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Abstract

Exposure to toxic substances in the environment is one of the most important causes of
cancer. However, the time-consuming process for the identification and characterization
of carcinogens is not applicable to a huge amount of testing chemicals. The data gaps
make the carcinogenic risk uncontrollable. An efficient and effective way of prioritizing
chemicals of carcinogenic concern with interpretable mechanism information is highly
desirable. This study presents a curation work for genes and pathways associated
with 11 hallmarks of cancer (HOCs) reported by the Halifax Project. To demonstrate
the usefulness of the curated HOC data, the interacting HOC genes and affected HOC
pathways of chemicals of the three carcinogen lists from IARC, NTP and EPA were
analyzed using the in silico toxicogenomics ChemDIS system. Results showed that a
higher number of affected HOCs were observed for known carcinogens than the other
chemicals. The curated HOC data is expected to be useful for prioritizing chemicals of
carcinogenic concern.

Database URL: The HOC database is available at https://github.com/hocdb-KMU-TMU/
hocdb and the website of Database journal as Supplementary Data.
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Introduction

Genetic and environmental factors play an important role
in the tumorigenesis of cancer. Toxic environmental expo-
sures were estimated to account for 7 to 19% of cancers
(1,2). Current knowledge of carcinogens was mainly from
the accumulation of animal studies, occupational cohort
studies of industrial workers and epidemiological studies of
inhabitant exposed to a specific toxicant. The international
agency for research on cancer (IARC), National Toxicol-
ogy Program (NTP) and the US Environmental Protection
Agency (EPA) have developed their own classification sys-
tems to estimate the carcinogenicity of different chemical,
physical and biological substances. The carcinogen lists
issued by IARC, NTP and EPA are based on the systematic
review of toxicological data by selected experts with specific
knowledge (3-5). However, the acquisition of toxicity data
is both time- and resource-consuming. For example, the
traditional 2-year rodent assays for assessing the carcino-
genesis potential of chemicals requires the sacrifice of an
extensive amount of animal life (6-9). Given a large number
of chemicals in commerce, it is impossible to assess the
carcinogenicity of all chemicals based on the traditional
assays (10,11). Alternative methods for fast prioritization of
chemicals of carcinogenesis concern are therefore of great
interest.

Recently, IARC recommended an evidence-based and
transparent process for carcinogen identification and
characterization focusing on mechanistic information. The
US EPA and the NTP also recognized the mechanism-
based approach (12). To identify chemicals associated
with potential carcinogenesis mechanisms, computational
methods provide promising alternatives to experiments and
can be utilized as the first-tier prioritization approach.
While existing in silico methods of structural alerts and
quantitative structure-activity relationship (QSAR) models
are potential methods for chemical prioritization, the
evaluation results provide only a little or no information
concerning biological mechanisms. In contrast, iz silico tox-
icogenomics methods such as ChemDIS and CTD database
could provide mechanism information for carcinogenesis
evaluation (13-16). Our recent study demonstrated that the
integration of complementary methods of structural alerts,
QSARs and iz silico toxicogenomics methods of genes and
Disease Ontology terms associated with developmental and
reproductive toxicity effectively improve the performance
of chemical prioritization (17). However, there is currently
no database of carcinogenesis mechanism-related genes and
pathways that is a prerequisite for the development of in

silico toxicogenomics methods for prioritizing chemicals of
carcinogenic concern.

The concept of hallmarks of cancer (HOCs) was intro-
duced by Hanahan and Weinberg to provide a logical
framework for understanding the remarkable diversity of
neoplastic diseases (18,19). The number of HOCs was
expanded and refined during the last two decades. In 2012,
the non-profit organization of Getting to Know Cancer
launched the Halifax Project based on the framework of
hallmarks of cancer. One of the aims of the Halifax Project
is to produce a series of overarching reviews written by 703
cancer researchers. The biologically disruptive chemicals
ubiquitously found in the environment capable of activating
HOCs and the corresponding target genes and relevant
pathways were reviewed for a total of 11 HOGCs (20). It
is therefore desirable to curate the published reviews from
Halifax Project consisting of current knowledge of HOC-
related mechanism information for further applications to
the prioritization of chemicals of concern.

In this study, the unstructured data of genes and path-
ways from the reviews of Halifax Project were curated and
standardized based on ontology terms. An HOC database
consisting of 695 genes and 159 pathways denoted as HP
genes and HP pathways, respectively, was developed for 11
HOGC:s. In addition to the HP genes representing selected
targets for HOCs, EX genes consisting of additional genes
associated with the HP pathways and HP genes were also
collected. To demonstrate the usefulness of the curated
database, the interacting HP genes, HP pathways and EX
genes for chemicals from three carcinogen datasets of the
IARC, EPA and NTP were identified based on the targets
and enriched pathways generated by ChemDIS analysis.
Results show that the number of HOCs involved could be
utilized to prioritize chemicals of carcinogenic concern. The
curated HOC-related genes and pathways are expected to
be useful for characterizing the mechanisms of chemical

carcinogens.

Methods

Curation of genes and pathways relevant to the
hallmarks of cancer

The primary aim of this study is to curate HP genes and
HP pathways from 11 review articles published in the sup-
plement issue of the journal of Carcinogenesis as shown in
Table 1 (21-31). Each of the papers represents the unstruc-
tured knowledge for a specific hallmark of cancers (HOC).
The overview of the data retrieval and curation workflow
is shown in Figure 1 and described in the following.
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Table 1. Review articles for 11 hallmarks of cancer generated
by the Halifax Project

Hallmark Reference

Deregulated metabolism Robey et al., 2015 (21)
Nabhta et al., 2015 (22)

Hu et al., 2015 (23)
Kravchenko et al., 2015 (24)
Narayanan et al., 2015 (25)
Carnero et al., 2015 (26)
Engstrom et al., 2015 (27)
Ochieng et al., 2015 (28)
Thompson et al., 2015 (29)
Casey et al., 2015 (30)
Langie et al., 2015 (31)

Evasion of anti-growth signaling
Angiogenesis

Immune system evasion
Resistance to cell death
Replicative immortality
Sustained proliferative signaling
Tissue invasion and metastasis
Tumor-promoting inflammation
Tumor microenvironment
Genome instability

The articles were curated and checked by our group. All
gene/protein terms and pathway terms mentioned in these
articles were manually identified and assigned to the corre-
sponding HOCs. The retrieved gene/protein terms include
symbols, names and synonyms. Some of them are symbols
or names of a gene/protein family with several members; for
example, E2F is a protein family that includes eight family
members (E2F1-E2F8) and glutathione peroxidases com-
posed of isoenzymes from different genes (GPX1-GPX8).
All gene/protein terms were then submitted to the National
Center of Biotechnology Information gene portal (ncbi.
nlm.nih.gov/gene) to retrieve the corresponding Entrez gene
IDs of humans. For those terms that represent a protein

complex that did not return a gene ID, such as PIDDosome,
we included all proteins that form that complex. For gene
terms that represent gene families, all genes of the same
family are retrieved and grouped into the same HOC. The
curated gene set consisting of standardized HP genes was
named HP gene set (Halifax Project gene set). Duplicate
genes were identified and removed for each HOC based on
their Entrez gene IDs.

For the retrieval of pathway terms, phrases that are
composed of ‘pathway’ or ‘signaling’ were selected, such as
ataxia telangiectasia-mutated (ATM) checkpoint kinase 2
(Chk2) pathway or transforming growth factor-beta (TGF-
beta) signaling. The pathway terms were then submitted to
the Reactome pathway database to identify the correspond-
ing pathways ID (REACTID) that most closely related
to the pathway terms (32). The retrieved REACTID of
the selected pathways were collected and grouped accord-
ing to the corresponding HOCs. Duplicate pathway terms
were identified and removed for each HOC based on their
REACTIDs.

Expanded gene dataset (EX-genes)

Since the reviews by Halifax Project do not include all
relevant genes of an HOC pathway, the HP genes represent
only partial information of the HOCs. To obtain more
comprehensive gene sets, we expanded the HP genes by
appending all genes that participate in the HOC pathways
for each HOC. The gene IDs for all REACTIDs were
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collected from the Reactome database, and duplicates were
removed based on the standardized gene IDs. The expanded
genes were named EX genes which also included HP
genes.

Reference datasets for validation

A total of three carcinogen lists were extracted from IARC
(Monograph 118, https://monographs.iarc.fr/agents-classi
fied-by-the-iarc), NTP (14th Report of Carcinogens, https//
ntp.niehs.nih.gov/whatwestudy/assessments/cancer/roc/i
ndex.html?utm_source=direct&utm_medium=prod&utm_
campaign=ntpgolinks&utm_term=roc) and EPA (dose-
response assessment table, Table 1 (chronic) June 18,2018
https://www.epa.gov/fera/dose-response-assessment-asse
ssing-health-risks-associated-exposure-hazardous-air-po
llutants). Chemical names and/or CAS numbers were
firstly retrieved from these lists. The PubChem database
was subsequently queried using the retrieved names/CAS
numbers to identify the corresponding compound IDs
(CIDs). Only chemicals with corresponding CIDs and
structures were utilized for the validation of curated HOC
terms. If a chemical returned more than one CID, the CID
number with the synonyms that resemble closely to the
chemical will be selected. The CID was kept unique for each
HOC.

In the carcinogen list of IARC monograph volumes
1-118, there are a total of 999 agents separated into five
groups (Groups 1, 2A, 2B, 3 and 4). After curation, 723
chemical compounds were included for analysis (48 in
Group 1, 60 in Group 2A,229 in Group 2B, 385 in Group 3
and one in Group 4). Fifty-three agents are non-compound
agents (such as Schistosoma haematobium or betel quid
with tobacco). One hundred and sixty-nine agents do not
have a corresponding CID. Fifty-four agents have no data
on interacting proteins.

The report on carcinogens (RoC) from the NTP website
contained agents that listed as ‘known to be a human
carcinogen (KHC)’ and ‘reasonably anticipated to be a
human carcinogen (RAHC)’. In the 14th RoC, there are 272
agents. Two hundred and twenty compounds are included
in the list (34 are KHC and 186 are RAHC). Fourteen
agents are non-compound agents (such as UV radiation
A or wood dust). Forty-six agents do not have a corre-
sponding CID. Five agents have no data on interacting
proteins.

For the EPA carcinogen list, we downloaded the haz-
ardous air pollutants on long-term inhalation and oral
exposures. Since the chemicals were classified either based
on guidelines published in 1986 or 2005, we regrouped
them into five groups: Group A consists of human car-
cinogens; Group B comprises probable carcinogens; Group

C is composed of possible carcinogens; Group D con-
tains unclassifiable chemicals; Group E consists of non-
carcinogens (Table S1). The list comprises one hundred
and fifty-three chemicals. After removing two chemicals
without CIDs, a total of 150 chemicals (13 for Group A,
71 for Group B, 20 for Group C, 44 for Group D and 2 for
Group E) were included in our analysis.

Analysis of affected hallmarks of cancer

For each chemical, its interacting proteins and corre-
sponding enriched pathways were obtained from the
toxicogenomics analysis system of ChemDIS. Since the
effect on HOCs could be either activation or inactivation,
only affected HOCs could be identified by using ChemDIS.
In this study, a threshold score of 150 was used for the
toxicogenomics analysis and a pathway with an original
P value<0.05 was considered to be significantly affected.
Five criteria were proposed to identify affected HOCs as
described in the following.

(a) HP gene:
An HOC is considered affected if at least one HP gene
of the HOC is interacting with the test chemical.

(b) HP pathway:
An HOC is considered affected if at least one HP
pathway of the HOC is significantly affected by the
test chemical.

(c) EX gene:
An HOC is considered affected if at least one EX gene
of the HOC is interacting with the test chemical.

(d) HP gene and HP pathway:
An HOC is considered affected if at least one HP gene
of the HOC is interacting with the test chemical and
at least one HP pathway is significantly affected by the
test chemical.

(e) EX gene and HP pathway:
An HOC is considered affected if at least one EX gene
of the HOC is interacting with the test chemical and
at least one HP pathway is significantly affected by the
test chemical.

Statistical analysis

Statistical analyses were performed using RStudio setting
the significance level @ =0.05 (33). The numbers of affected
HOGC:s for chemicals of different toxicity groups defined by
IARC and EPA were compared using Dunnett T3 test, which
is a modified Tukey—Kramer pairwise multiple comparison
post hoc tests adjusted for unequal variances and unequal
sample sizes (34,35). The number of affected HOC for
chemicals in NTP was compared using Student’s ¢ test. It
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Table 2. The number of curated genes (HP genes), pathways
(HP pathways) and expanded genes (EX genes)

Hallmark of cancer (HOC) HP gene HP pathway EX gene

Evasion of anti-growth signaling 160 19 427
Replicative immortality 56 17 429
Sustained proliferation 75 14 246
Genome instability 4 12 292
Resistance to cell death 102 15 235
Immune evasion 26 17 259
Invasion and metastasis 101 7 232
Micro-environment 43 3 109
Angiogenesis 26 10 242
Metabolism 126 25 644
Inflammation 10 2 84

was used to validate if our predictive system is able to
differentiate the chemicals of each toxicity group using the
affected HOCs.

Results and discussion

Curation of HP genes and HP pathway

The HP genes and HP pathways related to HOCs were
manually curated from the review articles generated by
Halifax Project. The curated database consists of 695 HP
genes and 159 HP pathways involved with the 11 HOCs.
After the expansion of genes according to the involved
pathways, the total number of EX genes is 3199. Table 2
shows the numbers of genes (HP genes and EX genes) and
pathways (HP pathways) associated with each HOC. Some
of the HOCs might be poorly characterized. For example,
there are only 4 and 10 HP genes for genome instability and
inflammation. Also, the numbers of HP pathways for the
HOC:s of micro-environment and inflammation are only 3
and 2. The HOCs with a small number of HP genes and HP
pathways might result in lower sensitivity for the detection
of affected HOCs based on the proposed strategies as men-
tioned in Method. The curated HOC database is available
in the Supplementary Table S2.

Application of curated HOC data to the
prioritization of chemicals of carcinogenic
concern

To demonstrate the usefulness of the curated HOC
database, three carcinogen lists of IARC, NTP and EPA were
analyzed based on the analysis results of interacting genes
and enriched pathways by the in silico toxicogenomics
system ChemDIS. First, the interacting HP genes, EX
genesand HP pathways were identified using the ChemDIS

system. Subsequently, the activation of HOCs was cal-
culated based on five criteria of HP gene, EX gene, HP
pathway, the combination of HP gene and HP pathway
and the combination of EX gene and HP pathway. Finally,
statistical significance was calculated using the Dunnett
T3 test.

For the TARC list, we found an increasing trend in the
number of affected HOCs when the corresponding carcino-
genicity category of a compound increases (Figure 2). Based
on different criteria (HP gene, EX gene and HP pathway),
the number of affected HOCs involved in Group 1 and
Group 2A chemicals is significantly higher (P value <0.05)
than those involved by group 2B and Group 3/Group 4.
Such difference is also seen when genes (HP genes or EX
genes) and HP pathways are considered together (i.e. the
combination of HP gene and HP pathway, and the combi-
nation of EX gene and HP pathway). Altogether, the results
suggest that chemicals interacting with more HP genes/EX
genes/HP pathways are more likely to be a carcinogen.

Similar results were also found in the analysis of the NTP
carcinogen list (Figure 3), where chemicals with a higher
number of interacting proteins involved with HOCs are
more likely to be carcinogenic (P value <0.005).

For the EPA list, similar results were also obtained by
the comparison of chemicals in Group A, Group B and
Group C, but not chemicals in Group D and Group E
(Figure 4). When using methods such as HP gene, EX
gene, HP pathway, the combination of HP gene and HP
pathway and the combination of EX gene and HP pathway
to determine the affected HOCs, the number of affected
HOC:s involved in Group A is significantly higher than
those in Group B and Group C. Although a higher number
of affected HOCs were found in Group B when compared
to Group C, it is not statistically significant with a P value
>0.872. Also, the numbers of affected HOCs in Group D
and Group E are not statistically different from Group A
chemicals with a P value >0.222. It is easy to understand
why the number of affected HOCs for chemicals in Group
D is not statistically significant since the chemicals in Group
D still have no sufficient information to make a conclusion
and might be carcinogens. However, the number of affected
HOC:s in Group D is lower than that in Group A, and thus
the chemicals in the latter group still can be separated out
with a proper cutoff value. Since the system for classifying
the carcinogenicity of agents made a major shift in 2003, the
combination of two different classification systems might
perturb the analysis. Besides, the mean numbers of affected
HOCs in Group D are lower than those in Group A but
higher than those in Group B and Group C. Please note that
the mean number of affected HOCs in Group D is subject
to change once the chemicals are reclassified based on new
evidence.
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The criteria applied for the classification of the car-
cinogens are different among the agencies; thus, dupli-
cated and/or inconsistently classified chemicals are common
among the datasets of EPA, NTP and IARC. There are 28
chemicals that are duplicated or inconsistently classified, 13
of them are listed in all three of the carcinogen lists and 15
of them are listed in at least two out of three of the car-
cinogen lists (Table S3). The carcinogenicity classification
of 14 of the chemicals is inconsistent in different carcinogen
lists, listed as carcinogen (known human carcinogen in NTP,
grade 1 in IARC and/or Class A in EPA) in some of the lists
but not in other. The details of the inconsistency are listed in
Table S3 and Table S4. The chemicals in the EPA carcinogen
lists have the highest inconsistency rate, with 8% (7 = 12) of
them inconsistently classified in the other two lists, followed
by 5.9% (n =13) in NTP and 1.7% (7 =12) in IARC. The
removal of the small number of inconsistently or duplicated
chemicals did not affect the conclusions.

Altogether, the analysis results for the three carcino-
gen lists show that chemicals with more affected HOCs
are more likely to be more carcinogenic. The integration
of the HOC database and ChemDIS analysis is useful.
Since the analysis of ChemDIS is based on known and
predicted interacting proteins, the assessment results of
poorly characterized chemicals with an incomplete profile
of interacting proteins could be unreliable. The affected
HOC:s could also be identified by using experimental data
such as differentially expressed genes derived from the
transcriptomics study to further improve the prioritization
method.

Conclusion

This study presents a novel database of HOC-relevant genes
and pathways curated from the review articles published
by the Halifax Project (HP). The database enables the
identification of affected HOCs associated with a chemical
once we know the interacting genes and pathways of the

IARC

Number of HOC
o

HP-gene

HP-pathway

chemical. Besides, by using the publicly available Reactome
pathway database, we further expanded the HOC-relevant
gene set that was not mentioned in the HP articles but
is likely to work alongside the chemicals indirectly. This
step is essential since some of the Halifax Project reports
focus on the discussion of HOCs mechanisms rather than
relevant genes. The inclusion of the extra genes associated
with HOC relevant pathways is therefore considered a vital
add-on to the analysis of affected HOCs.

Since the number of affected HOCs reflects how exten-
sive a chemical involved in the cancer-related pathway of
a cell, we incorporated the analysis results of interacting
genes and enriched pathways of chemicals from ChemDIS
to develop an in silico prioritization method for chemicals
of carcinogenic concern. Five criteria were proposed to
identify affected HOCs, and three carcinogen lists of IARC,
NTP and EPA were utilized to validate the proposed priori-
tization method. Our results show that chemicals with more
affected HOCs are more likely to be more carcinogenic and
the HOC database is useful.

This important finding demonstrated that the HOC
information can provide insights into the mechanisms
of how a carcinogen transforming cell. For example,
aristolochic acid (AA) derived from the Aristolochia spp.
is a genotoxic mutagen that formed DNA adducts after
metabolic activation (36). It is grouped as G1 in TARC
monograph volumes 1-118. Using the OECD QSAR
toolbox and the VEGA QSAR application, AA is labeled
as a carcinogen (37,38). With the information of HOC, we
can disclose that AA interacts directly or indirectly with
the genes of evasion of anti-growth signaling, replicative
immortality, sustained proliferation, cell death, immune
evasion, invasion and metastasis, microenvironment,
angiogenesis and metabolism. These are the possible
mechanisms that AA transformed during the process of
carcinogenesis. The information of HOC can also be used
as additional methods that work along with the QSAR
methods to predict carcinogenicity of chemicals. Silica dust,
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Figure 2. The number of affected hallmarks of cancer (HOCs) for different groups of IARC chemicals. IARC, international agency for research on
cancer; G1, IARC Group 1 chemicals; G2A, IARC Group 2A chemicals; G2B, IARC Group 2B chemicals; G3, IARC Group 3 chemicals; G4, IARC Group

4 chemicals.
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Figure 3. The number of affected hallmarks of cancer (HOCs) for different groups of National Toxicology Program chemicals. NTP, National Toxicology
Program; KHC, known to be a human carcinogen; RAHC, reasonably anticipated to be a human carcinogen.
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Figure 4. The number of affected hallmarks of cancer (HOCs) for different groups of Environmental Protection Agency chemicals. EPA, Environmental
Protection Agency; A, Group A chemicals after regroup chemicals classes that previously classified based on the EPA guidelines published in 1986

or 2005; B, Group B; C, Group C; D, Group D; E, Group E.

crystalline in the form of quartz or cristobalite, is listed as
a G1 carcinogen in the IARC monograph (39). Silica dust
did not raise carcinogen alert when evaluated using the
OECD QSAR toolbox and the VEGA QSAR application.
However, the HOC database shows that silica dust interacts
with all of the 11 HOC. Thus, the knowledge of the HOC
database can be important complementary information
besides QSAR analysis.

This database can be a valuable tool for toxicologists
and researchers that are interested in understanding the
mechanistic pathways that transform a normal cell into a
cancer cell by a chemical. Given test chemicals, the poten-
tially affected HOCs can be easily identified the chemicals
can be prioritized for their carcinogenic potential based
on the in silico method shown in this study. While the
affected HOCs of a chemical identified by the proposed
method combining HOC database and ChemDIS analysis
is useful for prioritizing chemicals of carcinogenic concern,
the activation or inactivation effect on the HOCs can
be further studied to provide insights into the molecular
pathways. Future works could be the incorporation of the
differentially expressed genes derived from toxicogenomics
studies for improving the identification of affected HOCs
and determination of the action of HOCs. The curated
HOC database is expected to be useful for identifying
chemicals of carcinogenic concern and could be further

integrated with other evidence for chemical prioritization
based on the weight-of-evidence principle.

Supplementary data

Supplementary data is available at Database online.

Conflict of interest

The authors declare that they have no conflict of interest.

Funding

This work was supported by the Ministry of Science and Technol-
ogy of Taiwan (MOST107-2221-E-038-020-MY3); National Health
Research Institutes (NHRI-109A1-EMCO-0319204); Taipei Med-
ical University (TMU108-AE1-B36); and Kaohsiung Medical Uni-
versity Hospital, Kaohsiung Medical University (KMUH104-4R69).
Open access publication was supported by the National Health
Research Institutes (NHRI-109-EMGP-01). The funding agencies
play no role in the study design, data analysis and manuscript
preparation.

References

1. Straif, K. (2008) The burden of occupational cancer. Occup.
Environ. Med., 65, 787-788.

2. World Health Organization (2009) Global health risks : mor-
tality and burden of disease attributable to selected major
risks. https://apps.who.int/iris’handle/10665/44203 (4 Febru-
ary 2020, date last accessed).


https://academic.oup.com/database/article-lookup/doi/10.1093/database/baaa045#supplementary-data
https://apps.who.int/iris/handle/10665/44203

Page 8 of 9

Database, Vol. 2020, Article ID baaa045

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

International Agency for Research on Cancer (2020) Agents
Classified by the IARC Monographs, Volumes 1-125. IARC
Monographs on the Identification of Carcinogenic Hazards to
Humans. https://monographs.iarc.fr/agents-classified-by-the-ia
rc (4 February 2020, date last accessed).

National Toxicology Program. (2020) 14th Report on Carcino-
gens. https://ntp.niehs.nih.gov/go/roc14 (4 February 2020, date
last accessed).
United States (2015)

Evaluating pesticides for carcinogenic potential. Evaluating

Environmental Protection Agency
Pesticides for Carcinogenic Potential. https://www.epa.gov/pesti
cide-science-and-assessing- pesticide-risks/evaluating- pesticide
s-carcinogenic-potential (4 February 2020, date last accessed).
Boobis,A.R., Cohen,S.M., Doerrer,N.G. et al. (2009) A data-
based assessment of alternative strategies for identification of
potential human cancer hazards. Toxicol. Pathol., 37, 714-732.
Osimitz,T.G., Droege,W., Boobis,A.R. et al. (2013) Evaluation of
the utility of the lifetime mouse bioassay in the identification of
cancer hazards for humans. Food Chem. Toxicol., 60, 550-562.
Woutersen,R.A., Soffers,A.E.M.E, Kroese,E.D. et al. (2016) Pre-
diction of carcinogenic potential of chemicals using repeated-
dose (13-week) toxicity data. Regul. Toxicol. Pharmacol. RTP,
81,242-249.

Gori,G.B. (2013) Regulatory forum opinion piece: long-term
animal bioassays: is the end near? Toxicol. Pathol., 41, 805-807.
Roundtable on Environmental Health Sciences, Research, and
Medicine; Board on Population Health and Public Health Prac-
tice; Institute of Medicine (2014) Chapter 2. The Challenge:
Chemicals in Today’s Society. In: Identifying and reducing envi-
ronmental health risks of chemicals in our society: Workshop
summary. Washington, DC:The National Academies Press, pp.
5-24.

United States Environmental Protection Agency (2014) TSCA
chemical substance inventory. https://www.epa.gov/tsca-inve
ntory (4 February 2020, date last accessed).

Smith,M.T., Guyton,K.Z., Gibbons,C.E et al. (2016) Key char-
acteristics of carcinogens as a basis for organizing data on
mechanisms of carcinogenesis. Environ. Health Perspect., 124,
713-721.

Tung,C.-W. and Wang,S.-S. (2018) ChemDIS 2: an update of
chemical-disease inference system. Database (Oxford), 2018,
bay077

Tung,C.-W., Wang,C.-C., Wang,S.-S. et al. (2018) ChemDIS-
mixture: an online tool for analyzing potential interaction effects
of chemical mixtures. Sci. Rep., 8, 10047.

Tung,C.-W. (2015) ChemDIS: a chemical-disease inference sys-
tem based on chemical-protein interactions. J. Cheminformatics,
7,25.

Mattingly,C.]J., Colby,G.T., Forrest,].N. et al. (2003) The com-
parative toxicogenomics database (CTD). Environ. Health
Perspect., 111, 793-795.

Tung,C.-W., Cheng,H.-]., Wang,C.-C. et al. (2020) Leveraging
complementary computational models for prioritizing chemicals
of developmental and reproductive toxicity concern: an example
of food contact materials. Arch. Toxicol., 94, 485-494.
Hanahan,D. and Weinberg,R.A. (2000) The hallmarks of cancer.
Cell, 100, 57-70.

Hanahan,D. and Weinberg,R.A. (2011) Hallmarks of cancer: the
next generation. Cell, 144, 646-674.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Goodson,W.H., Lowe,L., Carpenter,D.O. et al. (2015) Assessing
the carcinogenic potential of low-dose exposures to chemical
mixtures in the environment: the challenge ahead. Carcinogen-
esis, 36, 5254-5296.

Robey,R.B., Weisz,]., Kuemmerle,N.B. ez al. (2015) Metabolic
reprogramming and dysregulated metabolism: cause, con-
sequence and/or enabler of environmental carcinogenesis?
Carcinogenesis, 36, S203-5231.

Nahta,R., Al-Mulla,E, Al-Temaimi,R. et al. (2015) Mecha-
nisms of environmental chemicals that enable the cancer hall-
mark of evasion of growth suppression. Carcinogenesis, 36,
S2-§18.

Hu,Z., Brooks,S.A., Dormoy,V. et al. (2015) Assessing the car-
cinogenic potential of low-dose exposures to chemical mixtures
in the environment: focus on the cancer hallmark of tumor
angiogenesis. Carcinogenesis, 36, $184-5202.

Kravchenko,]., Corsini,E., Williams,M.A. et al. (2015) Chemi-
cal compounds from anthropogenic environment and immune
evasion mechanisms: potential interactions. Carcinogenesis, 36,
S111-S127.

Narayanan,K.B., Ali,M., Barclay,B.]. et al. (2015) Disruptive
environmental chemicals and cellular mechanisms that confer
resistance to cell death. Carcinogenesis, 36, $89-5110.
Carnero,A., Blanco-Aparicio,C., Kondoh,H. ez al. (2015) Dis-
ruptive chemicals, senescence and immortality. Carcinogenesis,
36, 519-837.

Engstrom,W., Darbre,P., Eriksson,S. et al. (2015) The potential
for chemical mixtures from the environment to enable the cancer
hallmark of sustained proliferative signalling. Carcinogenesis,
36, S38-560.

Ochieng,]., Nangami,G.N., Ogunkua,O. et al. (2015) The impact
of low-dose carcinogens and environmental disruptors on tissue
invasion and metastasis. Carcinogenesis, 36, $128-5159.
Thompson,P.A., Khatami,M., Baglole,C.]. et al. (2015) Envi-
ronmental immune disruptors, inflammation and cancer risk.
Carcinogenesis, 36, S232-5253.

Casey,S.C., Vaccari,M., Al-Mulla,F. et al. (2015) The effect
of environmental chemicals on the tumor microenvironment.
Carcinogenesis, 36, S160-5183.

Langie,S.A.S., Koppen,G., Desaulniers,D. et al. (2015) Causes of
genome instability: the effect of low dose chemical exposures in
modern society. Carcinogenesis, 36, S61-S88.

Joshi-Tope,G., Gillespie,M., Vastrik,l. et al. (2005) Reactome: a
knowledgebase of biological pathways. Nucleic Acids Res., 33,
D428-D432.

RStudio Team (2015) RStudio: Integrated Development for R.
RStudio, Inc., Boston, MA. https://rstudio.com/ (4 February
2020, date last accessed).

Dunnett,C.W. (1980) Pairwise multiple comparisons in the
unequal variance case. J. Am. Stat. Assoc., 75, 796-800.
Lau,M.K. (2013) DTK: Dunnett-Tukey-Kramer pairwise multi-
ple comparison test adjusted for unequal variances and unequal
sample sizes. R Package Version 3.5.

Arlt,V.M., Stiborova,M. and Schmeiser,H.H. (2002) Aris-
tolochic acid as a probable human cancer hazard in herbal
remedies: a review. Mutagenesi, 17, 265-277.

Mombelli,E. and Devillers,]. (2010) Evaluation of the OECD
(Q)SAR application toolbox and Toxtree for predicting and


https://monographs.iarc.fr/agents-classified-by-the-iarc
https://monographs.iarc.fr/agents-classified-by-the-iarc
https://ntp.niehs.nih.gov/go/roc14
https://www.epa.gov/pesticide-science-and-assessing-pesticide-risks/evaluating-pesticides-carcinogenic-potential
https://www.epa.gov/pesticide-science-and-assessing-pesticide-risks/evaluating-pesticides-carcinogenic-potential
https://www.epa.gov/pesticide-science-and-assessing-pesticide-risks/evaluating-pesticides-carcinogenic-potential
https://www.epa.gov/tsca-inventory
https://www.epa.gov/tsca-inventory
https://rstudio.com/

Database, Vol. 2020, Article ID baaa045 Page 9 of 9

profiling the carcinogenic potential of chemicals. SAR OSAR Proceedings., 1107, 21-28.
Environ Res., 21,731-752. 39. Goldsmith,D.E. (1996) Importance of causation for interpreting
38. Benfenati,E., Manganaro,A. and Gini,G. (2013) VEGA-QSAR: occupational epidemiology research: a case study of quartz and

Alinside a platform for predictive toxicology. CEUR Workshop cancer. Occup Med., 11, 433-449.



	Curation of cancer hallmark-based genes and pathways for in silico characterization of chemical carcinogenesis 
	Introduction 
	Methods
	Curation of genes and pathways relevant to the hallmarks of cancer
	Expanded gene dataset EX-genes
	Reference datasets for validation
	Analysis of affected hallmarks of cancer
	Statistical analysis

	Results and discussion
	Curation of HP genes and HP pathway
	Application of curated HOC data to the prioritization of chemicals of carcinogenic concern

	Conclusion
	Supplementary data
	Conflict of interest
	Funding


