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ABSTRACT

We developed an integrated, modular approach to predicting chemical toxicity relying on in vitro assay data, linkage of
molecular targets to disease categories, and software for ranking chemical activity and examining structural features
(chemotypes). We evaluate our approach in a proof-of-concept exercise to identify and prioritize chemicals of potential
carcinogenicity concern. We identified 137 cancer pathway-related assays from a subset of U.S. EPA’s ToxCast platforms.
We mapped these assays to key characteristics of carcinogens and found they collectively assess 5 of 10 characteristics. We
ranked all 1061 chemicals screened in Phases I and II of ToxCast by their activity in the selected cancer pathway-related
assays using Toxicological Prioritization Index software. More chemicals used as biologically active agents (eg,
pharmaceuticals) ranked in the upper 50% versus lower 50%. Twenty-three chemotypes are enriched in the top 5% (n¼54)
of chemicals; these features may be important for their activity in cancer pathway-related assays. The biological coverage
of the ToxCast assays related to cancer pathways is limited and short-term assays may not capture the biology of some key
characteristics. Metabolism is also minimal in the assays. The ability of our approach to identify chemicals with cancer
hazard is limited with the current input data, but we expect that our approach can be applied with future iterations of
ToxCast and other data for improved chemical prioritization and characterization. The novel approach and proof-of-
concept exercise described here for ranking chemicals for potential carcinogenicity concern is modular, adaptable, and
amenable to evolving data streams.

Key words: carcinogen; chemical prioritization; chemotype; new approach methodologies (NAMs); ToxCast; ToxPi.

Over a decade ago, the National Academy of Science (NAS)
noted the substantial time and cost required to conduct tradi-
tional chemical toxicity testing in animal models and

recommended increased use of in vitro methods to more
quickly obtain mechanistic chemical information while reduc-
ing the reliance on whole animal testing (NAS, 2007). More
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recently, the NAS made recommendations to link pathways and
disease components to hazard traits using existing knowledge
and current research, and to complement data integration with
visualization tools (NAS, 2017). These NAS recommendations
motivated our present proof-of-concept exercise, which integra-
tes multiple publicly available resources to characterize and
rank chemicals of potential toxicity concern. This modular ap-
proach relies on three components: (1) existing in vitro assay
data; (2) a strategy for linking the molecular targets examined in
the assays to disease categories; and (3) software for ranking rel-
evant chemical activity and examining chemical structural
features.

We evaluate our approach by demonstrating how it could be
used to identify and prioritize over 1000 chemicals for potential
carcinogenicity. Several hundred chemicals have been identi-
fied as carcinogens based largely on data from human epidemi-
ology and animal toxicology (IARC, 2018; NTP, 2016; OEHHA,
2018; U.S. EPA, 2017), yet thousands of chemicals currently in
commerce have never been evaluated for carcinogenic poten-
tial, signifying the need for a method to screen and prioritize
chemicals of potential concern.

For this evaluation exercise, we selected a convenience sub-
set of the screening platforms used by the U.S. EPA Toxicity
Forecaster (ToxCast) program. ToxCast uses over 700 high-
throughput assays on more than 15 commercial or federal gov-
ernment platforms to screen chemicals for a wide variety of bio-
logical effects (Judson et al., 2010; Kavlock et al., 2012; U.S. EPA,
2018).

Specifically, we used publicly available resources to:

• Select ToxCast assays that are cancer pathway related, within

the selected subset of platforms.
• Map these assays to key characteristics of carcinogens, such as

“is genotoxic” or “induces chronic inflammation” (described in

Guyton et al., 2018; Smith et al., 2016), based on the endpoints

measured.
• Rank and visually depict 1061 chemicals based on activity in

these assays using the Toxicological Prioritization Index (ToxPi)

software (Marvel et al., 2018; Reif et al., 2010, 2013).
• Compare the use categories or classes of chemicals represented

in the upper 50% of chemicals, ranked by activity, with the cate-

gories or classes in the lower 50%.
• Identify chemotypes, or structural features, enriched in the top

ranked 5% of chemicals using the ChemoTyper application (Yang

et al., 2015).

This proof-of-concept approach integrates multiple informa-
tion sources and software as an example of how chemicals
could be ranked or prioritized for carcinogenicity concern. This
approach is highly adaptable and amenable to evolving data
streams. Our approach could also be tailored to examine other
toxicological endpoints and other methods of ranking
chemicals.

METHODS

Selecting assays and chemicals from U.S. EPA’s ToxCast program. We
evaluated a total of 236 assays from the ACEA, Apredica, and
BioSeek platforms that were included in U.S. EPA’s Interactive
Chemical Safety for Sustainability (iCSS) ToxCast Dashboard at
the time of our data export on November 30, 2015. Although
there are a dozen additional platforms in the continuously
evolving ToxCast program (U.S. EPA, 2018), we selected a conve-
nience subset of three assay platforms to demonstrate proof of
concept while maintaining manageability. Within the three

selected assay platforms, we identified 137 assays related to
cancer pathways. Selection of the 137 assays was based on: (1)
expert judgement and scientific literature (n¼ 61); and (2) cu-
rated associations of molecular targets with cancer in the
Comparative Toxicogenomics Database (CTD) (n¼ 76).

The cancer pathway-related assays identified by expert
judgement included assays evaluating: altered cell proliferation
(n¼ 21), increased mitochondrial mass (n¼ 3), mitotic arrest
(n¼ 3), and altered cell protein content (n¼ 16). Scientific litera-
ture was used to support cancer pathway associations for 18
assays, such as assays evaluating protein modifications associ-
ated with genotoxicity. This supporting literature was identified
through PubMed (https://www.ncbi.nlm.nih.gov/pubmed/) and
Google Scholar (https://scholar.google.com/) searches, using the
search term “cancer” and terms relevant to the assay endpoints
measured. See Supplementary Table 1 for further details.

The CTD is maintained by the North Carolina State
University’s NIEHS Environmental Health Science Center, and
includes information on gene-disease interactions manually
gathered from peer-reviewed scientific literature (Davis et al.,
2017; Wiegers et al., 2014). The CTD includes curated associa-
tions as a means of indicating that there is peer-reviewed scien-
tific literature supporting a link between a molecular target and
diseases belonging to the category of “cancer,” which can in-
clude site-specific conditions (eg, glioblastoma, hepatocellular
carcinoma, lung neoplasms), as well as more generalized condi-
tions (eg, adenocarcinoma, carcinoma, neoplasm metastasis).
The 76 cancer pathway-related assays identified using the CTD-
interrogated protein targets were all part of the BioSeek plat-
form, and each of the protein targets in the 76 selected BioSeek
assays had a minimum of three curated associations with can-
cer in the CTD as of the August 24, 2017, data update. The cut-
off of three curated associations (ie, associations with at least
three diseases within the “cancer” category) was chosen to en-
sure a fairly high level of specificity by excluding targets with
limited or no evidence in the scientific literature of being
cancer-pathway related. We selected assays that evaluated
both increased and decreased expression of the molecular tar-
gets. See Supplementary Table 2 for CTD cancer-curated associ-
ations. Overall cancer pathway-related assay selection is
depicted in Figure 1.

Activity data for all 1061 chemicals tested in Phases 1 and 2
of ToxCast were exported from the iCSS ToxCast Dashboard on
November 30, 2015. We examined the activities of all 1061
chemicals in the selected 137 cancer pathway-related assays.

Linking cancer pathway-related assays to key characteristics of carci-
nogens. In order to evaluate the biological coverage of the cancer
pathway-related assays, we independently mapped each of the
selected 137 assays to the 10 key characteristics of carcinogens
described by IARC (Guyton et al., 2018; Smith et al., 2016), and
compared our results to their similar mapping effort (Chiu et al.,
2018; IARC, 2017). Unlike IARC, we mapped some assays to
two key characteristics. See Supplementary Spreadsheet 1 for a
full list of the 137 assays mapped to key characteristics of carci-
nogens. The comparison of our mapping results for assays from
three ToxCast platforms with IARC’s independent mapping of
265 cancer pathway-related assays they identified from seven
ToxCast platforms is displayed in Table 1.

Ranking chemical activity in cancer pathway-related assays. We used
the ToxPi software, version 2.0 (available at: http://toxpi.org/) to
rank each chemical for activity in the 137 cancer pathway-
related assays. The software integrates different data streams
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and calculates a unitless ToxPi score that represents a relative
ranking of biological activity across multiple assays. The ToxPi
output can be used for rank ordering chemicals and informing
prioritization. The software also generates a visual ToxPi image
for each chemical, reflective of its relative biological activity.
Details about the ToxPi software and algorithm have been pre-
viously described (Marvel et al., 2018; Reif et al., 2010, 2013). In
this analysis, each ToxPi slice represents the set of ToxCast

assays that we mapped to each key characteristic of carcino-
gens. Because the 137 assays considered here mapped to only 5
of the 10 key characteristics, each ToxPi is composed of 5 corre-
sponding slices. The input data used for ToxPi were: AC50 values
(the concentrations inducing a half-maximal assay response)
for the chemicals active in assays, and an assigned value of 106

for chemicals inactive in assays. The ToxPi scaling type
�log10(AC50) þ 6 was used. These are the intended inputs and

Figure 1. Selection of cancer pathway-related assays in the ACEA, Apredica, and BioSeek platforms. The number of assays evaluating each type of endpoint is dis-

played in parentheses.

Table 1. Biological Coverage of Key Characteristics of Carcinogens in Selected Cancer Pathway-Related Assay Endpoints

Key Characteristic of Carcinogens Percentage of Cancer Pathway-Related Assays in
a Subset of ToxCast Platforms (ACEA, Apredica,

and BioSeek) Linked to Characteristica

Percentage of Cancer Pathway-Related Assays in
Seven ToxCast Platforms Linked to
Characteristic, Identified by IARCb

1. Is electrophilic or can be
metabolically activated

0% (0/137) 12% (31/265)

2. Is genotoxic 4% (6/137) 0% (0/265)
3. Alters DNA repair or causes

genomic instability
0% (0/137) 0% (0/265)

4. Induces epigenetic alterations 4% (6/137) 4% (11/265)
5. Induces oxidative stress 4% (6/137) 7% (18/265)
6. Induces chronic inflammation 34% (46/137) 17% (45/265)
7. Is immunosuppressive 0% (0/137) 0% (0/265)
8. Modulates receptor-mediated

effects
0% (0/137) 35% (92/265)

9. Causes immortalization 0% (0/137) 0% (0/265)
10. Alters cell proliferation, cell

death, or nutrient supply
67% (92/137) 26% (68/265)

aThe 137 cancer pathway-related assays identified in this study were mapped to the key characteristics of carcinogens described by IARC (IARC, 2017; Smith et al.,

2016). Some of these assays were mapped to two characteristics. See Supplementary Spreadsheet 1 for a full list of these assays mapped to key characteristics of

carcinogens.
bIARC mapped 265 cancer pathway-related assays from seven of the ToxCast platforms (ACEA, Apredica, Attagene, BioSeek, NovaScreen, Odyssey Thera, and Tox21) to

the key characteristics of carcinogens. IARC mapped each assay to one characteristic. Additional details on IARC’s mapping can be found in the Excel file “Section 4.3

Spreadsheet” available at: https://monographs.iarc.fr/iarc-monographs-on-the-evaluation-of-carcinogenic-risks-to-humans-3/.
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scaling type for ranking ToxCast data, as described in the origi-
nal ToxPi GUI User Manual (UNC, 2009). For this work, we did
not adjust the data to account for cytotoxicity. Because all the
cytotoxicity assays were mapped to the “alters cell proliferation,
cell death, or nutrient supply” key characteristic, it is challeng-
ing to adjust for this potential confounder without diluting a
key cancer pathway-related effect. As a consequence of the
scaling type used, each ToxPi slice length is proportional to the
normalized potency of the assay value (�log10(AC50) þ 6) of the
component assays included in that slice. For the ToxPi analysis
conducted in this study, weighting was applied based on the
number of “assay component names” making up the slice. The
“assay component names” provided in the iCSS ToxCast
Dashboard are short names containing the assay and a compo-
nent readout, such as “APR_HepG2_CellCycleArrest_1hr.”
Distinct from the “assay component endpoint name,” the “assay
component name” excludes the direction of the assay signal
(eg, “up” or “down”). There were:

• Fifty-five assay component names for the “alters cell prolifera-

tion, cell death, or nutrient supply” key characteristic ToxPi slice
• Three assay component names for the “induces oxidative stress”

key characteristic slice
• Twenty-three assay component names for the “induces chronic

inflammation” key characteristic slice
• Six assay component names for the “is genotoxic” key character-

istic slice
• Six assay component names for the “induces epigenetic alter-

ations” key characteristic slice

To correspond with the variable numbers of assay compo-
nent names making up each ToxPi slice, weights of 18, 1, 8, 2,
and 2, were applied for each of these slices, respectively. The
ToxPi input data file is Supplementary Spreadsheet 2. Using this
approach with ToxPi, all 1061 chemicals were ranked for activity
in the cancer pathway-related assays.

Assigning descriptive chemical categories. To further examine the
ToxPi rankings, we assigned a descriptive category type to each
chemical. For many chemicals, the category type assigned was
simply the use category information manually obtained from
the iCSS ToxCast Dashboard. In cases where the iCSS ToxCast
Dashboard assigned more than one use category to a single
chemical, we conducted further research using PubChem
(https://pubchem.ncbi.nlm.nih.gov/) and Google (https://www.
google.com/) searching to assign a single predominant descrip-
tive category. If a single predominant descriptive category could
not be determined for a chemical, it was assigned to the “other”
category. Occasionally, we created more specific descriptive cat-
egories for chemical groups of known carcinogenicity concern
(eg, nitrosamines and polycyclic aromatic hydrocarbons). We
chose to compare the chemical categories of the upper 50%
(n¼ 531) of ranked chemicals with the categories represented in
the lower 50% (n¼ 530). Other users of the approach presented
here could choose to examine other quantiles of ranked chemi-
cals, as suitable for their study objectives.

Evaluating chemotypes. We arbitrarily selected the top 5% of
chemicals ranked with ToxPi for further exploration and char-
acterization. The percentage of chemicals examined can be cus-
tomized to suit a user’s study objectives. We examined the
chemotypes, or structural features, represented in the top 5% of
chemicals with the ChemoTyper application (available at:
https://chemotyper.org/), developed by Molecular Networks
GmbH and Altamira LLC (Yang et al., 2015), and the

“TOXCST_v4a_1892_20Mar2012.sdf” and “toxprint_v2.0_r212.xml”
files. We determined the number of chemotypes represented in
the 5% (n¼ 54) most active chemicals by searching across “any”
of them in the ChemoTyper application. The search included
chemotypes that are Ashby Tennant structural alerts for DNA
reactivity (Ashby and Tennant, 1991) and cancer threshold of
toxicological concern (TTC) structures (Kroes et al., 2004).

One-tailed two-proportion Z-tests were conducted using the
Bonferroni correction to compare the proportion of each chemo-
type (n¼ 201) in the 54 most active chemicals with the propor-
tion in the remaining 1007 chemicals. The null hypothesis was
that the proportion of each chemotype in the 54 most highly
ranked chemicals was not different from the proportion of each
chemotype in the remainder of the chemicals; the null was
rejected when p< 2.5 � 10�4, which was the significance cutoff
after applying the Bonferroni correction (0.05/201). This allowed
us to identify the enriched chemotypes in the top 5% of chemi-
cals active in the cancer pathway-related assays.

RESULTS

Figure 1 shows the breakdown of assays in the ACEA, Apredica,
and BioSeek platforms that we determined to be cancer
pathway-related either via expert judgement or via consultation
with the CTD. (Additional assay selection details can be found
in Supplementary Tables 1 and 2.) In total, we identified 137
assays as cancer pathway-related.

We then linked these 137 cancer pathway-related assays to
IARC’s 10 key characteristics of carcinogens, as a way to evalu-
ate the biological coverage of the ToxCast assay subset and
compare our findings with those of IARC (Chiu et al., 2018; IARC,
2017). As shown in Table 1, the cancer pathway-related assays
from the three platforms considered in this study primarily
evaluate endpoints related to the “alters cell proliferation, cell
death, or nutrient supply” (n¼ 92), and “induces chronic inflam-
mation” (n¼ 46) characteristics. Some of the assays we deter-
mined to be cancer pathway-related evaluate the
characteristics “is genotoxic” (n¼ 6), “induces epigenetic alter-
ations” (n¼ 6), and “induces oxidative stress” (n¼ 6). See
Supplementary Spreadsheet 1 for a full list of assays mapped to
key characteristics, as well as a list of the assays considered not
cancer pathway-related in this study. We did not identify any
assays that evaluate the remaining five characteristics of carci-
nogens; thus according to our analyses, no assays in the ACEA,
Apredica, or BioSeek platforms of ToxCast evaluate the charac-
teristics “is electrophilic or can be metabolically activated,”
“alters DNA repair or causes genomic instability,” “is
immunosuppressive,” “modulates receptor-mediated effects,”
or “causes immortalization.”

For comparison purposes, the mapping results of the cancer
pathway-related assays selected by IARC from seven ToxCast
platforms is shown alongside our mapping results in Table 1.
Based on IARC’s work, there are ToxCast assays in other plat-
forms that evaluate the characteristics “is electrophilic or can
be metabolically activated,” and “modulates receptor-
mediated effects.” Neither our mapping nor IARC’s mapping of
four additional platforms identified any ToxCast assays that
evaluate the key characteristics, “alters DNA repair or causes
genomic instability,” “is immunosuppressive,” or “causes
immortalization.”

Our mapping was generally concordant with that of Chiu
et al. (2018) and IARC (2017). Among the three platforms evalu-
ated in this study, we mapped many assays to the same key
characteristics as did IARC (eg, many assays mapped to
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“induces chronic inflammation” and “alters cell proliferation,
cell death, or nutrient supply”). However, there were several dis-
tinctions between our approach and IARC’s. Our initial
prescreen to select cancer-related assays in the CTD could have
excluded some assays relevant to the key characteristics of car-
cinogens. However, on inspection, our approach included some
assay targets that IARC excluded (eg, uPAR, and assays on the
BioSeek platform evaluating decreased expression of molecular
targets), and we excluded some assay targets that IARC in-
cluded (eg, CD38 and HLA-DR, which did not have any curated
cancer associations in the CTD). Some of our mappings also dif-
fered. For example, IARC mapped the ACEA_T47D_80hr_Positive
assay to the “modulates receptor-mediated effects” characteris-
tic, presumably because the gene target for this assay on the
iCSS ToxCast Dashboard is estrogen receptor 1, based on the lin-
ear growth response that estrogen receptor agonists induce in
these cells (Rotroff et al., 2013). However, we mapped this ACEA
assay to the “alters cell proliferation, cell death, or nutrient sup-
ply” characteristic to be inclusive of the multiple mechanisms
that may be responsible for the cell proliferation effects mea-
sured in the assay. In addition, we mapped some assays to two
different characteristics. For example, the
APR_HepG2_MitoticArrest assays evaluate histone H3 phos-
phorylation at serine 10 (K. Houck, e-mail communication,
December 30, 2015), and this endpoint is indicative of high mi-
totic activity tissue regions in various human tumors (Bossard
et al., 2006; Colman et al., 2006; Kim et al., 2007; Ribalta et al.,
2004; Scott et al., 2005; Skaland et al., 2007). Therefore, we
mapped these assays to both the “induces epigenetic alter-
ations” and “alters cell proliferation, cell death, or nutrient sup-
ply” characteristics, whereas IARC mapped them to just the
latter characteristic.

We used the ToxPi software to rank all 1061 chemicals
screened in ToxCast Phases I and II, based on activity in the 137
identified cancer pathway-related assays. Each ToxPi was com-
posed of five slices, with each slice corresponding to a key char-
acteristic of carcinogens and weighted to reflect the number of
mapped assay components. Supplementary Spreadsheet 3 con-
tains the complete ToxPi results output file from this analysis.

The chemical categories for the upper 50% (n¼ 531) and
lower 50% (n¼ 530) of ranked chemicals are reflected in Figure 2.
About 58% (n¼ 309) of the higher ranked chemicals are

pharmaceuticals, insecticides, and fungicides, whereas only
about 23% (n¼ 124) of the lower ranked chemicals belong to
these categories. The higher ranked chemicals include more
antioxidants, surfactants, and fluorosurfactants, whereas the
lower ranked chemicals include more herbicides, flavors, fra-
grances, intermediates, and reactants. The lower ranked chemi-
cals include categories not represented among the higher
ranked chemicals: solvents, nitrosamines, additives, sweet-
eners, and vitamins. The lower ranked chemicals also include
many that were represented by more than one descriptive
chemical category and thus are captured under the “other”
category.

To focus further on the most highly active chemicals, we
identified the top 5% (n¼ 54) of total chemicals ranked. They are
listed in ranked order in Table 2. Nine of these top 54 chemicals
are identified as known to cause cancer under California’s
Proposition 65 (Title 27, California Code of Regulations, §
27001).The ToxPi images of these top 5% of chemicals are
depicted in ranked order in Figure 3. The images show the rela-
tive chemical activities, both overall and across the slices, based
on activity data from the assays mapped to the key characteris-
tics of carcinogens.

We identified 23 chemotypes, or structural features, that are
present at significantly higher proportions in the top 5% of
chemicals ranked, relative to the remaining 95% lower ranked
chemicals. These enriched chemotypes are listed in Table 3. We
noted that multiple tin (Sn)-containing chemotypes were in-
cluded in this list and further examined the 1061 chemicals
evaluated here for tin-containing compounds. We found that all
three of the tin-containing compounds included in the chemical
set we evaluated are within the top 5%, and are in fact the top
three ranked chemicals (tributyltin chloride, tributyltin methac-
rylate, and triphenyltin hydroxide). The enriched chemotypes
also include multiple mercury (Hg)-containing chemotypes. One
of the two mercury-containing compounds in the full set of
chemicals evaluated here is the fourth ranked chemical, phe-
nylmercuric acetate; the other mercury-containing compound,
mercuric chloride, is rank number 89. One of the chemotypes in
Table 3 is a threshold of toxicological concern (TTC) structure
for carcinogenicity. None of the enriched chemotypes are Ashby
Tennant structural alerts for DNA reactivity. Figure 4 shows 10
of the 23 enriched chemotypes.

Figure 2. Pie charts depicting category types of the upper 50% (n¼531) and lower 50% (n¼530) of chemicals ranked based on activity in cancer pathway-related assays.

Pharmaceutical chemicals are represented in the gray pie slice, chemicals in pesticide categories (bactericides, biocides, fungicides, herbicides, insecticides, microbi-

cides, and plant growth regulators) are represented in the bronze pie slices, and the remaining categories are shown in the pie slices of other colors.
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Table 2. Top 5% (n¼ 54) of Chemicals Ranked Based on Activity in Cancer Pathway-Related Assays

1. Tributyltin chloride
2. Tributyltin methacrylate
3. Triphenyltin hydroxidea

4. Phenylmercuric acetate
5. Chlorothalonila

6. Fluazinam
7. Gentian violeta

8. Niclosamideb

9. Didecyldimethylammonium chloride
10. Tamoxifena,b

11. AVE8923b

12. Octhilinone
13. Ziram
14. SR146131b

15. Triclosan
16. Thiram
17. Tamoxifen citratea,b

18. 3-Iodo-2-propynyl-N-butylcarbamate
19. 9-Phenanthrolb

20. Emamectin benzoate
21. Captafola

22. Disulfiramb

23. PharmaGSID_47315b

24. AVE5638b

25. 4-Nonylphenol, branched
26. 1, 2-Benzisothiazolin-3-one
27. AVE6324b

28. Octyl gallate
29. PharmaGSID_48519b

30. Sodium (2-pyridylthio)-N-oxide
31. SAR115740b

32. Clomiphene citratea,b

33. UK-337312b

34. 2,4-Bis(2-methylbutan-2-yl)phenol
35. 2,4-Bis(1-methyl-1-phenylethyl)phenol
36. Cycloheximide
37. 4-(1,1,3,3-Tetramethylbutyl)phenol
38. 2-(Thiocyanomethylthio)benzothiazole
39. Abamectin
40. Milbemectin (mixture of 70% milbemycin A4, 30% milbemycin A3)
41. SB236057Ab

42. Keponea

43. PD 0343701b

44. Diethylstilbestrola,b

45. Farglitazarb

46. SSR241586b

47. Dodecyltrimethylammonium chloride
48. SR271425b

49. PharmaGSID_47337b

50. Zoxamide
51. HMR1171b

52. Clorophene
53. 2,4-Di-tert-butylphenol
54. Clotrimazole

aChemical is listed as known to the state to cause cancer under California’s Proposition 65, as of November 23, 2018 (Title 27, California Code of Regulations, § 27001).
bPharmaceutical compound.

Figure 3. ToxPi images of the top 5% (n¼54) of ranked chemicals based on activity in cancer pathway-related assays. Each ToxPi is composed of five slices, each corre-

sponding to a key characteristic of carcinogens, to which the assays considered here were linked. Each ToxPi slice is weighted to reflect the number of assay compo-

nent names it includes.
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DISCUSSION

We developed and applied a proof-of-concept exercise to iden-
tify and prioritize chemicals of potential carcinogenicity con-
cern. We utilized the iCSS ToxCast Dashboard, a framework for
organizing cancer pathway-related assays, and publicly avail-
able software in a novel approach to identify chemicals and
chemotypes associated with some key characteristics of
carcinogens.

Identification of ToxCast assays associated with cancer
pathways is consistent with the NAS (2007) recommendations
to evaluate chemicals according to their ability to perturb toxic-
ity pathways. Our approach took this recommendation further
by independently mapping assays to the key characteristics of
carcinogens. This additional step, pioneered by IARC (Chiu et al.,

2018; IARC, 2017), is useful because it incorporates more biologi-
cal details and because it identifies biological coverage gaps in
ToxCast assay platforms. It is notable that neither our work nor
IARC’s identified any ToxCast assays that evaluate the charac-
teristics “alters DNA repair or causes genomic instability,” “is
immunosuppressive,” or “causes immortalization.” These bio-
logical coverage gaps potentially persist in our approach even
after expanding the assay selection to additional ToxCast plat-
forms. The ToxCast program is continuing to refine their assays,
which may include expansion of biological coverage across
these important key characteristics. Our independent mapping
largely validated IARC’s, but also identified a few specific areas
of divergence that should be addressed before the mapping is
applied more broadly.

Figure 4. The top 5% of ranked chemicals based on activity in cancer pathway-related assays are enriched for specific chemotypes. One-tailed two-proportion Z tests

were conducted with the Bonferroni correction with the 201 chemotypes represented in the top 5% of chemicals (n¼ 54) ranked in our analysis in order to compare the

proportion of each chemotype in the most highly ranked chemicals with the proportion in the remaining 1007 chemicals. Ten of these enriched chemotypes, each sig-

nificant with p<2.5 � 10�4, are shown here as examples, color coded to link the chemotype name with the example chemical structure.

Table 3. Enriched Chemotypes in Top 5% (n¼ 54) of Chemicals Ranked Based on Activity in Cancer Pathway-Related Assays

1. bond: metal_group_III_other_Sn_generic
2. bond: metal_group_III_other_Sn_organo
3. atom: element_metal_poor_metal
4. bond: metal_group_III_other_generic
5. bond: metal_group_III_other_generic_oxy
6. bond: metal_group_III_other_Sn_oxy
7. bond: quatN_generic
8. bond: CS_sulfide_di-
9. bond: quatN_alkyl_acyclic
10. chain: aromaticAlkane_Ph-C1-Ph
11. bond: metal_group_III_other_Sn_halide
12. bond: metal_transition_Hg_generic
13. bond: metal_transition_Hg_organo

14. bond: metal_transition_Hg_oxy
15. ring: hetero_[5]_N_S_isothiazole
16. bond: CN_amine_aliphatic_generic
17. bond: C(¼O)N_carbamate_dithioa

18. chain: aromaticAlkane_Ar-C-Ar
19. group: carbohydrate_hexopyranose_generic
20. ring: hetero_[6]_N_piperidine
21. chain: aromaticAlkene_Ph-C2_acyclic_generic
22. chain: aromaticAlkane_Ph-C1-acyclic_generic
23. ring: hetero_[5]_N_S_thiazole

aThreshold of toxicological concern (TTC) structural category for carcinogenicity.
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We found that many of the upper 50% of ranked chemicals
belonged, unsurprisingly, to categories of chemicals designed to
be bioactive (ie, pharmaceuticals, insecticides, and fungicides).
In contrast, other categories made up a majority of the lower
50% of chemicals ranked. We observed unique chemical catego-
ries, such as vitamins, solvents, and nitrosamines, in the lower
50% of chemicals. High volatility of some of the solvents may
explain their low rankings here because volatile chemicals are
difficult to study in vitro. One low-ranking solvent, N,N-dime-
thylformamide, is listed as a carcinogen under California’s
Proposition 65 (Title 27, California Code of Regulations, § 27001),
and its mechanism of action requires metabolic activation
(Cordeiro and Savarese, 1986; Cross et al., 1990; Gescher, 1993).
N,N-Dimethylformamide’s low ranking in our analysis is likely
due to none of the assays mapping to the key characteristic “is
electrophilic or can be metabolically activated,” and the known
limited metabolic capacity of ToxCast assays (DeGroot et al.,
2018). Nitrosamines were another unique chemical category in
the lower 50% of chemicals, and the five nitrosoamines making
up this group are listed as known to the state to cause cancer
under California’s Proposition 65 (Title 27, California Code of
Regulations, § 27001). Two of them, N-nitrosodibutylamine and
N-nitrosodipropylamine, were not active in any cancer
pathway-related assays and thus received ToxPi scores of zero.
Metabolic activation is required for nitrosamine carcinogenicity
(Archer, 1989; Montesano and Hall, 1984), so the assays under-
standably failed to capture these known carcinogens.

We identified 23 chemotypes that were enriched in the top
5% of chemicals, in our examination of the most highly ranked
chemicals based on activity in the cancer pathway-related
assays. These enriched chemotypes may be important struc-
tural features for activity in the cancer pathway-related assays.
Multiple enriched chemotypes contained tin, mercury, or met-
als in general, and the top four ranked chemicals contained tin
or mercury. Sipes et al. (2013) found that heavy metal-
containing chemicals are among the most promiscuous in the
Novascreen assay platform, which evaluates receptor binding
and enzyme activity. Chemical promiscuity may also explain
the high rankings of these compounds in our study.

The approach used here is highly adaptable, allowing incor-
poration of various data streams, toxicity pathways, and cut-
offs that could be tailored to a decision context. This approach
could be developed as an initial screen to prioritize chemicals
with limited or no toxicity information for further evaluation.
Others have published work utilizing similar concepts, or por-
tions of this approach, for such applications as: organizing the
ToxCast data mapped to the key characteristics of carcinogens
for chemical case studies (Chiu et al., 2018), correlating ToxCast
assays with cardio-, hepato-, neuro-, and renal toxicities using
information from the CTD (Hu et al., 2015), ranking environmen-
tal chemicals for cardiotoxicity hazard using data from induced
pluripotent stem cells (Sirenko et al., 2017), and ranking chemi-
cals present at Superfund sites based on such data as pathway
information and ToxCast assay target families (Tilley et al.,
2017).

Various components of this approach can be further evalu-
ated and improved in future iterations. For example, by exclud-
ing assays evaluating molecular targets with only 1–2 curated
associations with cancer in the CTD, we may have omitted tar-
gets linked with one site-specific effect. Most of the assays we
mapped were linked to the “induces chronic inflammation” and
“alters cell proliferation, cell death, or nutrient supply” key
characteristics. Short-term ToxCast assays may not be the opti-
mal dataset to capture the biology of characteristics requiring

chronicity (eg, chronic inflammation, sustained proliferation) to
induce cancer. With the dataset used here, the highest ranked
chemicals have biologic activity in assays mapped to 5 of the 10
the key characteristics, but carcinogens acting by a different
mechanism would not be highly ranked unless the present as-
say selection were supplemented with data from other sources
covering these biological gaps. Another important consideration
is the minimal metabolic capacity in many of the current
ToxCast assays (DeGroot et al., 2018). Metabolic activation is re-
quired for many carcinogens, and the ToxCast assays linked to
cancer pathways may not be activated by the parent compound.

For the reasons described above, multiple elements, includ-
ing the underlying ToxCast data, require refinement before this
approach is suitable for applying predictive values to the out-
comes. Nine of the top 54 (16.7%) ranked chemicals in our ap-
proach are listed as carcinogens under California’s Proposition
65. We also separately examined the 223 chemicals that re-
ceived a ToxPi score of zero in our approach, and 31 of them
(13.9%) are carcinogens listed under California’s Proposition 65,
likely due to the limited biological coverage and metabolic ca-
pacity in the present assays. Our approach is therefore not yet
capable of predicting suspected carcinogens based on limita-
tions in the current input data, but we expect it will generate
stronger predictive outcomes with improved input data and ex-
panded biological coverage.

Becker et al. (2017) found that the activities observed in the
ToxCast assays that IARC mapped to the key characteristics of
carcinogens were unable to predict cancer hazard for pesticides
with and without human cancer hazard potential. This study
evaluated only pesticides that U.S. EPA has classified for human
cancer hazard potential, whereas our analysis examined many
more chemicals, some of which are previously untested, for
their activities in the mapped assays. Some of the same limita-
tions that we identified above may also explain the conclusion
by Becker et al. (2017).

Five pesticides within the top 5% of chemicals ranked in our
study have been classified by U.S. EPA as either “not likely to be
carcinogenic to humans” (3-iodo-2-propynyl-N-butylcarbamate,
emamectin benzoate, triclosan, and zoxamide) or as having
“evidence of noncarcinogenicity for humans” (didecyldimethy-
lammonium chloride), based on lack of carcinogenicity evi-
dence in rodents (U.S. EPA, 2006, 2008, 2011, 2012, 2014, 2017).
One explanation is that our method may have identified some
false positives in the highly ranked chemicals. Another plausi-
ble explanation is that we correctly identified chemicals that
display some key characteristics of carcinogens, but that did not
produce treatment-related tumors in the traditional rodent
tests used to make cancer hazard classifications. Consistent
with this explanation, recent studies have independently found
that emamectin benzoate induces genotoxicity and cytotoxicity
in vitro (Yun et al., 2017; Zhang et al., 2017), that triclosan acti-
vates cell migration pathways in vitro (Derouiche et al., 2017;
Kim et al., 2015) and is a liver tumor promoter in mice (Yueh
et al., 2014), and that didecyldimethylammonium chloride
affects oxidative stress and cell growth in vitro (Kwon et al.,
2014).

For this study, we input AC50 data values as a quantitative
measure of chemical activity, but the input values can be cus-
tomized, given the multiple scaling options available in ToxPi
intended to handle various data types. Input values may also be
adjusted for cytotoxicity to distinguish between a chemical’s
specific molecular effects versus general activity reflecting
chemical-induced cytotoxicity. A general activity “burst” at cy-
totoxic chemical concentrations has been observed in the
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ToxCast assays (Judson et al., 2016), and accounting for this phe-
nomenon can impact the conclusions drawn from the data
(Becker et al., 2017; Fay et al., 2018; Silva et al., 2015). We opted
not to adjust the data for cytotoxicity in this study because all
the cytotoxicity assays were mapped to the “alters cell prolifera-
tion, cell death, or nutrient supply” key characteristic, and mak-
ing an adjustment could dilute a key cancer pathway-related
effect.

The specific cellular and molecular characteristics of carci-
nogens published by IARC were critical for our analysis because
they facilitated mapping of the assay endpoints to key charac-
teristics of carcinogens. Another key element necessary to con-
duct this work is the frequently updated CTD, which we used to
link molecular targets interrogated in the assays with cancer.
Cancer is only one of many disease endpoints covered in the
CTD; others include cardiovascular disease, male and female
urogenital disease, pregnancy complications, and endocrine
system disease. If key characteristics were developed for the
hazard traits of reproductive toxicity, developmental toxicity,
endocrine disruption, or cardiovascular toxicity (OEHHA, 2012),
our approach could be easily extended to identify and prioritize
chemicals for these toxicities as well.

Identification of enriched chemotypes among highly active
chemicals in cancer pathway-related assays could allow data-
poor chemicals or chemical classes containing those chemo-
types to be flagged for possible carcinogenicity concern and pri-
oritized for further testing. This type of approach offers new
possibilities for predictive toxicology by using publicly available
tools and data to prioritize chemicals of concern for specific tox-
icities and further testing while reducing reliance on animal
testing.

SUPPLEMENTARY DATA
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online.
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