk include early-life environmental tobacco smoke exposure,
later exposure to asbestos, and increased risk of lung disease via
immune effects in mice (Brown et al. 2016); prenatal dioxin ex-
posure, later high-fat feeding, and elevated risk of mammary can-
cer in mice (La Merrill et al. 2010).

Disease-Centered Approach
In a disease-centered research program, key elements of the pro-
gram are decided sequentially, in the order of cancer type, model
system(s) that reflects the selected cancer type, and chemical
selection (Figure 2C). Among other features, the ideal cancer
type for study has relatively well-defined etiology with multiple
contributing mechanisms, widespread occurrence in diverse pop-
ulations, and evidence for environmental contributions. A well-
defined etiology and knowledge of key events in development of
the selected cancer can help discern which key characteristics are
likely to contribute meaningfully to early stages of disease.
Colorectal cancer is an example where many important molecular
targets have been identified (Marmol et al. 2017), and therefore it
constitutes an instructive example for how to build a research
plan using the disease-centered approach. The working group
also considered cancers of the breast and liver.

Following cancer type selection, the next steps are to select a
model system that reflects that cancer type and the molecular tar-
gets of interest (Figure 2C). Selecting a cancer model with human
relevance is critical. Although human cell-based systems can aid
in mechanistic understanding of discrete molecular events in
colorectal carcinogenesis, more complex systems that provide
integration across multiple signaling pathways are recommended
for evaluating the joint effects of chemicals that act at different
targets. Multiple animal models of colorectal cancer are available
(Johnson and Fleet 2013). Because large intestine tumors are rare
in rodents, chemical or genetic interventions might help increase
the background occurrence of human-relevant tumors in animal
models of colorectal cancer (Johnson and Fleet 2013). Recently
developed organoid models (Lau et al. 2020) may also be useful
for studying the joint action of chemicals that act at multiple mo-
lecular targets.

Selection of an animal model is linked to identification of mo-
lecular targets or key characteristics of carcinogens because the
chemical treatment or genetic manipulation used to induce the
cancer will dictate one or more molecular target(s). Among vari-
ous animal models for colorectal cancer (Johnson and Fleet
2013), treatment with 2-amino-1-methyl-6-phenylimidozo [4,5-
b] pyridine (PhIP) is a particularly attractive choice because this
heterocyclic amine is prevalent in cooked meat and is linked to
colon cancer in humans (Góngora et al. 2019). One variation of
the PhIP model uses a transgenic mouse with human cytochrome
P450 1A2 (CYP1A2) enzyme, which unlike the endogenous
mouse CYP1A2, converts PhIP to its active metabolite (Cheung
et al. 2005). In a further refinement of this model, addition of
dextran sodium sulfate (DSS) promoted inflammation in the form
of colitis (Chen et al. 2017) and produced colon tumors that dis-
played molecular and histological features observed in human co-
lon cancer. Treating rodents with PhIP caused mutations in
Cnntb1 and Apc genes (Dashwood et al. 1998). PhIP is both elec-
trophilic and genotoxic (Peng et al. 2012), encompassing two key
characteristics of carcinogens, and inclusion of DSS adds the key
characteristic of chronic inflammation. Based on colon cancer eti-
ology and known risk factors, other key characteristics might
include genetic instability and altering DNA repair [microsatellite
instability pathway (Marmol et al. 2017)], inducing epigenetic
alterations [DNA methylation and histone modification (Jung
et al. 2020)], oxidative stress [lipid peroxidation (Bastide et al.
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2011)], and receptor-mediated effects altering cell proliferation
[epidermal growth factor receptor (EGFR) and transforming
growth factor-beta (TGF-b) receptor pathways (Marmol et al.
2017)].

Finally, chemical selection for a mixture study could consider
the chemical’s established key characteristics that will produce
the hallmarks observed in the specific cancer under study, in
addition to the chemical’s relevance to human exposure. For
colorectal cancer, PhIP would be a clear candidate for inclusion
in a mixtures research program, whereas DSS is an experimental
tool for inducing colitis and not an environmental chemical of
concern for human exposure. A decision to use DSS must balance
its proven effectiveness in inducing inflammation in the target tis-
sue against the use of a different, more human exposure-relevant
inflammatory chemical in mixture assessment, e.g., glycation end
products such as imidazole that are found in the diet and have
inflammatory properties (B�abt�an et al. 2019). Other candidates to
consider include atrazine for potential effects on the epigenome
(Sanchez et al. 2020), cadmium for its capacity to induce oxida-
tive stress (Mezynska and Brzóska 2018), and estrogenic chemi-
cals such as BPA for EGFR activation (Sauer et al. 2017).
Ideally, dose–response data would be available for each candi-
date chemical in the animal model selected for study. In the case
of PhIP, it is both intrinsic to the model for colon cancer and one
of the mixture components. Therefore, analysis would involve
measurement of the shift in the PhIP dose–response curve when
it is present along with the additional chemicals. We recommend
selecting doses for the remaining chemicals based on existing
toxicity data with a goal of providing a challenging dose (i.e.,
inducing significant changes in select measured parameters) at
the top dose of the mixture and serial dilutions of that dose. It is
important to recall that environmental chemicals are not necessar-
ily specific-acting, i.e., many environmental chemicals can act
via multiple mechanisms [e.g., benzo[a]pyrene is metabolized to
a diol epoxide electrophile that interacts with DNA to form
adducts and also binds to the aryl hydrocarbon receptor (AhR)
(van Delft et al. 2012)]. Therefore, many environmental chemi-
cals will likely induce a cascade of molecular events that touch
upon multiple mechanisms as a result of expressing different key
characteristics.

Other considerations in the disease-centered approach include
timing and dose selection for individual mixture constituents.
Sequential dosing is used in the PhIP/DSS model described
above, and this design could be adapted for a more quantitative
evaluation of mixture effects by combining elements from the
mixtures literature. An example of a disease-centered design
using the PhIP/DSS model is presented in Figure 2C. This design
has been used previously to quantify the shift in the dose–
response curve of a chemical when a second chemical is added at
a dose at or around its no observed adverse effect level (Blystone
et al. 2009). In the PhIP/DSS example, the first study consists of
a series of doses of PhIP alone, aimed at generating a dose–
response relationship. The second study builds on this by adding
a single dose of DSS during the window established as being
effective at promoting the effects of PhIP according to model de-
velopment (Chen et al. 2017). Additional treatments, such as an
individual chemical or a combination of chemicals (e.g., atrazine,
cadmium, and BPA; Figure 1C), are included in the third study.
Finally, two control groups, consisting of DSS alone and the
chemical combination, are also included to confirm a lack of tu-
mor development with each of the non-PhIP treatments alone at
the dose level tested in the mixture studies (studies 2 and 3). In
this example, results from studies 1, 2, and 3 are compared to
quantify the shift in the PhIP dose–response curve. A shift to the
left would indicate an additive or greater-than-additive mixture

effect, whereas a shift to the right would indicate a less-than-
additive interaction (Figure 1C). Differentiating between additiv-
ity and a greater-than-additive interaction would require knowl-
edge of the dose–response curves for the secondary treatments
(DSS and chemical combination), which could be explored in
subsequent studies if a notable leftward shift is observed.

Conclusions
Humans are exposed to numerous chemicals over their lifetimes,
and more work is needed to understand how combined exposures
to chemicals in the form of mixtures influence disease, particu-
larly cancer, because the accumulation of insults over time
contributes to cancer development and progression. Here, we
offer three different options for investigating the joint effects of
chemicals on cancer (a chemical-based approach, a model-based
approach, and a disease-based approach) to stimulate discussion
and research efforts around this critical topic. Some advantages
and limitations of each approach are provided in Table 1. These
approaches represent a distinct shift in the current paradigm for
risk evaluation in which there is limited consideration of cumula-
tive impacts on a disease. Further, findings from research studies
based on these approaches could help to refine the existing con-
cepts, frameworks, resources, and data on which the approaches
are built.

Acknowledgments
The authors are grateful to A. Wang and K. Howdeshell for

their review of this manuscript and to M. Rogers for help with
graphics. This work was supported by the Intramural Research
Program of the National Institutes of Health (NIH), National
Institute of Environmental Health Sciences (NIEHS), Intramural
Research project ZIA ES103316-04. This project was supported
by contracts #17-E0023 and #18-0034 from the Office of
Environmental Health Hazard Assessment of California
Environmental Protection Agency and the Research Translation
Core of the NIEHS Superfund Research Program under NIH
grant P42ES004705 (to M.T.S.). T.F.W. is supported in part by
NIEHS grants R01ES028800 and R01ES027813.

References
Andersen ME, Dennison JE. 2004. Mechanistic approaches for mixture risk

assessments-present capabilities with simple mixtures and future directions.
Environ Toxicol Pharmacol 16(1–2):1–11, PMID: 21782689, https://doi.org/10.
1016/j.etap.2003.10.004.

Antoni MH, Lutgendorf SK, Cole SW, Dhabhar FS, Sephton SE, McDonald PG, et al.
2006. The influence of bio-behavioural factors on tumour biology: pathways and
mechanisms. Nat Rev Cancer 6(3):240–248, PMID: 16498446, https://doi.org/10.
1038/nrc1820.

Arcos JC, Woo YT, Lai DY. 1988. Database on binary combination effects of chemi-
cal carcinogens. Environ Carcinog Rev 6:R5–R150.

Armitage P, Doll R. 1954. The age distribution of cancer and a multi-stage theory of
carcinogenesis. Br J Cancer 8 (1):1–12, PMID: 13172380, https://doi.org/10.1038/
bjc.1954.1.

Armitage P, Doll R. 1957. A two-stage theory of carcinogenesis in relation to the
age distribution of human cancer. Br J Cancer 11(2):161–169, PMID: 13460138,
https://doi.org/10.1038/bjc.1957.22.

B�abt�an AM, Ilea A, Bos�ca BA, Cris�an M, Petrescu NB, Collino M, et al. 2019.
Advanced glycation end products as biomarkers in systemic diseases: prem-
ises and perspectives of salivary advanced glycation end products. Biomark
Med 13(6):479–495, PMID: 30968701, https://doi.org/10.2217/bmm-2018-0448.

Bastide NM, Pierre FHF, Corpet DE. 2011. Heme iron from meat and risk of colo-
rectal cancer: a meta-analysis and a review of the mechanisms involved.
Cancer Prev Res (Phila) 4(2):177–184, PMID: 21209396, https://doi.org/10.1158/
1940-6207.CAPR-10-0113.

Benjamin SA, Yang RS, Tessari JD, Chubb LW, Brown MD, Dean CE, et al. 1999.
Lack of promotional effects of groundwater contaminant mixtures on the
induction of preneoplastic foci in rat liver. Toxicology 137(3):137–149, PMID:
10522494, https://doi.org/10.1016/S0300-483X(99)00084-0.

Environmental Health Perspectives 035003-8 129(3) March 2021

https://www.ncbi.nlm.nih.gov/pubmed/21782689
https://doi.org/10.1016/j.etap.2003.10.004
https://doi.org/10.1016/j.etap.2003.10.004
https://www.ncbi.nlm.nih.gov/pubmed/16498446
https://doi.org/10.1038/nrc1820
https://doi.org/10.1038/nrc1820
https://www.ncbi.nlm.nih.gov/pubmed/13172380
https://doi.org/10.1038/bjc.1954.1
https://doi.org/10.1038/bjc.1954.1
https://www.ncbi.nlm.nih.gov/pubmed/13460138
https://doi.org/10.1038/bjc.1957.22
https://www.ncbi.nlm.nih.gov/pubmed/30968701
https://doi.org/10.2217/bmm-2018-0448
https://www.ncbi.nlm.nih.gov/pubmed/21209396
https://doi.org/10.1158/1940-6207.CAPR-10-0113
https://doi.org/10.1158/1940-6207.CAPR-10-0113
https://www.ncbi.nlm.nih.gov/pubmed/10522494
https://doi.org/10.1016/S0300-483X(99)00084-0


Berenblum I, Shubik P. 1947. A new, quantitative, approach to the study of the
stages of chemical carcinogenesis in the mouse’s skin. Br J Cancer 1(4):383–
391, PMID: 18906316, https://doi.org/10.1038/bjc.1947.36.

Blystone CR, Lambright CS, Cardon MC, Furr J, Rider CV, Hartig PC, et al. 2009.
Cumulative and antagonistic effects of a mixture of the antiandrogens vinclo-
zolin and iprodione in the pubertal male rat. Toxicol Sci 111(1):179–188, PMID:
19564212, https://doi.org/10.1093/toxsci/kfp137.

Bocato MZ, Ximenez JPB, Hoffmann C, Barbosa F. 2019. An overview of the cur-
rent progress, challenges, and prospects of human biomonitoring and expo-
some studies. J Toxicol Environ Health B Crit Rev 22(5–6):131–156, PMID:
31543064, https://doi.org/10.1080/10937404.2019.1661588.

Bogen KT. 2019. Inflammation as a cancer co-initiator: new mechanistic model
predicts low/negligible risk at noninflammatory carcinogen doses. Dose
Response 17(2):1559325819847834, PMID: 31205456, https://doi.org/10.1177/
1559325819847834.

Bopp SK, Barouki R, Brack W, Dalla Costa S, Dorne J-LCM, Drakvik PE, et al. 2018.
Current EU research activities on combined exposure to multiple chemicals.
Environ Int 120:544–562, PMID: 30170309, https://doi.org/10.1016/j.envint.2018.07.037.

Borgert CJ, Price B, Wells CS, Simon GS. 2001. Evaluating chemical interaction
studies for mixture risk assessment. Hum Ecol Risk Assess 7(2):259–305,
https://doi.org/10.1080/20018091094376.

Brown TA, Holian A, Pinkerton KE, Lee JW, Cho YH. 2016. Early life exposure to envi-
ronmental tobacco smoke alters immune response to asbestos via a shift in
inflammatory phenotype resulting in increased disease development. Inhal Toxicol
28(8):349–356, PMID: 27138493, https://doi.org/10.1080/08958378.2016.1175526.

Bugelski PJ, Volk A, Walker MR, Krayer JH, Martin P, Descotes J. 2010. Critical
review of preclinical approaches to evaluate the potential of immunosuppres-
sive drugs to influence human neoplasia. Int J Toxicol 29(5):435–466, PMID:
20884856, https://doi.org/10.1177/1091581810374654.

Cardiff RD, Anver MR, Boivin GP, Bosenberg MW, Maronpot RR, Molinolo AA, et al.
2006. Precancer in mice: animal models used to understand, prevent, and treat
human precancers. Toxicol Pathol 34(6):699–707, PMID: 17074738, https://doi.org/
10.1080/01926230600930129.

Carlin DJ, Rider CV, Woychik R, Birnbaum LS. 2013. Unraveling the health effects
of environmental mixtures: an NIEHS priority. Environ Health Perspect 121(1):
A6–A8, PMID: 23409283, https://doi.org/10.1289/ehp.1206182.

Chen JX, Wang H, Liu A, Zhang LJ, Reuhl K, Yang CS. 2017. PhIP/DSS-induced co-
lon carcinogenesis in CYP1A-humanized mice and the possible role of Lgr5+
stem cells. Toxicol Sci 155(1):224–233, PMID: 27664423, https://doi.org/10.1093/
toxsci/kfw190.

Cheung C, Ma X, Krausz KW, Kimura S, Feigenbaum L, Dalton TP, et al. 2005.
Differential metabolism of 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine
(PhIP) in mice humanized for CYP1A1 and CYP1A2. Chem Res Toxicol
18(9):1471–1478, PMID: 16167840, https://doi.org/10.1021/tx050136g.

Christiansen S, Scholze M, Dalgaard M, Vinggaard AM, Axelstad M, Kortenkamp
A, et al. 2009. Synergistic disruption of external male sex organ development
by a mixture of four antiandrogens. Environ Health Perspect 117(12):1839–1846,
PMID: 20049201, https://doi.org/10.1289/ehp.0900689.

Conley JM, Lambright CS, Evans N, Cardon M, Furr J, Wilson VS, et al. 2018. Mixed
“antiandrogenic” chemicals at low individual doses produce reproductive
tract malformations in the male rat. Toxicol Sci 164(1):166–178, PMID:
29945228, https://doi.org/10.1093/toxsci/kfy069.

Crofton KM, Craft ES, Hedge JM, Gennings C, Simmons JE, Carchman RA, et al.
2005. Thyroid-hormone-disrupting chemicals: evidence for dose-dependent
additivity or synergism. Environ Health Perspect 113(11):1549–1554, PMID:
16263510, https://doi.org/10.1289/ehp.8195.

Dashwood RH, Suzui M, Nakagama H, Sugimura T, Nagao M. 1998. High frequency
of beta-catenin (ctnnb1) mutations in the Colon tumors induced by two hetero-
cyclic amines in the f344 rat. Cancer Res 58(6):1127–1129, PMID: 9515794.

Demetriou CA, Degli Esposti D, Pullen Fedinick K, Russo F, Robinson O, Vineis P.
2018. Filling the gap between chemical carcinogenesis and the hallmarks of
cancer: a temporal perspective. Eur J Clin Invest 48(6):e12933, PMID: 29604052,
https://doi.org/10.1111/eci.12933.

DiGiovanni J. 1992. Multistage carcinogenesis in mouse skin. Pharmacol Therapeut
54(1):63–128, PMID: 1528955, https://doi.org/10.1016/0163-7258(92)90051-Z.

Dingus CA, Teuschler LK, Rice GE, Simmons JE, Narotsky MG. 2011. Prospective
power calculations for the four lab study of a multigenerational reproductive/
developmental toxicity rodent bioassay using a complex mixture of disinfection
by-products in the low-response region. Int J Environ Res Public Health
8(10):4082–4101, PMID: 22073030, https://doi.org/10.3390/ijerph8104082.

DiPaolo JA, Casto BC. 1978. In vitro carcinogenesis with cells in early passage.
Natl Cancer Inst Monogr 48:245–257, PMID: 372816.

Drakvik E, Altenburger R, Aoki Y, Backhaus T, Bahadori T, Barouki R, et al. 2020.
Statement on advancing the assessment of chemical mixtures and their risks
for human health and the environment. Environ Int 134:105267, PMID: 31704565,
https://doi.org/10.1016/j.envint.2019.105267.

Duval K, Grover H, Han LH, Mou Y, Pegoraro AF, Fredberg J, et al. 2017. Modeling
physiological events in 2d vs. 3d cell culture. Physiology (Bethesda) 32(4):266–
277, PMID: 28615311, https://doi.org/10.1152/physiol.00036.2016.

El Hajj N, Schneider E, Lehnen H, Haaf T. 2014. Epigenetics and life-long consequen-
ces of an adverse nutritional and diabetic intrauterine environment. Reproduction
148(6):R111–R120, PMID: 25187623, https://doi.org/10.1530/REP-14-0334.

Gennings C. 2018. Comparing predicted additivity models to observed mixture data.
In: Chemical Mixtures and Combined Chemical and Nonchemical Stressors:
Exposure, Toxicity, Analysis, and Tisk. Rider CV, Simmons JE, eds. Cham,
Switzerland: Springer, 291–306.

Góngora VM, Matthes KL, Castaño PR, Linseisen J, Rohrmann S. 2019. Dietary het-
erocyclic amine intake and colorectal adenoma risk: a systematic review and
meta-analysis. Cancer Epidemiol Biomarkers Prev 28(1):99–109, PMID:
30275115, https://doi.org/10.1158/1055-9965.EPI-17-1017.

Goodson WH, 3rd, Lowe L, Carpenter DO, Gilbertson M, Manaf AA, Lopez de
Cerain Salsamendi A, et al. 2015. Assessing the carcinogenic potential of low-
dose exposures to chemical mixtures in the environment: the challenge ahead.
Carcinogenesis 36(suppl 1):S254–S296, PMID: 26106142, https://doi.org/10.1093/
carcin/bgv039.

Goodson WH, Lowe L, Gilbertson M, Carpenter DO. 2020. Testing the low dose mix-
tures hypothesis from the Halifax project. Rev Environ Health 35(4):333–357,
PMID: 32833669, https://doi.org/10.1515/reveh-2020-0033.

Grandjean P, Barouki R, Bellinger DC, Casteleyn L, Chadwick LH, Cordier S, et al.
2015. Life-long implications of developmental exposure to environmental stres-
sors: new perspectives. Endocrinology 156(10):3408–3415, PMID: 26241067,
https://doi.org/10.1210/EN.2015-1350.

Griner LAM, Guha R, Shinn P, Young RM, Keller JM, Liu D, et al. 2014. High-
throughput combinatorial screening identifies drugs that cooperate with ibruti-
nib to kill activated b-cell-like diffuse large b-cell lymphoma cells. Proc Natl
Acad Sci USA 111(6):2349–2354, PMID: 24469833, https://doi.org/10.1073/pnas.
1311846111.

Guyton KZ, Rusyn I, Chiu WA, Corpet DE, van den Berg M, Ross MK, et al. 2018.
Application of the key characteristics of carcinogens in cancer hazard identifi-
cation. Carcinogenesis 39(4):614–622, PMID: 29562322, https://doi.org/10.1093/
carcin/bgy031.

Hanahan D, Weinberg RA. 2000. The hallmarks of cancer. Cell 100(1):57–70, PMID:
10647931, https://doi.org/10.1016/s0092-8674(00)81683-9.

Hanahan D, Weinberg RA. 2011. Hallmarks of cancer: the next generation. Cell
144(5):646–674, PMID: 21376230, https://doi.org/10.1016/j.cell.2011.02.013.

Howdeshell KL, Hotchkiss AK, Gray LE Jr. 2017. Cumulative effects of antiandro-
genic chemical mixtures and their relevance to human health risk assessment.
Int J Hyg Environ Health 220(2 pt A):179–188, PMID: 27923611, https://doi.org/
10.1016/j.ijheh.2016.11.007.

Hursting SD, Slaga TJ, Fischer SM, DiGiovanni J, Phang JM. 1999. Mechanism-
based cancer prevention approaches: targets, examples, and the use of trans-
genic mice. J Natl Cancer Inst 91(3):215–225, PMID: 10037099, https://doi.org/
10.1093/jnci/91.3.215.

Jacobs AC, Brown PC. 2015. Regulatory forum opinion piece*: transgenic/alternative
carcinogenicity assays: a retrospective review of studies submitted to CDER/
FDA 1997–2014. Toxicol Pathol 43(5):605–610, PMID: 25630682, https://doi.org/10.
1177/0192623314566241.

Johnson RL, Fleet JC. 2013. Animal models of colorectal cancer. Cancer Metastasis
Rev 32(1–2):39–61, PMID: 23076650, https://doi.org/10.1007/s10555-012-9404-6.

Jonker MJ, Svendsen C, Bedaux JJM, Bongers M, Kammenga JE. 2005.
Significance testing of synergistic/antagonistic, dose level-dependent, or dose
ratio-dependent effects in mixture dose-response analysis. Environ Toxicol
Chem 24(10):2701–2713, PMID: 16268173, https://doi.org/10.1897/04-431r.1.

Jung G, Hernández-Illán E, Moreira L, Balaguer F, Goel A. 2020. Epigenetics of colo-
rectal cancer: biomarker and therapeutic potential. Nat Rev Gastroenterol
Hepatol 17(2):111–130, PMID: 31900466, https://doi.org/10.1038/s41575-019-0230-y.

Kleinstreuer NC, Dix DJ, Houck KA, Kavlock RJ, Knudsen TB, Martin MT, et al.
2013. In vitro perturbations of targets in cancer hallmark processes predict
rodent chemical carcinogenesis. Toxicol Sci 131(1):40–55, PMID: 23024176,
https://doi.org/10.1093/toxsci/kfs285.

Kortenkamp A. 2020. Which chemicals should be grouped together for mixture risk
assessments of male reproductive disorders? Mol Cell Endocrinol 499:110581,
PMID: 31525431, https://doi.org/10.1016/j.mce.2019.110581.

La Merrill M, Harper R, Birnbaum LS, Cardiff RD, Threadgill DW. 2010. Maternal
dioxin exposure combined with a diet high in fat increases mammary cancer
incidence in mice. Environ Health Perspect 118(5):596–601, PMID: 20435547,
https://doi.org/10.1289/ehp.0901047.

Lau HCH, Kranenburg O, Xiao HP, Yu J. 2020. Organoid models of gastrointestinal
cancers in basic and translational research. Nat Rev Gastroenterol Hepatol
17(4):203–222, PMID: 32099092, https://doi.org/10.1038/s41575-019-0255-2.

Lichtenstein D, Luckert C, Alarcan J, de Sousa G, Gioutlakis M, Katsanou ES, et al.
2020. An adverse outcome pathway-based approach to assess steatotic

Environmental Health Perspectives 035003-9 129(3) March 2021

https://www.ncbi.nlm.nih.gov/pubmed/18906316
https://doi.org/10.1038/bjc.1947.36
https://www.ncbi.nlm.nih.gov/pubmed/19564212
https://doi.org/10.1093/toxsci/kfp137
https://www.ncbi.nlm.nih.gov/pubmed/31543064
https://doi.org/10.1080/10937404.2019.1661588
https://www.ncbi.nlm.nih.gov/pubmed/31205456
https://doi.org/10.1177/1559325819847834
https://doi.org/10.1177/1559325819847834
https://www.ncbi.nlm.nih.gov/pubmed/30170309
https://doi.org/10.1016/j.envint.2018.07.037
https://doi.org/10.1080/20018091094376
https://www.ncbi.nlm.nih.gov/pubmed/27138493
https://doi.org/10.1080/08958378.2016.1175526
https://www.ncbi.nlm.nih.gov/pubmed/20884856
https://doi.org/10.1177/1091581810374654
https://www.ncbi.nlm.nih.gov/pubmed/17074738
https://doi.org/10.1080/01926230600930129
https://doi.org/10.1080/01926230600930129
https://www.ncbi.nlm.nih.gov/pubmed/23409283
https://doi.org/10.1289/ehp.1206182
https://www.ncbi.nlm.nih.gov/pubmed/27664423
https://doi.org/10.1093/toxsci/kfw190
https://doi.org/10.1093/toxsci/kfw190
https://www.ncbi.nlm.nih.gov/pubmed/16167840
https://doi.org/10.1021/tx050136g
https://www.ncbi.nlm.nih.gov/pubmed/20049201
https://doi.org/10.1289/ehp.0900689
https://www.ncbi.nlm.nih.gov/pubmed/29945228
https://doi.org/10.1093/toxsci/kfy069
https://www.ncbi.nlm.nih.gov/pubmed/16263510
https://doi.org/10.1289/ehp.8195
https://www.ncbi.nlm.nih.gov/pubmed/9515794
https://www.ncbi.nlm.nih.gov/pubmed/29604052
https://doi.org/10.1111/eci.12933
https://www.ncbi.nlm.nih.gov/pubmed/1528955
https://doi.org/10.1016/0163-7258(92)90051-Z
https://www.ncbi.nlm.nih.gov/pubmed/22073030
https://doi.org/10.3390/ijerph8104082
https://www.ncbi.nlm.nih.gov/pubmed/372816
https://www.ncbi.nlm.nih.gov/pubmed/31704565
https://doi.org/10.1016/j.envint.2019.105267
https://www.ncbi.nlm.nih.gov/pubmed/28615311
https://doi.org/10.1152/physiol.00036.2016
https://www.ncbi.nlm.nih.gov/pubmed/25187623
https://doi.org/10.1530/REP-14-0334
https://www.ncbi.nlm.nih.gov/pubmed/30275115
https://doi.org/10.1158/1055-9965.EPI-17-1017
https://www.ncbi.nlm.nih.gov/pubmed/26106142
https://doi.org/10.1093/carcin/bgv039
https://doi.org/10.1093/carcin/bgv039
https://www.ncbi.nlm.nih.gov/pubmed/32833669
https://doi.org/10.1515/reveh-2020-0033
https://www.ncbi.nlm.nih.gov/pubmed/26241067
https://doi.org/10.1210/EN.2015-1350
https://www.ncbi.nlm.nih.gov/pubmed/24469833
https://doi.org/10.1073/pnas.1311846111
https://doi.org/10.1073/pnas.1311846111
https://www.ncbi.nlm.nih.gov/pubmed/29562322
https://doi.org/10.1093/carcin/bgy031
https://doi.org/10.1093/carcin/bgy031
https://www.ncbi.nlm.nih.gov/pubmed/10647931
https://doi.org/10.1016/s0092-8674(00)81683-9
https://www.ncbi.nlm.nih.gov/pubmed/21376230
https://doi.org/10.1016/j.cell.2011.02.013
https://www.ncbi.nlm.nih.gov/pubmed/27923611
https://doi.org/10.1016/j.ijheh.2016.11.007
https://doi.org/10.1016/j.ijheh.2016.11.007
https://www.ncbi.nlm.nih.gov/pubmed/10037099
https://doi.org/10.1093/jnci/91.3.215
https://doi.org/10.1093/jnci/91.3.215
https://www.ncbi.nlm.nih.gov/pubmed/25630682
https://doi.org/10.1177/0192623314566241
https://doi.org/10.1177/0192623314566241
https://www.ncbi.nlm.nih.gov/pubmed/23076650
https://doi.org/10.1007/s10555-012-9404-6
https://www.ncbi.nlm.nih.gov/pubmed/16268173
https://doi.org/10.1897/04-431r.1
https://www.ncbi.nlm.nih.gov/pubmed/31900466
https://doi.org/10.1038/s41575-019-0230-y
https://www.ncbi.nlm.nih.gov/pubmed/23024176
https://doi.org/10.1093/toxsci/kfs285
https://www.ncbi.nlm.nih.gov/pubmed/31525431
https://doi.org/10.1016/j.mce.2019.110581
https://www.ncbi.nlm.nih.gov/pubmed/20435547
https://doi.org/10.1289/ehp.0901047
https://www.ncbi.nlm.nih.gov/pubmed/32099092
https://doi.org/10.1038/s41575-019-0255-2


mixture effects of hepatotoxic pesticides in vitro. Food Chem Toxicol
139:111283, PMID: 32201337, https://doi.org/10.1016/j.fct.2020.111283.

Madia F, Worth A, Whelan M, Corvi R. 2019. Carcinogenicity assessment: address-
ing the challenges of cancer and chemicals in the environment. Environ Int
128:417–429, PMID: 31078876, https://doi.org/10.1016/j.envint.2019.04.067.

Marmol I, Sanchez-De-Diego C, Dieste AP, Cerrada E, Yoldi MJR. 2017. Colorectal
carcinoma: a general overview and future perspectives in colorectal cancer.
Int J Mol Sci 18(1):197, PMID: 28106826, https://doi.org/10.3390/ijms18010197.

Maronpot RR, Mitsumori K, Mann P, Takaoka M, Yamamoto S, Usui T, et al. 2000.
Interlaboratory comparison of the cb6f1-tg rash2 rapid carcinogenicity testing
model. Toxicology 146(2–3):149–159, PMID: 10814847, https://doi.org/10.1016/
s0300-483x(00)00168-2.

McHale CM, Osborne G, Morello-Frosch R, Salmon AG, Sandy MS, Solomon G,
et al. 2018. Assessing health risks from multiple environmental stressors: mov-
ing from GxE to IxE. Mutat Res 775:11–20, PMID: 29555026, https://doi.org/10.
1016/j.mrrev.2017.11.003.

Meadows SL, Gennings C, Carter WH Jr, Bae DS. 2002. Experimental designs for
mixtures of chemicals along fixed ratio rays. Environ Health Perspect 110
Suppl 6:979–983, PMID: 12634128, https://doi.org/10.1289/ehp.02110s6979.

Melnick RL, Thayer KA, Bucher JR. 2008. Conflicting views on chemical carcino-
genesis arising from the design and evaluation of rodent carcinogenicity stud-
ies. Environ Health Perspect 116(1):130–135, PMID: 18197312, https://doi.org/10.
1289/ehp.9989.

Metzdorff SB, Dalgaard M, Christiansen S, Axelstad M, Hass U, Kiersgaard MK, et al.
2007. Dysgenesis and histological changes of genitals and perturbations of gene
expression in male rats after in utero exposure to antiandrogen mixtures.
Toxicol Sci 98(1):87–98, PMID: 17420220, https://doi.org/10.1093/toxsci/kfm079.

Mezynska M, Brzóska MM. 2018. Environmental exposure to cadmium-a risk for
health of the general population in industrialized countries and preventive
strategies. Environ Sci Pollut Res Int 25(4):3211–3232, PMID: 29230653,
https://doi.org/10.1007/s11356-017-0827-z.

Mitsumori K, Koizumi H, Nomura T, Yamamoto S. 1998. Pathological features of
spontaneous and induced tumors in transgenic mice carrying a human proto-
type c-ha-ras gene used for six-month carcinogenicity studies. Toxicol Pathol
26(4):520–531, PMID: 9715511, https://doi.org/10.1177/019262339802600408.

Moore SE. 2016. Early life nutritional programming of health and disease in the
gambia. J Dev Orig Health Dis 7(2):123–131, PMID: 26503192, https://doi.org/10.
1017/S2040174415007199.

Morton D, Alden CL, Roth AJ, Usui T. 2002. The Tg rasH2 mouse in cancer hazard
identification. Toxicol Pathol 30(1):139–146, PMID: 11890467, https://doi.org/10.
1080/01926230252824851.

Nambiar PR, Turnquist SE, Morton D. 2012. Spontaneous tumor incidence in rash2
mice: review of internal data and published literature. Toxicol Pathol 40(4):614–
623, PMID: 22328410, https://doi.org/10.1177/0192623311436181.

NCI (National Cancer Institute). 2021. What is cancer? https://www.cancer.gov/
about-cancer/understanding/what-is-cancer [accessed 16 January 2021].

NTP (National Toxicology Program). 2016. 14th Report on Carcinogens. Research
Triangle Park, NC: National Toxicology Program.

NTP. 1993a. A Chemical Mixture of 25 Groundwater Contaminants Administered in
Drinking Water to F344/N Rats and B6C3F1 Mice. (Toxicity Report Series).
Research Triangle Park, NC: National Institute of Environmental Health
Sciences/National Toxicology Program.

NTP. 1993b. Pesticide/Fertilizer Mixtures Administered in Drinking Water to F344/N
Rats and B6C3F1 Mice. (Toxicity Report Series). Research Triangle Park, NC:
National Institute of Environmental Health Sciences/National Toxicology
Program.

Paranjpe MG, Belich JL, Mann PC, McKeon ME, Elbekai RH, Brown CM, et al.
2019. A comparison of spontaneous tumors in Tg.rasH2 mice in 26-week carci-
nogenicity studies conducted at a single test facility during 2004 to 2012 and
2013 to 2018. Toxicol Pathol 47(1):18–25, PMID: 30407148, https://doi.org/10.
1177/0192623318810202.

Parks LG, Ostby JS, Lambright CR, Abbott BD, Klinefelter GR, Barlow NJ, et al. 2000.
The plasticizer diethylhexyl phthalate induces malformations by decreasing fetal
testosterone synthesis during sexual differentiation in the male rat. Toxicol Sci
58(2):339–349, PMID: 11099646, https://doi.org/10.1093/toxsci/58.2.339.

Peng L, Dasari S, Tabb DL, Turesky RJ. 2012. Mapping serum albumin adducts of
the food-borne carcinogen 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine
by data-dependent tandem mass spectrometry. Chem Res Toxicol 25(10):2179–
2193, PMID: 22827630, https://doi.org/10.1021/tx300253j.

Perez-Carreon JI, Dargent C, Merhi M, Fattel-Fazenda S, Arce-Popoca E, Villa-
Treviño S, et al. 2009. Tumor promoting and co-carcinogenic effects in
medium-term rat hepatocarcinogenesis are not modified by co-administration
of 12 pesticides in mixture at acceptable daily intake. Food Chem Toxicol
47(3):540–546, PMID: 19126423, https://doi.org/10.1016/j.fct.2008.12.008.

Rhomberg LR, Goodman JE, Haber LT, Dourson M, Andersen ME, Klaunig JE, et al.
2011. Linear low-dose extrapolation for noncancer health effects is the

exception, not the rule. Crit Rev Toxicol 41(1):1–19, PMID: 21226629,
https://doi.org/10.3109/10408444.2010.536524.

Rider CV, Dinse GE, Umbach DM, Simmons JE, Hertzberg RC. 2018. Predicting mix-
ture toxicity with models of additivity. In: Chemical Mixtures and Combined
Chemical and Nonchemical Stressors: Exposure, Toxicity, Analysis, and Risk.
Rider CV, Simmons JE, eds. Cham, Switzerland: Springer, 235–270.

Rider CV, Furr J, Wilson VS, Gray LE. 2008. A mixture of seven antiandrogens indu-
ces reproductive malformations in rats. Int J Androl 31(2):249–262, PMID:
18205796, https://doi.org/10.1111/j.1365-2605.2007.00859.x.

Rotter S, Beronius A, Boobis AR, Hanberg A, van Klaveren J, Luijten M, et al. 2018.
Overview on legislation and scientific approaches for risk assessment of combined
exposure to multiple chemicals: the potential EuroMix contribution. Crit Rev Toxicol
48(9):796–814, PMID: 30632445, https://doi.org/10.1080/10408444.2018.1541964.

Ruiz P, Emond C, McLanahan ED, Joshi-Barr S, Mumtaz M. 2020. Exploring mechanis-
tic toxicity of mixtures using PBPK modeling and computational systems biology.
Toxicol Sci 174(1):38–50, PMID: 31851354, https://doi.org/10.1093/toxsci/kfz243.

Sanchez OF, Lin L, Bryan CJ, Xie JK, Freeman JL, Yuan CL. 2020. Profiling epige-
netic changes in human cell line induced by atrazine exposure. Environ Pollut
258:113712, PMID: 31875570, https://doi.org/10.1016/j.envpol.2019.113712.

Sauer SJ, Tarpley M, Shah I, Save AV, Lyerly HK, Patierno SR, et al. 2017.
Bisphenol a activates EGFR and ERK promoting proliferation, tumor spheroid
formation and resistance to EGFR pathway inhibition in estrogen receptor-
negative inflammatory breast cancer cells. Carcinogenesis 38(3):252–260,
PMID: 28426875, https://doi.org/10.1093/carcin/bgx003.

Shelby MD, Tice RR, DeMarini DM, Yang RS. 1990. Toxicity and mutagenicity of a
mixture of 25 chemicals found in contaminated groundwater. IARC Sci Publ
104:314–332, PMID: 2228129.

Siddens LK, Larkin A, Krueger SK, Bradfield CA, Waters KM, Tilton SC, et al. 2012.
Polycyclic aromatic hydrocarbons as skin carcinogens: comparison of benzo [a]
pyrene, dibenzo[def,p]chrysene and three environmental mixtures in the FVB/N
mouse. Toxicol Appl Pharm 264(3):377–386, PMID: 22935520, https://doi.org/10.
1016/j.taap.2012.08.014.

Simmons JE, Eide I, Rice GE, Feder P. 2018. Mixture experimental design. In:
Chemical Mixtures and Combined Chemical and Nonchemical Stressors:
Exposure, Toxicity, Analysis, and Risk. Rider CV, Simmons JE, eds. Cham,
Switzerland: Springer, 335–366.

Smith MT, Guyton KZ, Gibbons CF, Fritz JM, Portier CJ, Rusyn I, et al. 2016. Key
characteristics of carcinogens as a basis for organizing data on mechanisms
of carcinogenesis. Environ Health Perspect 124(6):713–721, PMID: 26600562,
https://doi.org/10.1289/ehp.1509912.

Smith MT, Guyton KZ, Kleinstreuer N, Borrel A, Cardenas A, Chiu WA, et al. 2020. The
key characteristics of carcinogens: relationship to the hallmarks of cancer, rele-
vant biomarkers, and assays to measure them. Cancer Epidemiol Biomarkers Prev
29(10):1887–1903, PMID: 32152214, https://doi.org/10.1158/1055-9965.EPI-19-1346.

Steinmaus C, Castriota F, Ferreccio C, Smith AH, Yuan Y, Liaw J, et al. 2015.
Obesity and excess weight in early adulthood and high risks of arsenic-related
cancer in later life. Environ Res 142:594–601, PMID: 26301739, https://doi.org/
10.1016/j.envres.2015.07.021.

Tamaoki N. 2001. The rash2 transgenic mouse: nature of the model and mechanis-
tic studies on tumorigenesis. Toxicol Pathol 29 Suppl (Suppl):81–89, PMID:
11695564, https://doi.org/10.1080/019262301753178492.

Temkin AM, Hocevar BA, Andrews DQ, Naidenko OV, Kamendulis LM. 2020.
Application of the key characteristics of carcinogens to per and polyfluoroalkyl
substances. Int J Environ Res Public Health 17(5):1668, PMID: 32143379,
https://doi.org/10.3390/ijerph17051668.

Thompson CM, Sonawane B, Barton HA, DeWoskin RS, Lipscomb JC, Schlosser P,
et al. 2008. Approaches for applications of physiologically based pharmacoki-
netic models in risk assessment. J Toxicol Environ Health B Crit Rev 11(7):519–
547, PMID: 18584453, https://doi.org/10.1080/10937400701724337.

Tomasetti C, Li L, Vogelstein B. 2017. Cancer etiology stem cell divisions, somatic
mutations, cancer etiology, and cancer prevention. Science 355(6331):1330–
1334, PMID: 28336671, https://doi.org/10.1126/science.aaf9011.

Tomasetti C, Vogelstein B. 2015. Variation in cancer risk among tissues can be
explained by the number of stem cell divisions. Science 347(6217):78–81, PMID:
25554788, https://doi.org/10.1126/science.1260825.

Usui T, Mutai M, Hisada S, Takoaka M, Soper KA, McCullough B, et al. 2001.
CB6F1-rasH2 mouse: overview of available data. Toxicol Pathol 29 (suppl):90–
108, PMID: 11695565, https://doi.org/10.1080/019262301753178500.

van Delft J, Gaj S, Lienhard M, Albrecht MW, Kirpiy A, Brauers K, et al. 2012. RNA-seq
provides new insights in the transcriptome responses induced by the carcinogen
benzo[a]pyrene. Toxicol Sci 130(2):427–439, PMID: 22889811, https://doi.org/10.
1093/toxsci/kfs250.

Vial T, Descotes J. 2003. Immunosuppressive drugs and cancer. Toxicology
185(3):229–240, PMID: 12581698, https://doi.org/10.1016/s0300-483x(02)00612-1.

Walker NJ, Crockett PW, Nyska A, Brix AE, Jokinen MP, Sells DM, et al. 2005.
Dose-additive carcinogenicity of a defined mixture of “dioxin-like compounds.”

Environmental Health Perspectives 035003-10 129(3) March 2021

https://www.ncbi.nlm.nih.gov/pubmed/32201337
https://doi.org/10.1016/j.fct.2020.111283
https://www.ncbi.nlm.nih.gov/pubmed/31078876
https://doi.org/10.1016/j.envint.2019.04.067
https://www.ncbi.nlm.nih.gov/pubmed/28106826
https://doi.org/10.3390/ijms18010197
https://www.ncbi.nlm.nih.gov/pubmed/10814847
https://doi.org/10.1016/s0300-483x(00)00168-2
https://doi.org/10.1016/s0300-483x(00)00168-2
https://www.ncbi.nlm.nih.gov/pubmed/29555026
https://doi.org/10.1016/j.mrrev.2017.11.003
https://doi.org/10.1016/j.mrrev.2017.11.003
https://www.ncbi.nlm.nih.gov/pubmed/12634128
https://doi.org/10.1289/ehp.02110s6979
https://www.ncbi.nlm.nih.gov/pubmed/18197312
https://doi.org/10.1289/ehp.9989
https://doi.org/10.1289/ehp.9989
https://www.ncbi.nlm.nih.gov/pubmed/17420220
https://doi.org/10.1093/toxsci/kfm079
https://www.ncbi.nlm.nih.gov/pubmed/29230653
https://doi.org/10.1007/s11356-017-0827-z
https://www.ncbi.nlm.nih.gov/pubmed/9715511
https://doi.org/10.1177/019262339802600408
https://www.ncbi.nlm.nih.gov/pubmed/26503192
https://doi.org/10.1017/S2040174415007199
https://doi.org/10.1017/S2040174415007199
https://www.ncbi.nlm.nih.gov/pubmed/11890467
https://doi.org/10.1080/01926230252824851
https://doi.org/10.1080/01926230252824851
https://www.ncbi.nlm.nih.gov/pubmed/22328410
https://doi.org/10.1177/0192623311436181
https://www.cancer.gov/about-cancer/understanding/what-is-cancer
https://www.cancer.gov/about-cancer/understanding/what-is-cancer
https://www.ncbi.nlm.nih.gov/pubmed/30407148
https://doi.org/10.1177/0192623318810202
https://doi.org/10.1177/0192623318810202
https://www.ncbi.nlm.nih.gov/pubmed/11099646
https://doi.org/10.1093/toxsci/58.2.339
https://www.ncbi.nlm.nih.gov/pubmed/22827630
https://doi.org/10.1021/tx300253j
https://www.ncbi.nlm.nih.gov/pubmed/19126423
https://doi.org/10.1016/j.fct.2008.12.008
https://www.ncbi.nlm.nih.gov/pubmed/21226629
https://doi.org/10.3109/10408444.2010.536524
https://www.ncbi.nlm.nih.gov/pubmed/18205796
https://doi.org/10.1111/j.1365-2605.2007.00859.x
https://www.ncbi.nlm.nih.gov/pubmed/30632445
https://doi.org/10.1080/10408444.2018.1541964
https://www.ncbi.nlm.nih.gov/pubmed/31851354
https://doi.org/10.1093/toxsci/kfz243
https://www.ncbi.nlm.nih.gov/pubmed/31875570
https://doi.org/10.1016/j.envpol.2019.113712
https://www.ncbi.nlm.nih.gov/pubmed/28426875
https://doi.org/10.1093/carcin/bgx003
https://www.ncbi.nlm.nih.gov/pubmed/2228129
https://www.ncbi.nlm.nih.gov/pubmed/22935520
https://doi.org/10.1016/j.taap.2012.08.014
https://doi.org/10.1016/j.taap.2012.08.014
https://www.ncbi.nlm.nih.gov/pubmed/26600562
https://doi.org/10.1289/ehp.1509912
https://www.ncbi.nlm.nih.gov/pubmed/32152214
https://doi.org/10.1158/1055-9965.EPI-19-1346
https://www.ncbi.nlm.nih.gov/pubmed/26301739
https://doi.org/10.1016/j.envres.2015.07.021
https://doi.org/10.1016/j.envres.2015.07.021
https://www.ncbi.nlm.nih.gov/pubmed/11695564
https://doi.org/10.1080/019262301753178492
https://www.ncbi.nlm.nih.gov/pubmed/32143379
https://doi.org/10.3390/ijerph17051668
https://www.ncbi.nlm.nih.gov/pubmed/18584453
https://doi.org/10.1080/10937400701724337
https://www.ncbi.nlm.nih.gov/pubmed/28336671
https://doi.org/10.1126/science.aaf9011
https://www.ncbi.nlm.nih.gov/pubmed/25554788
https://doi.org/10.1126/science.1260825
https://www.ncbi.nlm.nih.gov/pubmed/11695565
https://doi.org/10.1080/019262301753178500
https://www.ncbi.nlm.nih.gov/pubmed/22889811
https://doi.org/10.1093/toxsci/kfs250
https://doi.org/10.1093/toxsci/kfs250
https://www.ncbi.nlm.nih.gov/pubmed/12581698
https://doi.org/10.1016/s0300-483x(02)00612-1


Environ Health Perspect 113(1):43–48, PMID: 15626646, https://doi.org/10.1289/
ehp.7351.

Walker CL, Ho SM. 2012. Developmental reprogramming of cancer susceptibility.
Nat Rev Cancer 12(7):479–486, PMID: 22695395, https://doi.org/10.1038/nrc3220.

Webster TF. 2013. Mixtures of endocrine disruptors: how similar must mechanisms
be for concentration addition to apply? Toxicology 313(2–3):129–133, PMID:
23357612, https://doi.org/10.1016/j.tox.2013.01.009.

Wild C, Brennan P, Plummer M, Bray F, Straif K, Zavadil J. 2015. Cancer risk: role of
chance overstated. Science 347(6223):728–728, PMID: 25656657, https://doi.org/
10.1126/science.aaa6799.

Williams KE, Lemieux GA, Hassis ME, Olshen AB, Fisher SJ, Werb Z. 2016.
Quantitative proteomic analyses of mammary organoids reveals distinct signa-
tures after exposure to environmental chemicals. Proc Natl Acad Sci USA
113(10):E1343–E1351, PMID: 26903627, https://doi.org/10.1073/pnas.1600645113.

Wilson VS, Blystone CR, Hotchkiss AK, Rider CV, Gray LE Jr. 2008. Diverse mecha-
nisms of anti-androgen action: impact on male rat reproductive tract develop-
ment. Int J Androl 31(2):178–187, PMID: 18315717, https://doi.org/10.1111/j.1365-
2605.2007.00861.x.

Wu S, Powers S, Zhu W, Hannun YA. 2016. Substantial contribution of extrinsic risk
factors to cancer development. Nature 529(7584):43–47, PMID: 26675728,
https://doi.org/10.1038/nature16166.

Wu S, Zhu W, Thompson P, Hannun YA. 2018. Evaluating intrinsic and non-intrinsic
cancer risk factors. Nat Commun 9(1), PMID: 30154431, https://doi.org/10.1038/
s41467-018-05467-z.

Yamamoto S, Urano K, Nomura T. 1998. Validation of transgenic mice harboring the
human prototype c-ha-ras gene as a bioassay model for rapid carcinogenicity
testing. Toxicol Lett 102–103:473–478, PMID: 10022298, https://doi.org/10.1016/
S0378-4274(98)00341-5.

Environmental Health Perspectives 035003-11 129(3) March 2021

https://www.ncbi.nlm.nih.gov/pubmed/15626646
https://doi.org/10.1289/ehp.7351
https://doi.org/10.1289/ehp.7351
https://www.ncbi.nlm.nih.gov/pubmed/22695395
https://doi.org/10.1038/nrc3220
https://www.ncbi.nlm.nih.gov/pubmed/23357612
https://doi.org/10.1016/j.tox.2013.01.009
https://www.ncbi.nlm.nih.gov/pubmed/25656657
https://doi.org/10.1126/science.aaa6799
https://doi.org/10.1126/science.aaa6799
https://www.ncbi.nlm.nih.gov/pubmed/26903627
https://doi.org/10.1073/pnas.1600645113
https://www.ncbi.nlm.nih.gov/pubmed/18315717
https://doi.org/10.1111/j.1365-2605.2007.00861.x
https://doi.org/10.1111/j.1365-2605.2007.00861.x
https://www.ncbi.nlm.nih.gov/pubmed/26675728
https://doi.org/10.1038/nature16166
https://www.ncbi.nlm.nih.gov/pubmed/30154431
https://doi.org/10.1038/s41467-018-05467-z
https://doi.org/10.1038/s41467-018-05467-z
https://www.ncbi.nlm.nih.gov/pubmed/10022298
https://doi.org/10.1016/S0378-4274(98)00341-5
https://doi.org/10.1016/S0378-4274(98)00341-5

	Using the Key Characteristics of Carcinogens to Develop Research on Chemical Mixtures and Cancer
	Introduction
	Considerations in Developing Research Approaches for Evaluating Chemical Mixtures and Cancer
	Approaches for Evaluating the Effects of Mixtures on Cancer
	Chemical Screening Approach
	Transgenic Model-Based Approach
	Disease-Centered Approach

	Conclusions
	Acknowledgments
	References




