1.

EXECUTIVE SUMMARY

We developed a systematic approach for evaluating and utilizing toxicogenomic data in
health assessment. This report describes this approach and a case study conducted for dibutyl
phthalate (DBP) to illustrate the approach. As a result of the case-study exercise, we refined the
initial case-study approach for general use in new chemical assessments. In this report, we
reviewed some of the recent and ongoing activities regarding the use of genomic data in risk
assessment, inside and outside of the U.S. Environmental Protection Agency (EPA). We also
identified research needs, recommendations, and issues for future consideration when using
genomic data in risk assessments.
Toxicogenomics is the application of genomic technologies (e.g., transcriptomics,
proteomics, metabolomics, genome sequence analysis) to study the effects of environmental
chemicals on human health and the environment. The EPA Interim Genomics Policy (U.S. EPA,
2002a) encourages the use of genomic data, on a case-by-case basis, in a weight-of-evidence
(WOE) approach. Currently, EPA provides no guidance for incorporating genomic data into risk
assessments of environmental agents. However, EPA’s Science Policy Council (SPC) has
developed interim guidance regarding other aspects of the use of microarray data at EPA,
entitled Interim Guidance for Microarray-Based Assays: Data Submission, Quality, Analysis,
Management, and Training Considerations (U.S. EPA, 2006b).
DBP was selected for the case study because it has a relatively large genomic data set and
phenotypic anchoring of certain gene expression data to some male reproductive developmental
outcomes. The scope of the case study was limited to the male reproductive developmental
outcomes of DBP, and this effort was limited to evaluating the available published toxicity and
toxicogenomic data for the DBP case study. The DBP case study is a separate endeavor with
distinct goals from EPA’s Integrated Risk Information System (IRIS) assessment of DBP.

1.1. APPROACH
Genomic data have the potential to inform toxicodynamics (TD), toxicokinetics (TK),
inter- and intraspecies differences in TD and TK, exposure assessment, and dose-response
assessment. Our strategy was to design an approach for evaluating genomic data for risk
assessment that is both systematic and flexible enough to accommodate different health and risk
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assessment practices. The first step of the approach is to evaluate the available genomic data set
for its application to a broad range of information types (e.g., TD, TK, intra-and interspecies TD
and TK differences) that are useful to risk assessment as well as the steps of health assessment
(e.g., hazard characterization, dose-response assessment). Through this iterative process, the
potential use of the available genomic data is determined. As part of the scoping step, the
available human, toxicology, and genomics studies are reviewed to determine their use to the
genomic data set evaluation. For instance, the toxicity, human, and toxicogenomic data sets are
considered together to determine the relationship (i.e., degree of phenotypic anchoring) between
gene and pathway changes to health or toxicity outcomes. As a result of the scoping step,
questions are posed to direct and focus the evaluation of the genomic data set.
The next steps include detailed evaluations directed by the formulated questions of the
toxicity and/or epidemiological data sets and the toxicogenomic data set. For example, when
genomic data are available to inform mechanisms of action or modes of action (MOAs), the
toxicogenomic and toxicity data sets can be evaluated together, relating the affected endpoints
(identified in the toxicity data set evaluation) to the genes and/or pathways (identified in the
toxicogenomic data set evaluation) to establish or formulate hypotheses about an MOA. In
addition to informing the mechanisms of action and the MOAs (TD and TK steps), genomic data
also have the potential to inform inter- and intraspecies TD differences, and dose-response
assessment, depending on the genomic study design (e.g., species, organ, single dose vs. multiple
doses, genomic method) of the available data. The approach also includes new analyses of the
genomic data for the purpose of risk assessment when data are available and such new analyses
may address questions that are relevant to the risk assessment.

1.2. DBP CASE STUDY
For the DBP case-study example, we utilized the data set summaries and data gaps
identified in the external review draft IRIS Tox Review for DBP (U.S. EPA, 2006a) and asked
whether the genomic data set could inform any of these data gaps. In parallel, the DBP genomic
data set was considered, in light of all risk assessment aspects that these data might inform. As a
result of following these two processes, we formulated two specific case-study questions that the
available genomic data for DBP had the potential to inform:
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•

Do the toxicogenomic data inform the mechanisms of action and/or MOAs for DBP?

•

Do the toxicogenomic data inform interspecies differences in TD?

The team considered it highly likely that the DBP toxicogenomic data set could inform the
modes or mechanisms of action. The team considered it possible, but less certain, that the crossspecies differences in one or more DBP MOAs could be informed by evaluating genomic data
(e.g., DNA sequence data).
Additional questions were excluded because appropriate data were lacking. For example,
one question of great interest is, Do the toxicogenomic data inform dose-response? However,
this question could not be addressed in this case study because there were no dose-response
genomic data for DBP. Few chemicals have available dose-response genomic data and DBP is
not unusual in this respect. The evaluation of the one available DBP dose-response gene
expression study, although not global, is discussed in the report. As a result of the DBP genomic
data set limitations, the case study focuses on the qualitative application of genomic data to risk
assessment. In addition, exposure assessment was not considered in this approach because the
case study was performed using the IRIS chemical assessment model, which only includes
hazard identification and dose-response steps of the risk assessment paradigm.
We found that the DBP toxicogenomic data did inform the mechanism of action, and
generated hypotheses about possible additional MOAs, for DBP and male reproductive
developmental outcomes. There is substantial evidence in the published literature that a number
of the gene expression changes observed in genomic studies are phenotypically anchored for a
number of the male reproductive developmental outcomes observed after in utero DBP exposure
in the rat. The available genomic and other gene expression data, hormone level data, and
toxicity data for DBP are instrumental in the establishment of two MOAs: (1) a decrease in fetal
testicular testosterone (T); and (2) a decrease in Insulin-like 3 (Insl3) expression. A decrease in
fetal testicular T is a well-established MOA for a number of the male reproductive
developmental effects observed in the male rat after in utero DBP exposure. The genomic and
single gene expression data, after in utero DBP exposure, identified changes in genes involved in
steroidogenesis and cholesterol transport, consistent with the observed decrease in fetal testicular
T. Decreased Insl3 expression is a second well-established MOA responsible, in conjunction
with reduced T, for the undescended testis effect observed following in utero DBP exposure.
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Reverse transcription-polymerase chain reaction (RT-PCR) and in vivo toxicology study results
support the role of Insl3 in one of the two steps of testis descent.
Evaluating genomic and toxicity data together also provides information on putative
novel MOAs. A number of the DBP toxicity and toxicogenomic studies were performed in the
same strain of rat using similar doses and exposure intervals that allowed for comparisons across
studies. In this case study, rodent reproductive developmental toxicity studies were evaluated for
low incidence and low-dose findings and for the male reproductive developmental effects that
currently do not have an explained MOA (termed “unexplained endpoints”). In the case study,
we focused on the outcomes in the testes because all, but one, of the DBP toxicogenomic studies
were performed on testes. We identified five testicular endpoints without a known MOA that
were pursued further in the evaluation of the toxicogenomic data set.
The nine published RT-PCR and microarray studies in the rat were evaluated as part of
the toxicogenomic and associated gene expression data set to identify genes and pathways
affected after in utero DBP exposure. Both the microarray data set alone and the entire gene
expression data set (including all gene expression studies including microarray studies) were
evaluated for consistency of findings. At the gene level, the findings from the DBP genomic
studies (i.e., microarray, RT-PCR, and protein expression) were relatively highly correlated with
one another in both the identification of differentially expressed genes (DEGs) and their
direction of effect. The evaluation of the published toxicity and toxicogenomic studies
corroborates the two known MOAs for DBP.
The published microarray studies for DBP focused primarily on pathways related to the
reduced fetal testicular T MOA, such as the steroidogenesis pathway. We performed new
analyses of the data from one rat testes microarray study in order to identify all possible
pathways significantly affected by in utero DBP exposure. Using two different analytical
methods, pathways associated with the two well-established MOAs (decreased Insl3 and fetal
testicular T), as well as new processes (e.g., growth and differentiation, transcription, cell
adhesion) and pathways (e.g., Wnt signaling, cytoskeleton remodeling) not associated with either
Insl3 or steroidogenesis pathways, were identified. The newly identified putative pathways may
play a role in the regulation of steroidogenesis (i.e., related to a known MOA for DBP) or,
alternatively, may inform additional MOAs for one or more unexplained outcomes in the testes.
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The new analyses and the approach allowed us to develop hypotheses about possible DBP
MOAs for some male reproductive developmental outcomes.
To address the question of whether the available genomic data for DBP could inform the
interspecies TD part of the interspecies uncertainty factor, genomic data were evaluated to
inform interspecies differences in the steroidogenesis pathway, relevant to the decreased fetal
testicular T MOA. We explored the development of new methods to evaluate interspecies TD
differences. To evaluate cross-species similarity metrics for the steroidogenesis pathway
between rats and humans, we explored two approaches: protein sequence similarity and enzyme
presence. Preliminary results from applying each method suggest that steroidogenesis genes are
relatively highly conserved between rats and humans. However, we do not recommend utilizing
these data to inform interspecies uncertainty for DBP because it is difficult to make unequivocal
conclusions regarding a “high” versus “low” degree of conservation for the genes in this pathway
based on these data alone. With further refinement and improved data sources, these methods
could potentially be applied to other chemical assessments.
New methods for evaluating microarray data for the purposes of risk assessment were
explored and developed during the DBP case study. A new pathway analysis method, the
pathway activity level method, was developed and tested with two DBP study data sets. The
pathway activity level method determines pathway level changes as the initial step as opposed to
standard pathway analysis methods in which DEGs are first identified, followed by mapping of
the DEGs to pathways, as a second step. Further, the pathway activity level method was used to
evaluate time-course microarray data. A preliminary gene network model for DBP, based on the
results from one time-course study, identified a temporal sequence of gene expression and
pathway interactions that occur over an 18-hour interval within the critical window of exposure
for DBP and testicular development effects.

1.3. RECOMMENDATIONS
In addition to following the principles of the approach (i.e., systematically consider all
types of information with respect to the steps of risk assessment, identify questions to direct the
evaluation, and evaluate genomic data and toxicity data together), several specific
methodological recommendations arose from the DBP case-study experience. The first two
recommendations are straightforward and could reasonably be performed by a risk assessor with
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basic training in genomics data evaluation and interpretation. The third recommendation
requires expertise in genomic data analysis methods for implementation. The recommendations
are presented below:

1. Evaluate the genomic and other gene expression data for consistency of findings across
studies to provide a WOE evaluation of the affected gene expression and pathways.
Some simple methods, such as using Venn diagrams and gene expression compilation
approaches, can be applied to risk assessment. When evaluating the consistency of
toxicogenomic data findings, it is advantageous to include all available gene expression
data (single gene, global gene expression, protein, RNA) because single gene expression
techniques have been traditionally used to confirm the results of global gene expression
studies and because single gene expression data add to the database.
2. Perform benchmark dose (BMD) modeling on high-quality RT-PCR dose-response
studies of genes known to be in the causal pathway of an MOA or outcome of interest.
Obtaining a BMD and benchmark dose lower confidence limit (BMDL) is a useful
starting point for both linear low-dose extrapolation and reference value approaches. We
are not indicating which approach is appropriate to take for making predictions about the
potential risk below the BMD or BMDL. “High quality” is defined in this context as a
well-conducted study that assessed enough animals and litters for sufficient statistical
power for characterizing the mean responses and the variability (interlitter and intralitter).
3. Perform new analysis of toxicogenomic data in cases when the new analysis is likely to
yield new information that would be useful to the risk assessment. Examples include:
•

Perform a new pathway analysis in order to identify all affected pathways or other
risk assessment applications. When the available published microarray studies
have been conducted for purposes (e.g., basic science, pharmaceutical
development) other than risk assessment, it may be useful to reanalyze the raw
data for risk assessment purposes. Information about all affected pathways may
contribute to an understanding of the mechanisms and MOAs.

•

Identify the genes and pathways affected over a critical window of exposure if
global gene expression time-course data are available. Specifically, by
developing a gene network over time, it may be possible to identify the earliest
affected genes and/or pathways, which in turn may represent the earlier or
initiating events for the outcome of interest.

Based on these recommendations, we refined our initial case-study approach to produce a
generalizable approach that can be used to evaluate genomic data in new chemical assessments.
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1.4. RESEARCH NEEDS
The following research needs could potentially improve the utility of genomic data in risk
assessment:
•

Perform parallel toxicity and toxicogenomic studies with similar design characteristics
(i.e., dose, timing of exposure, organ/tissue evaluated) in order to obtain comparable
results which would aid our understanding of the relationship between gene expression
changes and phenotypic outcomes.

•

Test multiple doses, with increased numbers of animals, in microarray and toxicity
studies (see bullet above) in order to relate the dose to the gene expression and pathway
response, and to the in vivo response.

•

Perform a time-course global gene expression study over a relevant exposure interval
(e.g., critical window of development) in order to identify the earlier and possibly,
initiating gene expression events.

•

Generate TK data in an appropriate study (e.g., time, dose, tissue), and obtain a relevant
internal dose measure to derive the best internal dose metric.

•

Further develop bioinformatic methods for analyzing genomic data for the purpose of use
in risk assessment.
As a result of considering how to best use genomic data in risk assessment, we identified

a number of issues for future consideration. As more and various types of genomic studies are
performed, genomic data will likely inform multiple steps of the risk assessment process beyond
MOA. To facilitate the advancement of the use of genomics in risk assessment, first, we need
approaches to utilize genomic data quantitatively, specifically, the application of genomic data to
dose-response, intraspecies variability, and TK. Second, analytical methods tailored to use in
risk assessment are needed. Bioinformatics methods development work, some initiated in this
project, continues to evolve. The goal is to develop and/or adapt existing bioinformatic tools
currently used for hypothesis generation to the express purpose of utilizing genomic data for risk
assessment. The pathway activity level method presented in this report is a promising approach
for application to risk assessment. However, continued efforts, with input from both statistical
modeling and biology experts, is required to validate, test, and refine these methods. Third,
training risk assessors in genomic data analysis methods would assist EPA in the evaluation and
interpretion of complex, high-density data sets and in performing new analyses when necessary.
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Finally, some of the issues in utilizing genomic data in health and risk assessment are not
unique to genomic data but apply to precursor event information in general. Two of these issues
are (1) defining adversity and (2) establishing biological significance of gene expression changes
or pattern. The design and performance of appropriate studies, with both genomic and toxicity
components, may help to address the scientific aspects of these two important issues (see
research needs above).
To the best of our knowledge, this is the first systematic approach for using genomic data
in health assessment at EPA. We believe that this report can be used by risk assessors when
considering a large range of potential applications, issues, and methods to analyze genomic data
for future assessments. This approach advances efforts in the regulatory and scientific
communities to devise strategies for using genomic data in risk assessment, and it is consistent
with the pathway-based risk assessment vision outlined in the National Research Council’s
(NRC’s) report, Toxicity Testing in the 21st Century. We also anticipate that the research needs
and future considerations described herein will advance the design of future toxicogenomic
studies for application to risk assessment, and as a result, benefit the bioinformatic,
toxicogenomic, and risk assessment communities.
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