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ABSTRACT

Introduction. The past decade has witnessed exceptional growth in research involving
the study of biological pathways and corresponding growth in bioinformatics tools to support it.
Evolving concepts in the field are not always understood consistently, increasing the risk of
misinterpreted or lost research. It is therefore imperative to bioinformaticians that possible areas

of confusion be 1dentified and clarified.

Background. Pathway research defines or refines our understanding of interactions
between molecules within and between cells, primarily to identify molecular targets for disease
therapies. Pathways interact to form networks. Pathways and networks should be understood as

concrete series of chemical reactions, but as abstract, probabilistic models of molecular behavior.

Methods. Three top peer-reviewed bioinformatics journals were selected. Articles
published over a one year period of time were reviewed to identify the focus of the article, the

type of research being conducted, and specific terminology used.

Results and Discussion. The most common research activities were predictive modeling,
curation and pathway enrichment analysis. Predictive modeling is distinguished from descriptive
modeling by its exploratory nature. The objective of curation is to integrate disparate data
sources fof the purpose of reuse. Enrichment analysis can be performed with either pathway or

functional annotations, but care must be taken not to confuse the two.

Conclusion. Pathway research consists of a variety of activities and will continue to
evolve. With clear understanding of these research concepts, bioinformaticians can more
effectively communicate and disseminate tools to biologists to help realize the full potential of

pathway research and systems biology.
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INTRODUCTION

Researchers in the field of Systems Biology study the biological mechanisms underlying
human health across various scales and levels. At the most granular level, biological processes
can be understood as molecular interactions within and between cells. Generally speaking, a
known sequence of molecular interactions is called a pathway. Disruption of path is believed to
be the cause of a wide range of diseases, so pathways are a key unit of study in the search for

more effective therapies.

Recent years have witnessed an explosion in technology used to infer the presence and
behavior of genes and proteins within the body, such as gene expression microarrays, next-
generation DNA and RNA sequencing systems, and proteomics. The vast data generated by
these systems are driving a corresponding increase in the development of bioinformatics systems
used to store and analyze it. This paper seeks to aid bioinformaticians in developing a clear
understanding of current trends in systems biology and pathway research, the major types of

research being conducted, and key terminology associated with it.

To estimate both the significance and emerging nature of systems biology and pathway
research, counts of relevant journal articles in PubMed were conducted. First, PubMed was
queried for journal articles containing terms commonly associated with pathway research from
the years 2000 to 2009 (see Appendix A). As illustrated in Figure 1, these publications have
increased at an average rate of approximately 12% each year, more than doubling from 4,998 to

13,489.

Next, to approximate the increasing usage of bioinformatics tools in supporting pathway

research, the initial set of articles were limited further by the presence of terms commonly
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associated with bioinformatics tools (see Appendix B). These numbers are even more
compelling, increasing by nearly 40% each year from 61 articles in 2000 to 1061 articles in

2009, as illustrated in Figure 2.
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Figure 1: Counts of Pathway-Related Journal Articles
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Finally, the ratio of the two article counts year over year was taken to show the
percentage of pathway research overall specifically citing bioinformatics tools. In 2000,
activities of this type accounted for approximately 1.2% of published pathway research articles.
As illustrated in Figure 3, by 2009 these activities increased by 650% accounted for nearly 7.9%

-- a 6.5-fold increase.
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Figure 3: Percent of Pathway-Related Articles Incorporating Bioinformatics Terms

With growth comes change. The techniques, tools and terminology used by rescarchers
are rapidly evolving. This is inevitable mn any emerging science, but presents certain risks to
researchers. At best, such ambiguities introduce confusion and inefficiency into the research
process. At worst, they lead to incorrect interpretation of findings and, ultimately, loss of
research. Therefore, it is imperative to bioinformaticians that possible areas of confusion be
identified as early as possible so that research activities and outcomes can be communicated

unambiguously.
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BACKGROUND

For centuries, medical research was based exclusively on human-observable disecase
characteristics.' This improved over time as laboratory analyses were developed to measure
characteristics beyond the direct reach of human senses. Hypotheses were rigorously tested and
refined, resulting in remarkable medical breakthroughs, such as the curing of infections with
antibiotics and the virtual elimination of poliomyelitis. Interestingly, this “top-down” approach
to medical research tended to lead researchers to understand what treatments worked before
understanding /#ow they worked. The chemical structure of penicillin, for example, was not

described until nearly a decade after it was first used in medical practice.”

Increased understanding of the role of molecular processes in disease led to the field of
Systems Biology in the mid-1900s. The premise of systems biology is that biological processes
can be understood better with a “bottom-up” approach; i.e., start by understanding the basic
interplay of molecules at the cellular level, then form building blocks of systems that can be used
to describe increasingly large and complex processes.’ In the context of medical research, this
means first seeking to understand sow a disease process works and then identifying whar

treatments might be effective in remediating the errant process.

The potential for this approach to yield meaningful treatments was dramatically
accelerated later in the century with the advent of gene microarrays and other “high-throughput”
systems. These laboratory systems analyze biological material and generate massive amounts of
data that can be used to help form computerized models of molecular systems, leading to greatly

increased possibilities for identifying target molecules for drug therapies.
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Initially, research centered on attempting to correlate disease phenotypes with the
presence — or lack of presence — of individual genes or proteins. However, as more came to be
understood about the nature of molecular interactions in the body, this single-gene approach to
understanding disease proved to be limited in its ability to find meaningful drug targets. Disease
is often — if not usually — the result of a combination of genetic factors; i.e, multiple genes and
proteins interact together to produce a given phenotypic state. Understanding the activities of a
single gene is not enough to predict or alter outcomes in a diseased cell. Rather, researchers must
understand the activities of that gene in the context of its molecular system — the complete set of

interactions between that gene and other molecules it comes in contact with.

The study of these systems has yielded some compelling results in recent years. A few

examples are:

e An experiment in which pathways were analyzed in the identification of the androgen
receptor gene (AR) as both a mediator of prostate cancer as well as an indicator of the
cancer’s level of aggressiveness.’

e Genome-wide association studies (GWAS) in which pathway enrichment analysis was
used to prioritize long lists of disease-implicated genes, enabling researchers to focus on
those genes most likely to yield meaningful therapeutic targets.’

e A study was conducted examining known pathways associated with coronary
arteriosclerosis. This study identified the gene interleukin 6 (1L.6) as a strong candidate

for a therapy to treat arteriosclerosis in diabetic patients.’
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These examples illustrate the promise of pathway research. To fulfill this promise, further
development of computational tools and techniques needed is needed to keep pace with evolving

technologies and data types.

10
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METHODS

A literature review and analysis was conducted to quantify major trends and terminology
in molecular systems research. To ensure a cohort of articles both sensitive enough cover a wide
range of research activities and specific enough to reflect major trends, articles were selected

meeting all of the following criteria (see Appendix C):

¢ Indexed in PubMed

e Peer-reviewed journal articles

e Articles from the three journals with the highest impact factor per the ISI Web of
Knowledge.’

e Articles published in a recent one-year period.

e Articles referencing the term “pathway” in any field

The abstract and full text for each article were read and categorized according to each of the

following attributes:

e Article relevance. One of two options:
o Yes: The article references molecular pathways in some fashion.
o No: The article does not reference molecular pathways.
o Focus of article. One of two options:
o Method or study: The focus of the article is to describe a study or experiment that
was performed or a method or process for studies and experiments.
o Tool or resource: The focus of the article is to describe a bioinformatics tool or

resource that has been developed.

11



Current Trends and Terminology in Systems Biology and Pathway Research: A Conceptual Roadmap

e Terminology usage. Zero, one or both of the following:
o The article incorporates the term “pathway analysis™ in any field.
o The article incorporates the term “network” in the sense of molecular interactions,
in any ficld.

e Primary research activities. One or more of the following classifications, which were
developed from an initial survey of a subset of articles (see Results and Discussion for
further details):

o Descriptive modeling
o Predictive modeling

o Curation

o Pathway enrichment
o Functional enrichment

o Other

The results of this literature review serve as the quantitative basis for the concepts and

issues discussed in the remainder of this paper.

12
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RESULTS AND DISCUSSION
Describing Molecular Systems: Pathways and Networks

Of the 100 papers reviewed, all of which used the term “pathway” in some way, 53 also
used the term “network” to imply similar meaning. The question presents itself: Are pathways
and networks synonyms for the same concept, mutually exclusive concepts, or somehow
interrelated? Of the articles reviewed, examples existed for all three possibilities — clearly

concepts in need of clarification.

Resecarchers generally define pathways and networks as separate, but related concepts.8
One article defined pathways as a series of “consecutive reaction steps” but distinguishes them
from networks in that pathways can be defined and studied in different contexts (cell type, tissue
type, etc.) while networks cannot. According to this definition, a pathway is a definable, reusable
sequence of steps that one might expect to result in consistent outcomes across experiments. A
network, in confrast, is “built de nove” with each experiment and can only bc understood in its

specific context (time, tissue type, cell type, disease state, etc.)

These definitions need clarification in at least two ways: First, by emphasizing that
networks are subject to contextual changes, some may incorrectly conclude that pathways are not
(see Modeling for further discussion on this point). Second, networks are not all strictly de novo
constructs of single experiments. While networks, like pathways, must always be interpreted in
light of the context in which they are examined, networks may have elements that can be

consistently predicted and replicated across a variety of contexts.

Another challenge in defining pathways arises in defining the scope, or boundaries of
individual pathways. Are the sets of chemical reactions that comprise pathways actual biological

13



Current Trends and Terminology in Systems Biology and Pathway Research: A Conceptual Roadmap

entities with self-defining boundaries, in the same sense that one bodily organ can be
distinguished from another? Are they the result of limitations in what can be observed and
measured? A researcher’s arbitrary point of view? This issue can have significant impact on
research outcomes. Various pathway databases define pathway boundaries differently, and at
least one study has concluded that outcomes of pathway analyses can differ dramatically

depending on which database — and, therefore, which approach to boundaries — is used. ¢

One of the more well-considered attempts at defining pathways and networks was the
result of the efforts of over 30 participants with various backgrounds in biomedicine and
bioinformatics.'® This group considered several competing definitions of pathway, and offered
the following definition: “A connected sequence of two or more processes having a shared
causality in that the processes contribute to realizing a common function, whereby the output of

one process is the input for the next process in the sequence.”
Parsing this definition yields a few key attributes of a pathway:

o Sequence. A list of genes known or supposed to interact is not pathway unless it
incorporates some concept of the sequence of those interactions.

e Common causality. One way a pathway boundary is determined is by the causes that
trigger it — a single pathway is the result of shared causal events.

o Common function. Pathways are not self-defined entities. Rather, they are rather defined
for purposes of research based on the fact that the interactions involved work to bring

about a common function.

Similarly, a network is defined as “a connectcd sequence of two or more pathways

having a shared causality in that the pathways contribute to realizing a common function, and

14
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involving distinct pathways, where the output of one pathway is the input for the next pathway in
the sequence.” In other words, networks are comprised of pathways and bounded on the same

criteria — common causality and function.

One example of effective use of these definitions was a paper comparing various
algorithmic approaches for identifying interacting pathways with a network.'" Another applied
related algorithms to identify individual pathways from within a known set of protein-protein

interactions (PPIs) affecting angiogenesis. '

In short, both pathways and networks are sequenced series’ of interactions bounded by
common causality and function. Pathways are comprised of interactions between molecules, and

networks are comprised of interactions between pathways.

Interpreting Pathways: Concrete Processes vs. Abstract Models

Pathway models are used to simulate and communicate the interactions that occur within
a pathway. These models might be in machine readable form, such as GenMAPP Pathway
Markup Language (GPML)13 or take the form of images, such as the Signal Transduction
Pathways diagram shown in Figure 4. These concise diagrams are an indispensable means of
documenting knowledge concerning pathway members and their sequence of interactions. In a
glance, one can see the pathway boundarics, participating genes, and interactions with other

pathways.

15
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However, users of such diagrams may not be aware of the abstract, context-sensitive

nature of all pathway models. Figure 4, for example, shows a direct interaction between “JAKs”

and “STAT3,5.” In reality, this pathway consists of multiple, differing interactions between at

least four separate molecules in the JAK and STAT families, but for simplicity in the figure, on

two nodes are represented. Furthermore, research has shown that these interactions are

modulated by another gene, BRCA1, which appears nowhere on the diagram."

16




Current Trends and Terminology in Systems Biology and Pathway Research: A Conceptual Roadmap

The missing information on this diagram is by no means an error or oversight on the
author’s part. Indeed, one of the first decisions a researcher must make in developing a pathway
model is the appropriate level of detail to include — a balance between providing a meaningful
basis for further research vs. the complexity involved in developing a more detailed model.'®
Modeling all aspects of every interaction in a pathway would be a monumental task. As one
author put it, the underlying “biological truth” of a pathway “is so complex that all modcls are, in

. 17
a strict sense, wrong.”

In addition to being intentionally simplified, pathway models should not be interpreted as
concrete processes — sequences of well-defined, highly reproducible chemical reactions. Rather,
they are probabilistic models highly subject to the context in which they take place. Species, cell
type, disease state, environmental conditions, and a plethora of other factors can significantly
alter the operation of a defined pathway. Also, errors and inconsistencies may exist in the source
data used in generating the model, resulting in nodes and regions with greater and lesser degrees
of confidence. This level of detail is often omitted from the visualization for the sake of

simplicity.

Failing to consider the abstract nature of a pathway model could lead a researcher to false
conclusions if, for example, a laboratory experiment fails to produce results consistent with a
published pathway. Concluding that the published pathway is inaccurate would be premature — it
is possible that the pathway was simply operating in an altered state due to any number of
contextual factors. Bioinformaticians should carefully consider the abstract, probabilistic nature

of these models as they analyze and develop tools to study them.

17
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Pathway Research: A Variety of Activities

The literature review revealed a variety of pathway research types. This diversity of
activities is consistent with a cyclical model of systems biology research proposed in 2002. In 1,
“wet” laboratory experiments lead to data and hypotheses that are modeled and simulated
“dry” computational experiments. These experiments lead to predictions which are confirmed
and refined in further laboratory experiments. In other words, systems biology requires a high
degree of both laboratory and in silico experimentation, with many different techniques and

disciplines along the way. Some examples are:

o A paper was published describing a new computational method for inferring pathways
from large amounts of genomic data.'®

e An ovarian cancer study used a database of pathways to enrich results from a gene
expression study.'”

e An automated text-mining approach was used to extend pathway membership from

molecular interactions published in journals.”’

However, to accurately convey the complete pathway research landscape, some
additional concepts must be incorporated into the 2002 model. Specifically, the literature review
revealed a sizeable effort around pathway curation (defined in more detail below), resulting in
ever-growing resources of reusable pathway information. While this is a component of the “dry”
computational experiments described above, it occurs frequently enough in pathway research
that it warrants more emphasis. Also, while “wet” laboratory experiments remain fundamental to
testing and proving hypotheses in the lab, they are only one part of the research life cycle to

bioinformaticians.

18
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Figure 5 presents a modified view of the cyclical systems biology research cycle with the
aforementioned modifications in place. This cycle s highly dynamic —experimental data can
flow directly into any of the three major research activities, and results of those activities can
directly influence further experiments. Also note that results from curation, modeling, and

analysis are all candidates for publication to literature and/or pathway databases.

Laboratory

Experimentation Analysis Modeling

» Pathway * Predictive |
Enrichment * Descriptive |
* Functional

Literatu = Enrichment

Databases

Figure 5: Overview of the Pathway Research Cycle

Figure 6 shows the frequency at which various pathway research activities were the
primary topic of each articles in the literature review. Predictive modeling, curation and pathway
enrichment were the most frequently described activities. The total count (103) is slightly higher
than the total number of articles reviewed (100) because some articles encompassed more than
one significant activity. Discussion and definitions for each of these activity types will be given

in the following sections.

19
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Modeling

Predictive modeling is the use of computational techniques to analyze data for the
purpose of discovering, extending or simulating pathways and networks. The literature review
revealed predictive modeling as the most common type of pathway research activity, with 43 of
100 articles focusing on predictive modeling as the primary topic. Of these, the majority (30)
were study or method papers. This is consistent with the exploratory nature of predictive
modeling — techniques vary widely, and may be difficult to encapsulate in reusable software.

Some examples of predictive modeling follow:

20
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1. A paper was published describing a method for discovering pathways using a
computational approach called subgraph extraction.'" This technique involves integrating
large amounts of source experimental data and processing it with a complex algorithm for
welghting and predicting connections between pathway nodes. Inferred pathways
produced by variations on this algorithm were compared to a reference pathway in order
to measure the utility of the approach.

2. A technique was described for identifying “characteristic sub pathway networks,” a novel
concept used in helping to surface interactions between pathways based on protein-
protein interactions.'> While this study incorporated pathway enrichment (described
below), it went well beyond enrichment in applying computationally intensive algorithms
to elucidate interaction points between pathways. This information was used to construct
a comprehensive network of pathways involved in the promotion of angiogenesis.

3. A Bayesian learning algorithm was used in conjunction with data from gene knockdown

I This technique was used to predict the

experiments using RNAI screening technology.
placement of known pathway members within the sequence of interactions forming the

pathway.

As secn by these examples, the specific experiments, data, statistics and algorithms
cmployed can vary widely from one modeling project to the next. These projects often
incorporate multidisciplinary teams of researchers bringing together data from a variety of
experiments and diverse expertise in molecular biology, bioinformatics, statistics and computer
science. But the common thread in these activities is the use of data-rich and computationally

intensive techniques in order to predict previously unknown information about pathways.

21
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Contrast this with another use of the term “modeling” also found in the literature — the
documentation of known pathways in machine-readable or visual form. This form of modeling
was the focus of six articles; however, many pathway-related articles incorporate visual models
of pathways within the article, so it is clearly a common activity. It differs from the
computational modeling described above in that its purpose is descriptive, rather than predictive.
Predictive modeling seeks to discover new information about pathways, while descriptive

modeling seeks to document and communicate that information.

Many software systems exist to aid in descriptive modeling and visualization. In fact, all
six descriptive modeling articles were specifically describing a tool or resource designed to aid in
the process. Some of these tools include GenMAPP,"” Cytoscape, > and ChiBE.%  The
capabilities of these systems vary widely, and many include features which can be used to aid in

predictive modeling as well.*

Distinguishing between the two types of modeling is important in identifying appropriate
tools for the question of interest. Predictive modeling requires computational tools to support
inference, exploration and simulation of pathways. Most often, descriptive modeling requires
visualization tools to create pathway and network diagrams. A relationship exists — predictive
modeling tools often export information in a format that can be used with descriptive modeling
tools; however, while visually documenting a pathway is a likely outcome of predictive

modeling, it is by no means required.

The following definitions will aid bioinformaticians in clearly communicating the intent

of modeling activities:

22
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e Predictive Modeling: Discovery, refinement, extension or simulation pathways through
computational tools.
o Descriptive Modeling: Documentation of known pathways in machine-readable or visual

form for the purpose of communication, visualization, curation and/or publication.

Curation

The next most common research activity discussed in the literature is curation, with 21 of
100 articles referencing it as a primary research activity. As illustrated in Figure 5, curation is
both an input to, and a result of, modeling and analysis activities. Curation can take many forms,

as illustrated in the following examples:

1. A publication described a software system developed to aid researchers in searching
published literature for information relevant to yeast metabolic pathways so that it could
be incorporated into descriptive models. The system did not automatically extract data,
but provided a means for more efficiently conducting manual searches to aid in fully
documenting pathways.”

2. A detailed workflow and natural language processing algorithm were implemented to
mine protein and molecular interactions from published literature on carotenoid and
Vitamin A metabolism. The mined results were reviewed by domain experts and used to
expand and clarify existing models of these pathways.”

3. A web-based application was developed to allow researchers to collaborate in

documenting pathways. The application allows users to describe pathways in visual
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models as wells as structured data formats. Further, pathways can be annotated with

additional arbitrary experimental data.”’

As illustrated by these examples, inputs to the curation process may include the mental
knowledge of domain experts, research results written in natural language, vast quantitics of
experimental data or other heterogeneous sources of information. As its output, curation distills
this data into structured data and/or visual models that can be efficiently reused in further
research. Typically, these models are incorporated into a central database, such as the Kyoto

Encyclopedia of Genes and Genomes (KEGG)™® or Reactome.”

The act of increasing the value of knowledge through integrating disparate data sources
in a reusable way is key to distinguishing curation from other activities.’® A predictive modeling
simulation can make use of a curated pathway model as an input; however, unless the knowledge
gained from the simulation is incorporated into a structured, reusable format, with potential

inconsistencies reconciled, it has not been curated.

Conversely, research activities that consist solely of integrating existing knowledge are
most likely curation activities and should not be described as either modeling or analysis. Failing
to make this distinction can create confusion about the intended purpose of the activity.
Predictive modeling and pathway analysis result in new information about pathways. Curation

distills that knowledge into an unambiguous, reusable form to aid in further research.
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Analysis

The final common form of pathway research identified by the literature review is most
commonly referred to as “pathway analysis.” This term, however, is problematic, as it is also
frequently used to describe predictive modeling and even some forms of non-pathway-related
research. So to be more specific, some form of enrichment analysis was cited as a primary

research type in 23 of 100 distinct articles.

The goal of enrichment analysis is determine if a pathway is implicated in the presence of
a known phenotype or to determine if a gene may be a member of a known pathway. In its most

common form, enrichment analysis is carried out as follows:

1. Gene microarray experiments are conducted to develop lists of genes expressed
differently in control and test cells.

2. Dafferentially expressed genes are annotated with their membership in known
pathways.

3. The significance of the differential expression levels is calculated using various
computational methods, such as Fisher’s Exact Test or Gene Set Enrichment Analysis

(GSEA).*!

The second step, annotation, is usually accomplished with pathway membership as
contained in a pathway database such as KEGG. Annotation with pathway sources occurred in
20 of the 26 enrichment-related articles reviewed. However, in 6 articles, annotation was
performed using biological functions or processes from the Gene Ontology (GO). A given study

may perform enrichment analysis using pathway membership, biological functions, or both.
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In some instances, enrichment analyses were described as pathway analyses yet only
included annotations from GO.* ** The rationale behind this is unclear, but it is possible that the
distinction between pathways and biological functions is confusing with respect to enrichment
analysis. According to GO’s documentation, “A biological process is not equivalent to a
pathway; at present, GO does not try to represent the dynamics or dependencies that would be
required to fully describe a pathway.”> It has been suggested that issues such as this may arise
from a lack of understanding of ontologies in general as well as weaknesses in how biological

ontologies — even successful ones, such as GO — have been organized.*®

One way to illustrate the difference between pathway and functional databases is to
search for a particular gene in both types of database and compare the results. For example,
searching for PLCB1 (phospholipase C, beta 1) in KEGG returns its pathway membership as
shown in Table 1. Contrast this with the list of functional annotations returned when searching
for the same gene in the GO, as shown in
Table 2. While a few items from both lists seem to be related; e.g., Alzheimer’s disease (KEGG)
and memory (GO), the content of the two lists is significantly different. This is because pathways
are related to biological processes and functions, but are not the same concepts. Pathways are
some of the building blocks that lead to biological processes and functions, but implication of a

gene in a particular biological function does not imply membership in any particular pathway.
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Inositol phosphate metabolism ~ Gapjunction o ) |

Metabolic pathways - Long-term potentlatlon ]
| Calcmm mgnalmg pathwa} N Long tenn depression )
K Chemokme signaling pathway ~___ GnRH 51gnahng pathway i i
| Phosphatldyhnosrc_o_lslgnallpg system__ Melanogenesis ) '
| Vascular smoo-th muscle contraction ~ Alzheimer's dlsease ) -

Wat signaling pathway - Huntmgton S d1sease )

Table 1: PLCB1 Pathway Membership From the KEGG Pathway Database

N

mtracellular signaling cascade _____ biological process
Learr_gn_g_ o o - - _biological process
lipid catabolic process B S __biological process

' Memory o biological process

| oxygen and reactlve oxygen spemes metabolic process biological process
phosphomosmde meta]go}w process _ biological pr_ocess

' signal transduction i ___ biological process
calcium ion bmdlng S - -~ __molecular function
enzyme binding ) i ' ) m_()he_cplar function
hydrolase actwlty _ molecular function
phosphoinositide phosphohpase C activity molecular functlon
signal transducer activity ) - molecular function
intracellular 51gna1mg cascade - b1ologlcal process

| Learnmg biological process

Table 2: PLCB1 Functional Annotations From the Gene Ontology.

Failing to properly make the distinction between pathways and biological functions may
result in misinterpretation of research results. One study concluded that outcomes of enrichment
analyses differed based on the pathway database used for annotation due to differences in how
pathway boundaries are defined between databases.” In essence, some databases tend to
combine more molecular interactions into a single pathway than others, resulting in different

results. Generalizing from this concept, boundaries around GO biological functions and
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processes are likely to have little relation to pathway boundaries. Therefore, enrichment with

biological function will not likely yield the same results as enrichment with pathways.

The following definitions will help bioinformaticians avoid confusion when

communicating about enrichment analysis:

® Pathway Enrichment Analysis: Computational analysis of differential data sets using
pathway annotations, typically from a pathway database such as KEGG or Pathway
Commons.

o Functional Enrichment Analysis: Statistical analysis of differential data sets that using
biological function or process annotations, typically from a database of biological

functions, such as the Gene Ontology.
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CONCLUSION

Systems Biology is one of the most promising fields within translational research due to
its unique ability to uncover the very mechanisms underlying human health. It is widely believed
that a molecular pathway perspective will facilitate great strides in advancing medical treatment

through the development of effective therapeutics targeted at specific molecules and interactions.

However, the complexity of this challenge 1s daunting. It requires combined effort from
researchers in a wide variety of fields and data from many different sources. To ensure that
research moves forward as rapidly and accurately as possible, all participating researchers must
be familiar with the scientific domains associated with pathway research and must be consistent
in their use of techniques and terminologies. Efforts to identify major research trends and to

clarify evolving concepts are beneficial toward this goal.

Bioinformaticians play a key role in liberating meaningful information from vast
quantities of raw experimental data by combining their knowledge of molecular biclogy with
statistics and computer science. Bioinformaticians can develop tools and algorithms that
accurately model and simulate pathway behaviors, efficiently enable access to databases of
mformation, build the knowledge base for other researchers. In so doing, they can help make the

compelling promise of systems biology and pathway research a reality.
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APPE

NDICES

Appendix A: Literature Queries to Measure Growth of Pathway Research.

Articles in PubMed were searched using the following terms, limited to journal articles,

and counted for each year 2000 through 2009, based on publication date:

molecular pathway

molecular pathways

molecular network

molecular networks

metabolic pathway

metabolic pathways

metabolic network

metabolic networks

signaling pathway

signaling pathways

signaling network

signaling networks

signalling pathway

signalling pathways

signalling network

signalling networks

transduction pathway

transduction pathways

transduction network

transduction networks

For example, the complete query string used to determine the number of relevant articles

published in the year 2000 was:

("2000"[Publication Date] : "2000"[Publication Date]) AND ("signalling networks" OR

"signaling networks" OR "transduction networks" OR "metabolic networks” OR
"molecular networks" OR '"signalling network” OR "signaling network” OR
"transduction network™ OR "metabolic network" OR "molecular network” OR "signalling
pathways” OR 'signaling pathways" OR "transduction pathways" OR "metabolic
pathways" OR "molecular pathways" OR "signalling pathway" OR "signaling pathway"

OR "transduction pathway" OR "metabolic pathway" OR "molecular pathway")
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Appendix B: Literature Queries to Measure Increasing Use of Bioinformatics Tools

Articles were further limited by the following terms commonly associated with
bioinformatics activities, to estimate the significance of bioinformatics tools in supporting

pathway research:

software database algorithm bioinformatics | informatics

For example, the complete query string used to determine the number of relevant articles

containing both pathway analysis and bioinformatics terms published in the year 2000 was:

("2000"[Publication Date] : "200"[Publication Date]) AND (software OR database OR

algorithm OR informatics OR bioinformatics) AND ("signalling networks" OR
"signaling networks" OR "transduction networks" OR "metabolic networks" OR

"molecular networks" OR "signalling network" OR "signaling network" OR

"transduction network” OR "metabolic network" OR "molecular network” OR "signalling

pathways" OR "signaling pathways" OR "transduction pathways" OR "metabolic

pathways" OR "molecular pathways" OR "signalling pathway" OR "signaling pathway"

OR "transduction pathway" OR "metabolic pathway" OR "molecular pathway")
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Appendix C: Articles Reviewed

The ISI Web of Knowledge was used to determine the three bioinformatics-related journals

with the highest impact factors. Those journals were:

1. Briefings in Bioinformatics, Impact Factor 4.627
2. Bioinformatics, Impact Factor 4.328

3. BMC Bioinformatics, Impact Factor 3.781

Articles from these journals incorporating the term “pathway” in any field from the period
April 15,2009 through April 15, 2010 were reviewed. The table at the end of this appendix

shows the results of this review. Columns are defined as:

e PMID: Unique PubMed identifier

o Article Title: Title of article as specified in PubMed

e Relevant: X denotes that the article was related to biological molecular systems in some
way

e Focus (one or the other):

o Method/Study: X denotes that the primary focus of the article was to document an
experiment, study or method used in research.

o Tool/Resource: X denotes that the primary focus of the article was to document a
bioinformatics tool or resource; e.g., a downloadable computation algorithm or an
online database.

o Terminology (zero or more of the following):

* “Pathway analysis™: The literal string “pathway analysis” was used in any

field in the article
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= “Network”: The literal string “network” was used in any field in the
article, to denote some type of molecular system. Examples of concepts
excluded from these results would be Bayesian belief networks and
computer networks.

o Primary Activities as defined in Results and Discussion (one or more of the
following):

=  Descriptive modeling

=  Predictive modeling

= (Curation

= Pathway enrichment

» Functional enrichment

= Other
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