TOX/2009/35

COMMITTEE ON TOXICITY OF CHEMICALS IN FOOD CONSUMER PRODUCTS
AND THE ENVIRONMENT (COT)

Pathway Analysis Software for the Interpretation of Complex
Datasets

General Introduction

In the past decade there has been an explosion of high-content and high-throughput
data associated with a large number of disease states, chemical exposures and
biological species. To fully interpret this information it has become necessary to
develop a range of software tools that will identify the potentially biologically
important patterns within a given set of data, and present it in a context that is both
understandable to non specialists, and searchable so that the data underlying the
constructed networks can be viewed and assessed. To this end a number of analysis
tools have been developed, and this paper will provide a short overview of the most
commonly used approaches, using examples of both commercial and open access
software suites.

General Concepts

Literature Mining

An important source of information available to any researcher is peer-reviewed
literature. Much work has thus been undertaken to develop automated systems for
analysis of this large, and varied, dataset. Such approaches have been designed for
general extraction of information from biological texts (Barnickel et al., 2009) or to
address targeted questions, such as compound profiling (Frijters et al., 2007) or
disease-specific drug-protein interactions (Li et al., 2009). In general, these
algorithms extract up to three different levels of data: First, the appearance of two
keywords within an abstract will generate an association, but one that has no
directionality. Second, information on the relationship between the two keywords
may exist; for example ‘x induces expression of y’, which gives directionality to the
interaction. Third, more in-depth descriptors for the interaction may be present, such
as ‘x induces expression of y by three-fold’. Robust text mining lies at the heart of
many pathway analysis suites, and as such its continued development is central to
the development of analysis software as well.

Over-representation Analysis

The level of representation of any pathway within a given data set can be calculated
using the hypergeometric distribution of the data, essentially calculating the
probability that the number of genes contained within a given pathway that are
observed within a dataset would have occurred by random chance. Usually, Fishers
exact test is used to compare the number of targets from a specific pathway within
the dataset, with the total number of targets contained within that pathway and the
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total number of targets analysed. The resulting probability value is a function of the
level of representation of that pathway in the data set, with a lower p value
indicating a greater probability that the particular pathway is over-represented. Such
tests are the basis for data mining within complex datasets and the identification of
potentially altered biological functionality.

Gene Ontology
The GO knowledge qatabase is recognised as the international standard for the

annotation of genes (Ashburner et al., 2000). The main GO terms are as follows; BP
(Biological process); CC (Cellular Component); MF (Molecular Function). Each term
is sub-divided into five levels, representing a hierarchy of information detail from the
broadest gene list coverage with lowest specificity, to level 5 annotations, which
have the lowest gene list coverage but the highest specificity of categorization. In
complex GO algorithms a gene may be associated with multiple GO terms at a base
level, but as the gene is classified further up the hierarchy the number of associated
GO terms decreases; it is hence probable that genes with shared higher-order GO
terms will integrate into a biologically relevant network. The database is constantly
updated, and recently text-mining approaches have been applied to increase the
coverage of GO term assignment (Van Auken et al., 2009).

Commonly Used Databases
To facilitate network construction, analysis tools use remote access to a large
number of online databases. At the simplest level these allow th2e interpreta;ion of

codes from microarray datasets, most commonly the Affymetrix or lllumina
platforms. However, once such data has been imported into an analysis tool it must
be interpreted and networks constructed. To achieve this multiple databases are
used, either as part of the initial literature mining sweep to populate the database
with information, or for interrogation of networks by users once a network has been
constructed, allowing visualisation of the data underneath each indicated interaction.

Commonly used databases for network analysis are presented in table 1.

1

http://www.geneontology.org/
2

http://lwww.affymetrix.com/
3

http://www.illumina.com/
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Analysis Tools

Two levels of analysis for complex datasets may be envisaged; first, those that rely
purely upon pre-ascribed annotation for genes (such as GO terms) and allow the
identification of pathways enriched within a given dataset. Second, visualisation tools
that are more free-form and use text-mining approaches to gather interaction
information from a wider range of information and present it in a user-friendly
network map.

Pathway ldentification

DAVID

4
DAVID (Database for Annotation, Visualization and Integration Discovery ) is a web-
based software suite designed to categorize complex, high content, genomic and
proteomic data sets (Dennis et al., 2003; Huang et al., 2009). It comprises a set of
functional annotation tools allowing scientists to examine biological meaning behind
large list of genes, with common outputs from DAVID including identification of over-
represented biological pathways; visualisation of gene lists overlaid onto BioCarta
and KEGG pathway maps; identification of interacting proteins; identify gene-disease
associations.

An advantage of DAVID is its open-source nature and relative rapidity of use.
However, this advantage is offset to some degree by the less intuitive output
presented by the programme when compared to pathway visualisation tools such
as Cytoscape and Ingenuity Pathway Analysis. This concern has been mitigated
slightly by the recent publication of a full protocol for use of the software suite
(Huang et al., 2009), although it should still be viewed as a potential limitation for
ease of use by the non-specialist.

Example outputs form DAVID are shown in Figure 1, including identification of GO-
enriched terms, functional classification of enriched target genes and 2D heatmaps
of gene-term associations,

Pathway Visualisation

Cytoscape5

Cytoscape is the leading open source software project for integrating
biomolecular interaction networks with high-throughput expression data (Shannon
et al., 2003; Cline et al., 2007). It uses a graphical front end to allow the
visualisation of networks in a cellular context, incorporating expression data from
microarray experiments and allowing linkage to online databases such as

4
http://david.abcc.ncifcrf.gov/

5

http://www.cytoscape.org/
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PubMed. The strongest attribute of Cytoscape is its ability to produce publication
quality networks from experimental data, allowing users to visualise not only how
different transcripts/proteins links together to form a biological network, but also how
the expression levels of these components alter under different experimental
conditions through the overlay of single-source array datasets. Such an approach
allows both a visual and statistical identification of pathways/networks likely to be
impacted by, for example, chemical exposure (Rocke et al., 2009). Finally,
interactive text-mining of databases such as PubMed can be used to annotate and
expand networks using published literature.

Ingenuity Pathway Analg/sis

Ingenuity Pathway Analysis is the leading commercial software suite for integrating
biomolecular interaction networks with high-throughput expression data. It has been
used for a large number of analysis’, including liver (Fukushima et al., 2006; Lambert
et al., 2009), dermal (Gerecke et al., 2009), lung (Abdel-Aziz et al., 2008) and gastric
mucosal (Naito et al., 2007) toxicity. In addition, biological models of disease states
(Sharma et al., 2009) and biomarker identification (Gunawardana et al., 2009) have
also been investigated using Ingenuity Pathway Analysis Software.

As with Cytoscape, the base output of Ingenuity is a generated pathway showing
potential network interactions, which is overlayed with links to all
datasets/databases used to generate the network (figure 3A). Importantly, multiple
datasets can be analysed at one time, for example transcript and proteomic data,
increasing the robustness of any conclusions drawn (Figure 3B). An additional
potential benefit of Ingenuity Pathway Analysis over Cytoscape is the ability to
search for potential biomarkers within a generated network. However, it should be
noted that this, relatively new, feature has not been sufficiently tested to determine
how successful it is at selecting robust biomarkers.

Limitations of Analysis Software.

Although all of the abovementioned approaches will provide a wealth of information,
it is important to realise that a number of limitations exist to the analysis, all of which
need to be taken into account when interpreting any given analysis.

1. GO Term Assignment: Association into pathways based upon GO terms,
such as used by DAVID, is highly dependent upon the GO term(s)
associated with each target gene. Figure # shows the GO terms associated
with CYP3A4, and while it can be seen that the terms do describe its major
function as a mixed-function oxidase, they do not perhaps clearly describe it
as a scientist might. Hence, potential associations may be missed

http://www.ingenuity.com/
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2. Other Factors Regulating Pathway Flux: Over-representation of a
pathway in a dataset is not indicative that flux through a pathway is
increased. Other factors, such as post-translational modifications or control
coefficients (Groen et al., 1982) for each step within a pathway are not taken
into account, and these may have significant impact on the overall biological
activity of a pathway.

3. Coverage of databases: The degree of dataset coverage within any
individual database varies greatly. For a given microarray dataset, coverage
of differentially expressed targets within different databases varies from good
(>80%) to poor (<20%). As coverage of a dataset within any given database
decreases then so does the confidence of analysis using said database. In
general, coverage is best at the gene and transcript level, while coverage of
proteomic and metabolomic interactions are the poorest.

4. Accuracy of Literature Mining: All text-mining approaches are limited by
the robustness of their algorithms. The information that is generated my
range from in accurate (e.g. two words in an abstract that actually are not
related), to accurate (e.g. a correct identification of an interaction), to a
useful description (e.g. the relationship between the interactors).

Conclusions

In the past few years the availability and robustness of pathway analysis tools has
improved dramatically. It is now possible for the non-specialist scientist to freely use
software and rapidly produce a network of potential interactions based around a
query; as such this makes these software tools extremely powerful. However, it
should also be noted that there are a number of important caveats associated with
their use, meaning that any generated network is, essentially, a statistical probability
rather than a certainty. As such, it is important that these tools are seen as starting
points for analysis, providing investigative leads, rather than an endpoint. The
putative impact of a derived network on biological functionality must ultimately be
proved experimentally before it can be fully believed (Plant et al., 2009).
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Figure 1: Examplas of DAVID 2008 Qutput

Screen shots from DAVID analysis of a microarray dataset, demonstrating (A) Identification of over-
represented GO terms; (B) Functional classification of over-represented biological pathways; (C) He
mzps of gene-GO term associations
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