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Summary

Evidence regarding carcinogenic mechanisms serves a critical role in International Agency for Research on Cancer (IARC)
Monograph evaluations. Three recent IARC Working Groups pioneered inclusion of the US Environmental Protection
Agency (EPA) ToxCast program high-throughput screening (HTS) data to supplement other mechanistic evidence. In Mono-
graph V110, HTS profiles were compared between perfluorooctanoic acid (PFOA) and prototypical activators across
multiple nuclear receptors. For Monograph V112-113, HTS assays were mapped to 10 key characteristics of carcinogens
identified by an IARC expert group, and systematically considered as an additional mechanistic data stream. Both indi-
vidual assay results and ToxPi-based rankings informed mechanistic evaluations. Activation of multiple nuclear receptors
in HTS assays showed that PFOA targets not only peroxisome proliferator activated receptors, but also other receptors.
ToxCast assays substantially covered 5 of 10 key characteristics, corroborating literature evidence of “induces oxidative
stress” and “alters cell proliferation, cell death or nutrient supply” and filling gaps for “modulates receptor-mediated
effects.” Thus, ToxCast HTS data were useful both in evaluating specific mechanistic hypotheses and in contributing to the
overall evaluation of mechanistic evidence. However, additional HTS assays are needed to provide more comprehensive

coverage of the 10 key characteristics of carcinogens that form the basis of current IARC mechanistic evaluations.
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1 Introduction

The Monographs Programme of the International Agency
for Research on Cancer (IARC) identifies potential causes of
human cancer through evaluation of chemical, physical and
biological agents for evidence of carcinogenicity. In the 45
years since its inception, well over 100 Monograph Volumes
have been published on over 980 agents (Pearce et al., 2015).
The process for characterizing the evidence for causation is
described in the Preamble and the Instructions to Authors for
each Monograph Volume (IARC Monograph Working Group,
2006; IARC Working Group on the Evaluation of Carcinogenic
Risks to Humans, 2016a,b, 2017). These process documents
undergo periodic review by independent groups of world-re-
nowned experts. The evaluations themselves are performed by
experts vetted for real and perceived conflicts of interest. The

process follows an established, transparent methodology for
reviewing the evidence from studies of cancer in humans and
in experimental animals, and mechanistic and other data (IARC
Monograph Working Group, 2006; IARC Working Group on
the Evaluation of Carcinogenic Risks to Humans, 2016a,b,
2017).

Following the systematic gathering and review of the public-
ly available scientific evidence, experts reach consensus hazard
classifications based on evaluating the scientific evidence that
the agent being reviewed causes cancer in humans. Classifica-
tions include 5 categories, ranging from Group 1 (carcinogenic
to humans) to Group 4 (probably not carcinogenic to humans),
with most agents evaluated to date assigned to Group 3 (not
classifiable as to its carcinogenicity to humans). IARC evalu-
ations are used worldwide by national and international health
agencies as an authoritative source to support a wide range of
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subsequent activities ranging from research, to risk assessment,
to preventative actions.

The cancer hazard classification methodology of IARC entails
the evaluation and integration of three evidence streams: 1) human
epidemiologic data on cancer, 2) experimental animal cancer bio-
assay data, and 3) mechanistic and other relevant data. The overall
evaluation procedure (Fig. 1) is described in the IARC Mono-
graphs Preamble that guides Working Group evaluations (IARC
Monograph Working Group, 2006). When human cancer evidence
is less than sufficient, strong mechanistic data can play a pivot-
al role in the overall classification of an agent. Indeed, there are
multiple examples of both upgrades and downgrades of the initial
classification based on evidence of cancer in humans and exper-
imental animals alone. For instance, d-limonene and saccharine
and its salts were downgraded to Group 3 (Volume 73, 1999). On
the other hand, ethylene oxide was classified as a Group 1 agent
based on strong evidence for genotoxicity, including in exposed
humans (IARC Working Group on the Evaluation of Carcino-
genic Risks to Humans, 2008). Also, mechanistic evidence was
used to classify several classes of agents, rather than individual
compounds (Lauby-Secretan et al., 2016), such as the evaluation
of dioxin-like polychlorinated biphenyls (PCBs) as “carcinogenic
to humans” (Group 1) and polybrominated biphenyls (PBBs) as
“probably carcinogenic to humans” (Group 2A).

In evaluating the mechanistic data as “strong, moderate, or
weak”, the Working Group considers whether the mechanistic
events have been established, the results are consistent in differ-
ent experimental systems, and the overall database is coherent
(IARC Working Group on the Evaluation of Carcinogenic Risks

&

to Humans, 2008). The Working Group also considers wheth-
er the mechanism has been challenged experimentally, such as
through studies demonstrating that suppression of key mecha-
nistic processes leads to suppression of tumor development.
The mechanistic and other relevant evidence considered can be
voluminous and diverse, and the abundance of information often
presents a formidable challenge to ensure inclusiveness of scien-
tific review and evidence integration. To address this challenge,
recent IARC Monographs have implemented a systematic meth-
od for identifying, organizing, and summarizing mechanistic da-
ta based on 10 key characteristics of known human carcinogens
(Tab. 1). Established human carcinogens commonly exhibit one
or more of these key characteristics of carcinogens, as described
separately by Smith et al. (2016). Data on these characteristics
can provide evidence pertinent to the evaluation of carcinogenic-
ity, and can aid in interpreting the relevance and importance of
findings of cancer in animals and in humans, with examples of
their application by recent IARC Monographs Working Groups
covering various classifications ranging from Group 1 (Guyton
et al., 2015; Grosse et al., 2016) to Group 2A or 2B (Guyton et
al., 2015, 2016; Grosse et al., 2016) to Group 3 (Loomis et al.,
2016). These examples illustrate that the key characteristics pro-
vide the basis for a structured approach to examining the breadth
of mechanistic data that avoids the “looking under the lamppost”
problem common to hazard identification approaches based on
individual mechanistic hypotheses.

In parallel, there has been an explosion of interest in and
availability of high-throughput and high-content data to replace,
reduce, and/or refine traditional animal experiments for use in
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Fig. 1: Framework for IARC Monographs evaluations of carcinogenicity, integrating cancer studies in humans, cancer studies

in experimental animals, and mechanistic and other relevant data

The arrows indicate the potential for mechanistic and other relevant data to modify the cancer classification based solely on human and
experimental animal evidence. ESLC = Evidence Suggesting Lack of Carcinogenicity. From http://monographs.iarc.fr
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the identification of chemically-induced health hazards (Collins
et al., 2008; Tice et al., 2013). A recent IARC Advisory Group
recognized the importance of using in vitro high-throughput and
high-content data, particularly in the evaluation of mechanisms
of carcinogenesis (Straif et al., 2014). One key advantage of
high-throughput in vitro screening data is its potential to fill
some of the data gaps that may exist in traditional evidence,
in particular addressing possible imbalances in the extent of
study across different mechanisms. This concern is noted in

the IARC Preamble (IARC Monograph Working Group, 2006),
which cautions that an “uneven level of experimental support for
different mechanisms may reflect that disproportionate resourc-
es have been focused on investigating a favored mechanism.”
Because high-throughput in vitro screening approaches enable
screening of a large number of compounds across a diverse
set of biological targets, they can potentially provide a more
unbiased picture as to the level of experimental support across
multiple carcinogenic mechanisms.

Tab. 1: Key characteristics of carcinogens identified by IARC expert review of all Group 1 agents

(Smith et al., 2016)

Characteristic

Examples of relevant evidence

1. Is electrophilic or can be metabolically
activated

Parent compound or metabolite with an electrophilic structure (e.g., epoxide, quinone, etc.),
formation of DNA and protein adducts.

2. Is genotoxic

DNA damage (DNA strand breaks, DNA-protein cross-links, unscheduled DNA synthesis),
intercalation, gene mutations, cytogenetic changes (e.g., chromosome aberrations,

micronuclei).

3. Alters DNA repair or causes genomic Alterations of DNA replication or repair (e.g., topoisomerase Il, base-excision or double-

instability strand break repair)

4. Induces epigenetic alterations DNA methylation, histone modification, microRNA expression

5. Induces oxidative stress Oxygen radicals, oxidative stress, oxidative damage to macromolecules (e.g., DNA, lipids)

6. Induces chronic inflammation Elevated white blood cells, myeloperoxidase activity, altered cytokine and/or chemokine
production

7. |s immunosuppressive Decreased immunesurveillance, immune system dysfunction

8. Modulates receptor-mediated effects Receptor in-/activation (e.g., ER, PPAR, AhR) or modulation of endogenous ligands

(including hormones)

9. Causes immortalization

Inhibition of senescence, cell transformation

10. Alters cell proliferation, cell death or
nutrient supply

Increased proliferation, decreased apoptosis, changes in growth factors, energetics and
signaling pathways related to cellular replication or cell cycle control, angiogenesis

Tab. 2: Summary of case study scenarios for use of ToxCast data in IARC evaluations of mechanisms of carcinogenicity

Case Study 1 Case Study 2 Case Study 3
IARC Monograph Volume 110 Volume 112 Volume 113
Chemical(s) PFOA Malathion; 2,4-D, DDT and
Z-tetrachlorvinphos; related compounds;
parathion; lindane
diazinon

Background/ motivation It has been hypothesized that

rodent tumors caused by PFOA

— Available mechanistic data have gaps due to uneven resources
devoted to different mechanisms.

are not relevant to humans — Differences in experimental design limit the ability to compare
because they act through PPAR data across chemicals.
activation.

Key questions — Does PFOA modulate — Are HTS data consistent with and/or supportive of the other

receptor-mediated effects? available mechanistic data on the 10 key mechanistic

— If yes, does PFOA uniquely characteristics of carcinogens?
activate the PPAR family of — How does activity compare to that of other compounds evaluated
the receptors? by IARC?

— Is activity more closely associated with the parent compound or
a metabolite?
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Several recent IARC Monograph Working Groups have in-
corporated analyses of data from ToxCast and Tox21 programs
in their evaluations of mechanistic data (Guyton et al., 2015;
Benbrahim-Tallaa et al., 2014). In this article, we describe three
case studies that were part of evaluations in Monographs 110,
112 and 113 to illustrate how high-throughput in vitro screening
data were utilized in cancer hazard evaluations (Tab. 2). In each
case, these data were used by the IARC Monographs Working
Groups to answer specific questions related to the mechanisms
of carcinogenesis.

2 Methods

2.1 Case Study 1

PFOA and its ammonium salt are among the compounds that
have been tested in a large number of assays as part of the Tox-
Cast and Tox21 programs. Specifically, data on 821 in vitro assay
endpoints across 1,860 chemicals were available through the
iCSS Dashboard v0.5! as of June 1, 2014. The molecular signa-
tures of PFOA (CAS#335-67-1) and its ammonium salt (CAS#
3825-26-1) were downloaded as well as data on several proto-
typical nuclear receptor activators: rifampicin (CAS#13292-46-
1) for PXR, phenobarbital (CAS#57-30-7) for CAR, and DEHP
(CAS#117-81-7) and MEHP (CAS#4376-20-9) for PPARs.

The data obtained included assignments for each chemical
as “active” or “inactive” within each assay endpoint based on
analysis of the full concentration-response profile, document-
ed in previous publications (Sipes et al., 2013) and available
online?. For chemicals active in a given assay, half-maximal
activity concentration (ACsp) values were extracted from the
database, ranging from low nM to ~200 uM. The authors note
that methodological refinements introduce periodic updates to
activity calls and ACs values in the database, although previ-
ous versions are maintained at the public download site to allow
for exact replication of particular applications. Also, the data
used for these analyses were not subject to further evaluations
of the effects of cell stress and cytotoxicity on in vitro assay
activity that were implemented into ToxCast data dashboards
more recently (Judson et al., 2016).

Of the 821 assays, 166 were excluded because all the selected
compounds were not tested in them, 2 assays were excluded
because they did not involve receptor-mediated effects (APR
Mitotic-Arrest 72h_up, NVS GPCR hTXA2). For analysis,
the 616 assays for which all of the six compounds were inactive
were not considered further because there was no difference
among the compounds for these assays. Thirty-seven in vitro
assay endpoints remained for the comparative analysis (about
4.5% of the total number of assay endpoints in the dashboard
at that time). Most of these assays were designed for human en-
zymes and transcription factors, including cell-free enzymatic
and ligand-binding high-throughput screening assays (labeled
“NVS”; Sipes et al., 2013), cell-based nuclear receptors and
transcription factor response element assays (labeled “ATG”;

1 http://actor.epa.gov/dashboard/
2 https://www.epa.gov/chemical-research/toxicity-forecaster-toxcasttm-data
3 doi:10.14573/altex.1703231s
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Martin et al., 2010), and Tox2 1 robotic platform high-throughput
assays spanning nuclear receptor and oxidative stress pathways
predominantly (labeled “Tox21”’; Attene-Ramos et al., 2013).
For ease of interpretation, the data on the 37 in vitro assay end-
points were sub-divided into six groups by the molecular targets
as follows: estrogen receptor, PPAR, PXR, aromatase, enzyme,
and other (see Tab. S13).

2.2 Case Studies 2 and 3

Among the first set of compounds tested by the ToxCast pro-
gram were pesticide active chemicals that were screened across
hundreds of high-throughput cell-free assays and cell-based in
vitro assays in multiple human and rodent primary cells and
cell lines (Richard et al., 2016). The availability of these data
was noted by the IARC Advisory Group as an opportunity to
enhance the use of the novel data streams in the evaluation of
mechanistic and other evidence by the working groups (Straif
et al., 2014). Accordingly, recent IARC reviews of a number of
pesticides (Tab. 2) included ToxCast and Tox21 screening data
(IARC Working Group on the Evaluation of Carcinogenic Risks
to Humans, 2016b, 2017).

Two key issues needed to be addressed in using these data to
augment the usual evaluation of mechanistic data. First, not all
assays are potentially informative as to carcinogenicity. There-
fore, the first step was to “map” the available assays to the 10
key characteristics of carcinogens (Tab. 1; Smith et al., 2016).
Second, those assays that can be mapped to key characteristics
may not cover the range of relevant endpoints. Therefore, rather
than using absolute number of “hits,” which may be misleading
because of poor assay coverage, a relative ranking approach was
used whereby the compounds of interest were ranked among
those that have been evaluated both by IARC and in ToxCast/
Tox21. The underlying hypothesis is that, in the absence of
other data, compounds that were ranked higher have a greater
potential to be associated with a key characteristic of carcino-
gens relative to other chemicals. A high-ranking compound may
either corroborate or indicate a discordance with other mecha-
nistic data, or it could indicate a “data gap” that could be further
investigated (hypothesis generation). However, a low-ranking
compound cannot be interpreted as evidence against a key char-
acteristic, because it may instead reflect poor assay coverage. In
the absence of a computational model (e.g., Judson et al., 2015
for estrogen activity), this relative ranking approach is consis-
tent with other uses of ToxCast/Tox21 data for prioritization and
screening (Filer et al., 2014; Reif et al., 2010; Pham et al., 2016).
Details as to these methods are described below.

2.2.1 Mapping of assays to key

characteristics of carcinogens

To enable the use of the information from ToxCast and Tox21
screening data in the context of the 10 key characteristics of
carcinogens (Tab. 1; Smith et al., 2016), in vitro assay descrip-
tions were used to match each assay to one or more of the key
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Tab. 3: Coverage of ToxCast/Tox21 assays mapped to 10 key characteristics of known human carcinogens

Key characteristic

ToxCast/Tox21 assay mapping

1. Is electrophilic or can be metabolically activated

31 assays:
— CYP inhibition (29)
— Aromatase inhibition (2)

2. Is genotoxic

9 assays:*
— p53 activation

3. Alters DNA repair or causes genomic instability

No assays

4. Induces epigenetic alterations

11 assays:
— DNA binding (4)
— Transformation (7)

5. Induces oxidative stress

18 assays:

— Metalloproteinase (5)

— Oxidative stress (7)

- Oxidative stress marker (6)

6. Induces chronic inflammation

45 assays:

— Cell adhesion (14)
— Cytokines (29)

- NFkB (2)

7. ls immunosuppressive

No assays

8. Modulates receptor-mediated effects

92 assays:

- AhR (2)

- AR (11)

- ER (18)

- FXR (7)

— Others (29)

- PPAR (12)

- PXR_VDR (7)
- RAR (6)

9. Causes immortalization

No assays

10. Alters cell proliferation, cell death or nutrient supply

68 assays:

— Cell cycle (16)

— Cytotoxicity (41)

- Mitochondrial toxicity (7)
— Proliferation (4)

* These assays may have limited specificity as an indicator of genotoxicity, and were included in Case Study 2 but not

3 (Monograph Volume 113)

characteristics. Assay summaries and annotations were down-
loaded on October 24, 2014 using iCSS Dashboard v0.5!. The
database, consisting of 821 in vitro assay endpoints, was used
for the matching exercise, performed independently by 3 ex-
perts with knowledge in mechanistic toxicology (authors of this
manuscript). This exercise aimed to apply expert judgment to
establish whether the outcome of each in vitro assay may serve
as an indication that a chemical will interact with, or have an
effect on, targets relevant to each key characteristic of carcin-
ogens. All inconsistent assignments were discussed to resolve
minor disagreements among the experts. Following review
by a second group of three experts (external peer reviewers

acknowledged in this manuscript), a final consensus mapping,
including sub-categorizations, was adopted as shown in Table 3.
Complete lists of assignments of in vitro assay endpoints to the
key characteristics are publicly available 4>. In addition, output
files from Toxicological Prioritization Index (ToxPi) analyses
conducted by the working groups are also available online®7.

2.2.2 Data extraction

Most of the 8 agents reviewed in IARC Monographs Volumes
112 (Guyton et al., 2015) and 113 (Loomis et al., 2015) were
among the 1860 chemicals tested across the panel of ToxCast/
Tox21 assays as of March 3, 2015. Additionally, five import-

4 http://monographs.iarc.fr/ENG/Monographs/vol112/112-Section4-Spreadsheet.xlsx (for Monograph 112)
5 http://monographs.iarc.fyENG/Monographs/vol113/113-Section4-Spreadsheet.xlsx (for Monograph 113)
6 http://monographs.iarc.fr/ENG/Monographs/vol112/112-Suppl-ToxPi-Files.zip (for Monograph 112)
7 http://monographs.iarc.fyENG/Monographs/vol113/113-Suppl-ToxPi-Files.zip (for Monograph 113)

ALTEX 35(1), 2018

55


http://monographs.iarc.fr/ENG/Monographs/vol112/112-Section4-Spreadsheet.xlsx
http://monographs.iarc.fr/ENG/Monographs/vol113/113-Section4-Spreadsheet.xlsx
http://monographs.iarc.fr/ENG/Monographs/vol112/112-Suppl-ToxPi-Files.zip
http://monographs.iarc.fr/ENG/Monographs/vol113/113-Suppl-ToxPi-Files.zip

CHIU ET AL.

ant metabolites and/or isomers of these compounds were
tested in the assay battery, and thus the analyses encompassed
13 chemicals in total. Specifically, for Volume 112, the analyses
included 7 chemicals: 3 of the 5 agents evaluated (diazinon,
malathion and parathion), one isomer (of tetrachlorvinphos)
and three metabolites (diazoxon, malaoxon and paraoxon). For
Volume 113, the analyses included the three agents evaluated
(2,4-dichlorophenoxyacetic acid (2,4-D), lindane, dichlorodi-
phenyltrichloroethane (DDT)) and 3 metabolites of DDT. For
each chemical, the results of the in vitro assays that represent
each key characteristic can be compared across a larger com-
pendium of substances tested in the ToxCast program. For the
purposes of these case studies, comparisons were to chemicals
that were screened in ToxCast/Tox21 and had been previously
evaluated in the IARC Monographs. The total number of com-
parison chemicals was 178 for Monograph Volume 112 (exclud-
ing 7 chemicals, diazinon, malathion and parathion, their oxon
metabolites, and z-tetrachlorvinphos) and 181 for Monograph
Volume 113 (excluding 6 chemicals, 2,4-D, lindane, DDT and
3 DDT metabolites). The total number of comparison chemicals
was greater for Monograph Volume 113 because the Monograph
Volume 112 evaluations were also included.

As described for Case Study 1, the data obtained included
assignments for each chemical as “active” or “inactive” within
each assay endpoint based on analysis of the full concentra-
tion-response profile. In the analysis by the Working Groups,
each “active” was given a value of 1, and each “inactive” was
given a value of 0. Thus, by assigning all active compounds a
value of 1, the “potency” estimates from the concentration-re-
sponse data were not explicitly utilized for all subsequent anal-
yses. However, both active and inactive assay endpoints were
included across all analyses. These were not subject to further
evaluations of the effects of cell stress and cytotoxicity on in
vitro assay activity that were implemented into ToxCast data
dashboards more recently (Judson et al., 2016).

2.2.3 Ranking and visualization

To integrate data across individual in vitro assay endpoints
into a cumulative score for each key characteristic of carcin-
ogens, the ToxPi approach (Judson et al., 2010) and associ-
ated software (Reif et al., 2013) were used. ToxPi provides a
dimensionless index score that integrates multiple, different
in vitro assay results and displays them visually. Within each
subset of endpoints (“slice”), data are transformed into ToxPi
slice-wise scores for all compounds using methods detailed
in publications describing applications of the approach and in
documentation associated with the software package (Grimm
etal., 2016; Auerbach et al., 2016; Sirenko et al., 2013; Rager
et al., 2016). Briefly, within each individual slice for a given
chemical, the distance from the origin represents the relative
chemical-elicited activity of the component in vitro assay
endpoints. As described in methods, binary hit calls for each
chemical-assay pair were used, so in this application, slices
extending farther from the origin were associated with “ac-
tive” calls in more assay endpoints. The overall score for a
chemical, visualized as a radial ToxPi profile, is the aggre-
gation of all slice-wise scores. The overall scores were also
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arrayed as a cumulative distribution to compare ranks for all
chemicals. The mappings of all in vitro assay endpoints to Tox-
Pi slices are available as supplementary material (Tab. S23). In
these analyses, the higher ToxPi score provides an estimate
of the potential for a chemical to be associated with a key
characteristic of carcinogens relative to all other chemicals
that were used for that particular comparison (i.e., have been
evaluated in the TARC Monographs and had been screened
in ToxCast). Thus, all ToxPi results (Fig. 3, 4) consider the
same, full set of reference chemicals to set slice lengths that
are summed into overall profile scores. The full source code is
freely available (Auerbach et al., 2016) and can be used with
the publicly available files from the IARC website cited in
Section 2.2.1, which also include a description of each assay
endpoint’s target and/or model system (e.g., cell type, species,
detection technology, etc.).

3 Results

3.1 Case Study 1: PFOA-associated

modulation of receptor-mediated effects
Perfluorooctanoic acid (PFOA) is a synthetic perfluorinated
carboxylic acid and fluorosurfactant that has been used in many
industrial and commercial products (Perez et al., 2013; IARC
Working Group on the Evaluation of Carcinogenic Risks to
Humans, 2016a). PFOA is persistent in the environment world-
wide and has been detected at low concentrations in the general
population (Ahrens and Bundschuh, 2014; TARC Working
Group on the Evaluation of Carcinogenic Risks to Humans,
2016a). PFOA was classified by the IARC Monographs Work-
ing Group as possibly carcinogenic to humans (Group 2B) on
the basis of limited evidence in humans that PFOA causes tes-
ticular and renal cancer (Benbrahim-Tallaa et al., 2014). There
was limited evidence in experimental animals of carcinogenic-
ity. The mechanistic data were not strong and did not support
an up- or down-grade of the overall evaluation. A key mecha-
nistic question was the extent to which PFOA carcinogenicity
in rodent studies can be attributed to a single mechanism that
would lack relevance for human health hazard assessment. It
has been hypothesized that a number of rodent tumors caused
by PFOA are the result of PPARa activation, a lack of human
cancer health hazard relevance of the PFOA-associated tumors
has been proposed on the basis of this major mechanism be-
ing operative (Klaunig et al., 2003, 2012; Corton et al., 2014).
In order to address this hypothesis, a comparative analysis of
ToxCast/Tox21 in vitro bioactivity profiling data of PFOA and
several prototypical nuclear receptor activating compounds
was performed for assays that broadly covered activation of
PPARa and other nuclear receptors.

The overall results of the analysis of ToxCast in vitro assays
related to modulation of receptor-mediated effects for PFOA
are shown in Figure 2. PFOA or its ammonium salt were
active in four out of five ER assays, unlike the comparison
compounds, each of which were active in only one (DEHP
and MEHP) or zero (rifampicin and phenobarbital) assays.
The consistent activity in several ER assays is in concert with
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Fig. 2: Results of Case Study 1

Comparison of ToxCast ACsg values (in uM) for nuclear-receptor-related assays between PFOA (including its ammonium salt) and selected
“prototypical” compounds DEHP (including its metabolite MEHP), phenobarbital, and rifampicin. Longer bar indicates greater potency
(lower ACsp). Assays for which all compounds were negative are not displayed (see Tab. S13 for the assay endpoints corresponding to the

abbreviations shown).

reports of PFOA effects on reproductive hormones and tissues
(Biegel et al., 1995; Zhao et al., 2010a,b). PFOA and/or its am-
monium salt were active in all seven PPAR and PXR assays,
whereas DEHP or MEHP were active in five of these seven
assays, and rifampicin and phenobarbital showed activity in
one of seven. PFOA and the ammonium salt were each active
in one androgen receptor assay, albeit different assays. Activity
was seen in half of the ten other enzyme assays with PFOA
or its ammonium salt, whereas the comparison compounds
were active in at most two. Finally, for the remaining “other”
assays, PFOA or its ammonium salt were active in six assays,
with the comparison compounds active in no more than three.
While for about half of the assays PFOA and its ammonium
salt exhibited concordant effects, in other assays they were
less consistent; still, the Working Group concluded that in vitro
toxicity assays provided additional support for PFOA, exhib-
iting a broad range of receptor-mediated effects and lack of
preference for PPAR receptors. It should be noted, however,
that observed activity of PFOA and its ammonium salt in ma-
ny, albeit not all, in vitro assays evaluated herein may be also
attributed to their surfactant properties, a limitation of in vitro
screening described by Sipes et al. (2013).

3.2 Case Study 2: Diazinon, malathion,

parathion and z-tetrachlorvinphos

The carcinogenicity of the organophosphate pesticides tetra-
chlorvinphos, parathion, malathion, diazinon was evaluated
by IARC in 2015 (Guyton et al., 2015). The insecticides tet-
rachlorvinphos and parathion were classified as “possibly car-
cinogenic to humans” (Group 2B) with inadequate evidence in
humans and sufficient evidence in experimental animals. The
mechanistic data were not strong, and therefore did not change
the overall evaluations of tetrachlorvinphos and parathion. The
insecticides malathion and diazinon were classified as “proba-
bly carcinogenic to humans” (Group 2A) with limited evidence
in humans and sufficient (for malathion) and limited (for diaz-
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inon) evidence in experimental animals. For both diazinon and
malathion, strong mechanistic evidence provided independent
support of the Group 2A classification. Strong evidence for two
key characteristics of carcinogens (is genotoxic, induces oxi-
dative stress) was found, with malathion additionally showing
three others (induces chronic inflammation, modulates recep-
tor-mediated effects, alters cell proliferation).

Data were lacking on many key characteristics of carcino-
gens, likely reflective of the limited investigation of mecha-
nisms other than genotoxicity for these chemicals. These four
chemicals and three of the oxon metabolites were part of the
library of compounds screened in ToxCast/Tox21 in vitro as-
says. Therefore, analyses of these toxicity screening data were
undertaken using the ToxPi approach in conjunction with the
6 of 10 key characteristics of carcinogens with successfully
mapped ToxCast/Tox21 assay endpoints, as detailed in the
methods (Fig. 3). Figure 3A shows the top 8 agents overall
for which the most common key characteristics with “active”
assay endpoints were “alters cell proliferation/death”, “mod-
ulates receptor-mediated effects”, and “induces oxidative
stress”. When compared to other 178 IARC-classified agents
with similar complements of in vitro data and across 6 key
characteristics that were mapped onto ToxCast/Tox21 in vitro
assay endpoints, we observed that malathion, z-tetrachlorvin-
phos, parathion and malaoxon were in the top quartile of the
agents (Fig. 3B, C). Interestingly, parathion and malathion
showed a very similar ToxPi profile, with the largest signal
in aromatase inhibition assays followed by nuclear receptor
activation. Receptor-mediated and oxidative stress effects in
ToxCast/Tox21 in vitro assays were concordant with other
mechanistic evidence; therefore, a more detailed examination
of the types of nuclear receptors impacted by these agents was
performed (Fig. 4). As demonstrated in Figure 4A, the top nu-
clear receptor active compounds are agents that act on a num-
ber of receptors, most notably AHR, PPAR and ER. All four
pesticides, but not their metabolites, were clustered in the top
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Fig. 3: ToxPi ranking of several pesticides against other IARC-evaluated chemicals screened in Tox21/ToxCast assays

mapped to six key characteristics of carcinogens

ToxPi profiles of the individual compounds are shown as pie charts with each slice representing assays for each key characteristic.
(A) Top 8 compounds in both comparisons. (B and D) Pesticides and their metabolites considered in volumes 112 and 113, respectively.
(C and E) Global ranking of the chemicals according to their cumulative ToxPi score, i.e., each data point represents the sum of

individual key characteristic scores shown in the inset to each chart.

quartile of this analysis (Fig. 4B,C), showing activity for AHR
(parathion and diazinon), PXR (all four), and other nuclear
receptors (z-tetrachlorvinphos and malathion).

3.3 Case Study 3: DDT, lindane and 2,4-D

The carcinogenicity of the insecticides lindane and DDT, and the
herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) was evaluated
by IARC in 2015 (Guyton et al., 2015). Lindane was classified
as “carcinogenic to humans” (Group 1) based on sufficient evi-
dence for cancer in humans. The insecticide DDT was classified
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as “probably carcinogenic to humans” (Group 2A) with limited
evidence for carcinogenicity in humans and sufficient evidence
in experimental animals. 2,4-D was classified as “possibly car-
cinogenic to humans” (Group 2B) with inadequate evidence in
humans and limited evidence in experimental animals.

A considerable amount of data on the mechanisms of car-
cinogenesis was available for each of these agents, and, in the
case of DDT, for a number of its related compounds (o,p’-DDT,
p,p’-DDE, and p,p’-DDE). The overall assignment of “strong/
moderate/weak” evidence (see Section 1) is shown in Table 4.
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Fig. 4: ToxPi rankings using ToxCast assay endpoints mapped to the key characteristic of modulates receptor-mediated effects
ToxPi profiles of the individual compounds are shown as pie charts with each slice representing assays related to different nuclear
receptor families. (A) Top 8 compounds in both comparisons. (B and D) Pesticides and their metabolites considered in volumes 112 and
113, respectively. (C and E) Global ranking of the chemicals according to their cumulative ToxPi score, i.e., each data point represents
the sum of nuclear receptor family scores shown in the inset to each chart.

Also shown for each key characteristic are each compound’s
ranking and the active fraction of the associated ToxCast assays.

With respect to the overall mechanistic evaluation, 2,4-D had
strong evidence for only one key characteristic (induces oxida-
tive stress) (see Tab. 4), and the overall mechanistic evidence
did not change the overall evaluation. For lindane, the overall
mechanistic data also did not change the overall classification,
because the human data were sufficient (see Fig. 1). For DDT,
the strong overall mechanistic evidence provided independent
support for the overall classification. For DDT (and related
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compounds) and lindane, the overall results of the analysis of
the mechanistic evidence revealed strong support for multiple
key characteristics (see Tab. 4). DDT and lindane both had
strong overall mechanistic evidence for two key characteristics
(is immunosuppressive and induces oxidative stress), with DDT
additionally showing strong overall mechanistic evidence for a
third (modulates receptor-mediated effects).

ToxCast/Tox21 provided important additional mechanistic
insight for a number of key characteristics. Although no assays
were mapped to the characteristic “is immunosuppressive”, the
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DDT assay endpoint activity provided additional support for
the two other key characteristics evaluated as having “strong
evidence” (modulates receptor-mediated effects, induces oxi-
dative stress). On the other hand, lindane was largely inactive
in ToxCast/Tox21 in vitro assay endpoints mapped to “induces
oxidative stress”. The greatest consistency between the Tox-
Cast/Tox21 assay results and other sources of mechanistic data
providing strong evidence of key characteristics was seen for
“modulates receptor-mediated effects”.

More detailed insights can be obtained using the ToxPi ap-
proach for ranking and visualizing aggregate ToxCast/Tox21 in
vitro assay endpoint activities (Fig. 3, 4). In the analysis of the
data from ToxCast/Tox21 in vitro assays that mapped to six key
characteristics, DDT and related compounds were among the
top in terms of their overall score (Fig. 3D,E). Consistently, they
showed similarity in four key characteristics (alters cell prolif-
eration, cell death or nutrient supply, modulates receptor-medi-

&

ated effects and induces oxidative stress) and clustered closely
together. Lindane had much lower activity, with corresponding-
ly low rankings across most of the six key characteristics, and
2,4-D showed almost no activity and very low rankings, so for
these compounds the ToxCast/Tox21 data are less informative
for the overall mechanistic evaluation.

ToxPi analyses of the in vitro assays for “modulates recep-
tor-mediated effects” revealed an appreciable degree of sim-
ilarity in both the ToxPi scores and the ToxPi shapes among
the four DDT-related compounds (Fig. 4). Moreover, although
the ToxPi score for lindane was similar to that of several of
the DDT-related compounds, its shape was distinctly different,
with lindane showing much lower activity related to ER, FXR,
and other nuclear receptors, and much higher activity for RAR.
2,4-D had very little activity, as evidenced by both the ToxPi
score and its shape. It is also interesting to note that among test-
ed compounds evaluated by IARC, the DDT-related compounds

Tab. 4: Summary of evidence for key characteristics of carcinogens for 2,4-D, DDT and lindane

2,4-D DDT Lindane
(p,p’-DDT, 0,p’-DDT,
p,p’-DDE, or p,p’-DDD)
Key characteristic | Overall evidence | ToxCast/ Tox21 | Overall evidence | ToxCast/Tox21 | Overall evidence |ToxCast/Tox21
1. Is electrophilic Inadequate data Rank: 62/81 Inadequate data | Rank: 62 or Inadequate data | Rank: 29/81
or can be (1 out of 81/81 (1 out of
metabolically 31 assays) (0 or 1 out of 31 assays)
activated 31 assays)
2. Is genotoxic Weak N/A Moderate N/A Moderate N/A
3. Alters DNA repair | Inadequate data N/A Inadequate data | N/A Inadequate data | N/A
or causes genomic
instability
4. Induces Inadequate data Rank: 44/56 Inadequate data | Rank: 2, 12, Inadequate data | Rank: 56/56
epigenetic (1 out of or 21/56 (0 out of
alterations 11 assays) (2 or 4 out of 11 assays)
11 assays)
5. Induces Strong - can Rank: 96/96 Strong - can Rank: 5, 6,23, |Strong - can Rank: 65/96
oxidative stress operate (0 out of operate or 47/96 operate (2 out of humans
in humans 18 assays) in humans (4 to 9 out in humans 18 assays)
of 18 assays)
6. Induces chronic | Inadequate data Rank: 60/60 Moderate Rank: 16 or Weak Rank: 16/60
inflammation (0 out of 60/60 (1 out of
45 assays) (0 or 1 out of 45 assays)
45 assays)
7.1s immuno- Moderate N/A Strong - can N/A Strong - can N/A
suppressive operate operate
in humans in humans
8. Modulates Weak Rank: 79/165 Strong - can Rank: 30, 41, Moderate Rank: 40/165
receptor-mediated (1 out of operate 43, or 46/165 (11 out of
effects 92 assays) in humans (15 to 21 out 92 assays)
of 92 assays)
9. Causes Inadequate data N/A Inadequate data | N/A Inadequate data | N/A
immortalization
10. Alters cell Weak Rank: 96/118 Moderate Rank: 8, 11, 15, | Weak Rank: 92/118
proliferation, (1 out of or 28/118 (2 out of
cell death or 68 assays) (17 to 27 out of 68 assays)
nutrient supply 68 assays)

Notes: Bold rows indicant key characteristics with “Strong” overall mechanistic evidence, where “overall evidence” refers to both in vitro
and in vivo (human and experimental animal) data outside of ToxCast/Tox21. “N/A” denotes no ToxCast/Tox21 data available on those key

characteristics. Rankings based on ToxPi score compared to 181 other chemicals in ToxCast/Tox21 also evaluated by IARC; denominators of
rankings differ due to ties. Materials presented above for DDT and lindane represent the views of the authors, not IARC.

60

ALTEX 35(1), 2018



CHIU ET AL.

&

and lindane all ranked in the top quartile, while 2,4-D was in
the lower quartile, demonstrating the relative activity difference
across a wide battery of receptor-based assay endpoints.

The ToxCast/Tox21 in vitro assays did not substantively add
to the overall evaluation of 7 remaining key characteristics of
carcinogens: four had no mapped assay endpoints (genotoxic,
alters DNA repair or causes genomic instability, immunosup-
pression, and immortalization), and very little activity was seen
across all the compounds for the others (electrophilic or can
be metabolically activated, induces epigenetic alterations, and
induces chronic inflammation).

4 Discussion

These three case studies provide a demonstration of several
potential applications of in vitro toxicity screening data in the
evaluation of carcinogenic mechanisms, including detailed
mechanistic insight, corroborating mechanistic evidence from
literature studies, as well as filling gaps in information on the
potential of evaluated chemicals to interact with targets asso-
ciated with the 10 key characteristics of carcinogens. Because
such screening data are available across a wide range of chem-
icals, they are particularly well suited for making comparisons
across chemicals and across endpoints. Such comparisons can
be useful both for testing specific hypotheses as well as in sup-
plementing or filling gaps in traditional mechanistic data.

For instance, in the PFOA case study, ToxCast/Tox21 data
supported the conclusion that multiple molecular mechanisms
are likely to be operative. As a result, there was no change in
the conclusions on cancer in experimental animals based on
any single mechanism being operative, nor was a downgrade
of the overall classification supported by the mechanistic data.
The evidence of multiple molecular mechanisms was seen in the
activity across in vitro assays probing different families of re-
ceptors, with similar potencies to other prototypical nuclear re-
ceptor modulators; however, no conclusions can be drawn from
ToxCast data alone on the causality of the involvement of other
nuclear receptors or potency of PFOA towards their activation
in vivo. PFOA and its ammonium salt had similar responses
in each group of in vitro assays, and were more promiscuous
than prototypical specific activators of nuclear receptors CAR,
PXR, or PPARs. This outcome is consistent with observations
that multiple nuclear receptors are activated by PFOA in vivo
in rodents (Elcombe et al., 2010; Rosen et al., 2010). Addition-
ally, similar results are found when comparing PFOA to other
PPARa agonists clofibrate, bezafibrate, fenofibrate and gemfi-
brozil (see Tab. S33, Fig. S13), though interestingly fenofibrate,
but not the other fibrates, showed activity across multiple non-
PPAR assays. The consistency of in vitro and in vivo data for
multiple pathway targets, even in the liver, is further corrobo-
rated by phenotypic outcomes in both human and experimen-
tal animals. For instance, limited data are available indicating
liver toxicity in non-human primates (Butenhoff et al., 2002)
and serum levels of PFOA have been positively associated with
alanine aminotransferase, a marker of liver injury, in one study
in humans (Gallo et al., 2012). Additionally, liver toxicity ob-
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served in rodents has been associated with both PPARa-depen-
dent and independent mechanisms. For instance, cytotoxicity,
cell proliferation, liver hypertrophy and activation of other path-
ways have been observed in studies of PFOA in rodents, indi-
cating that additional mechanisms may also contribute to liver
effects (Filgo et al., 2015; Yan et al., 2015; Rosen et al., 2010).

The results of the PFOA case study suggest that a more ho-
listic approach looking at the potential involvement of multiple
mechanistic events may be a more appropriate direction. Thus,
the in vitro toxicity data was subsequently re-examined after
development of the “10 key characteristics of carcinogens”
(Smith et al., 2016), providing a broader and more systemat-
ic approach for mechanistic evaluation. By matching in vitro
toxicity screening assays to key characteristics, additional
insights could be obtained on the bioactivity profile for each
of the evaluated compounds and their metabolites or structur-
ally similar analogues specifically for the purpose of evaluating
their potential to interact with or affect mechanisms involved
in carcinogenesis. In addition, for each chemical, the results of
the in vitro assays that represent each key characteristic can be
compared to the results for a larger compendium of substances
with similar in vitro data.

Particularly for receptor-mediated effects, the case studies
of pesticides in ToxCast/Tox21 data provided additional sup-
port and confidence for the overall evaluation of mechanistic
evidence that includes other types of mechanistic data. First,
the availability of the broad compendium of assays on many
key characteristics provided a more global dataset amenable to
comparisons among agents under evaluation and the larger set
of TARC-evaluated chemicals. Such data increased confidence
in drawing conclusions from the mechanistic data as the Work-
ing Group was in a better position to conclude that data gaps
were minimized because all chemicals were tested across the
same assays and concentration ranges in the same laboratories.
Second, most of the pesticides under evaluation had key me-
tabolites or structural analogues tested across the same panel
of assays. This is informative in consideration of the epidemio-
logical studies, where exposures may be complex (Brouwer et
al., 2016). For example, there was a remarkable similarity in the
activity among the different isomers and metabolites of DDT
that were tested; however, metabolites for lindane and 2,4-D
were not tested. Overall, these data support a conclusion that
the in vivo activity of DDT cannot be attributed to any specific
DDT-related compound on this basis.

As the DDT example illustrates, the presence of bioactivity
alone does not definitively imply that a particular key charac-
teristic is involved in carcinogenesis by the compound, as the
assay data are considered along with other in vivo and in vitro
information. Conversely, because the available assays do not
cover the full spectrum of targets that may be associated with
these mechanisms, and because metabolic capacity in many of
the assays is limited, the absence of bioactivity does not neces-
sarily mean the particular key characteristic is not involved in
carcinogenesis. For instance, the oxon metabolites of the insec-
ticides malathion, diazinon and parathion were largely inactive
in the in vitro assays. This observation was attributed to the high
reactivity and short half-life of these metabolites. Other chem-
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ical properties (e.g., vapor pressure, molecular weight, solubil-
ity, etc.), as well as factors such as the need for metabolism,
can be inherent limitations to in vitro testing and are important
considerations for the relevance of the data from in vitro studies
to carcinogenicity evaluations.

Such limitations are illustrated in the example of 2,4-D,
which was essentially negative in all assays but had strong
evidence for one of the key characteristics based on other avail-
able evidence. The coverage of the available HTS assays was
limited for most of the key characteristics, especially those that
are usually well-addressed using traditional studies available
to IARC Working Groups from the publicly available publica-
tions. For example, the compendium of HTS data mapped to the
“induces oxidative stress” key characteristic comprised assays
querying only a few related proteins for transcription factor ac-
tivity, phosphorylation or gene expression. Most of these assays
were negative for 2,4-D, DDT and lindane. At the same time,
traditional mechanistic evidence databases comprise more typ-
ical endpoints such as formation of hydroxyl radicals, lipid and
protein oxidation, increased activity of the antioxidant enzymes,
and protective effects of antioxidants.

Overall, it is important to note that “mapping” of in vitro
toxicity assays to the key characteristics of carcinogens clearly
delineates some of the gaps in assay availability in the context
of evaluating carcinogenicity. Historically, genotoxicity has
been the primary key characteristic assessed in the mechanistic
literature and used in assay batteries supporting cancer hazard
evaluations; however, additional mechanisms are gaining great-
er recognition (Chappell et al., 2016; Smith et al., 2016). With
regards to the ToxCast and Tox21 research programs, endpoints
relevant to receptor-mediated effects and cell-based alterations,
including oxidative stress, cytotoxicity and proliferation, have
the greatest coverage given the availability of commercial in vi-
tro assays. However, suitable in vitro assays were not identified
from the ToxCast library for several of the 10 key characteristics
of carcinogens. Thus, although the assay battery offers advan-
tages for making comparisons across chemicals and across end-
points, it is generally clear that coverage of a diversity of mech-
anistic events relevant to carcinogenicity is fairly poor. As in
vitro assays are further developed to interrogate a broader range
of biological pathways, there may also be more sophisticated,
computational pathway-based approaches to mapping them to
key characteristics. Until there is better assay coverage, and a
standardized methodology for integrating the traditional mech-
anistic evidence with the data from high-throughput screening
platforms, it will be difficult to evaluate how predictive high
throughput assay data alone can inform conclusions about po-
tential human carcinogenicity. Likewise, different sets of the
10 key characteristics may be of a varying degree of relevance
depending on the target organ, as well as on the timing of their
alteration along the process leading to a very complex adverse
outcome such as cancer.

In addition, there are a number of methodological approach-
es that could help improve the information value of the HTS
data for mechanistic evaluations. As noted in Section 2, the
generation and analysis of HTS data is an active research area.
As data grow and analysis methods mature, updates to activity
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calls and ACs values in the database will hopefully present a
more precise portrait of underlying biology. For example, data
obtained for the applications described here were obtained pri-
or to publication of a strategy to post-filter results at concen-
trations exceeding a putative cytotoxic interference threshold
(Judson et al., 2016). The appropriateness of accounting for
cytotoxicity across molecular targets linked to cell cycle and
cellular stress can also be argued. Although analytical strate-
gies cannot perfectly account for all factors that might inter-
fere with intended assay readouts, such refinements may be
incorporated in future applications to augment confidence in
overall interpretation. Additionally, formal multivariate clus-
tering or similarity analyses could be developed that would
provide more information than the ToxPi score and rank alone
in making comparisons across compounds. This can already be
accomplished through visual comparison of ToxPi shape, but a
formal method applied to large-scale comparisons across ma-
ny compounds would add a beneficial layer of interpretation.
Incorporation of additional in vitro assay summary values,
such as efficacy or potency information or relevant chemical
properties (Grimm et al., 2016), rather than just an active/inac-
tive designation, could provide richer quantitative information
on carcinogenic mechanisms.

In sum, we have demonstrated the application of HTS data in
the evaluation of carcinogenicity by IARC through three case
studies. While in vitro HTS data alone, even when mapped to
key characteristics, are not yet sufficient to draw conclusions
about cancer hazard, we anticipate that future IARC Working
Groups will continue to refine the methods used to analyze
and interpret HTS data for evaluating mechanisms of chemi-
cal carcinogenesis. We also hope that this demonstration will
spur the development of additional HTS assays that provide
greater coverage across the 10 key characteristics of carcino-
gens, leading to a substantial improvement in IJARC’s ability to
identify human carcinogens. Overall, we feel that case studies,
as detailed in this manuscript, provide tangible examples of how
HTS data may begin to be used in cancer hazard evaluations,
and thus contribute to the eventual reconsideration of the need
for chronic rodent bioassays.
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