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Abstract. Researchers are faced with the challenge of integrating, on
the basis of a common semantic web framework, the information on
biological processes resulting from genomic and proteomic experimental studies. Researchers would like to integrate the biological processes’
roles in larger medical conditions, by taking account of the time dimension. This integration will support automated analysis and reasoning on
the semantic web. We address these challenges by proposing the IGIPI
framework, standing for “Integrating Gene Interactions and Protein Interactions”. IGIPI views different experimental studies as pieces of a
puzzle that, if positioned properly, will contribute to a more complete
representation of a biological process or medical condition over time. By
representing the relative time points of events, this framework represents
a biological process based on how it might be observed in an experiment
over time. IGIPI involves integrating different ontologies and vocabularies, such as GO and UMLS/MeSH. We applied IGIPI to yeast and cancer
examples. Availability: http://www.cse.yorku.ca/∼billa/IGIPI/
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Introduction and Motivation

Biomedical ontologies are often developed in an uncoordinated manner, reflecting hierarchical relations between domain concepts for the purposes of online
database annotation and information retrieval. Individual ontologies often are
not built for semantic web integration of information from different sources, such
as that produced by labs employing different research methods. Ontology development often overlooks the time dimension in biological processes, how to reuse
existing ontologies, and consequently ontologies are not interoperable. Ontology
interoperability and information integration on the semantic web will support
automated analysis, machine processing and reasoning about dispersed online
literature, as well as markup of research results online [3]. It is necessary to create a common bioinformatics framework for representing experimental results
on biological processes, while integrating the time dimension and previously developed ontologies. Combining these resources is a step towards utilizing their
full potential for functional knowledge discovery on the semantic web [2, 9].
We present the IGIPI framework for integrating the time-relative information on a biological process, resulting from genomic and proteomic experimental
studies. A biological process is a network of gene or protein interactions. Integration involves representing the experimental and environmental conditions
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associated with different studies, under which a biological process may be observed. Moreover, genes’ and proteins’ contributions under different conditions
should be unambiguously represented. Different studies and conditions often suggest conflicting results on a network of gene or protein interactions, highlighting
the non-triviality of integration. The contributions of biological processes to a
medical condition, such as cancer, can also be represented with IGIPI. A medical condition is a condition observed in an organism that is of interest to the
biomedical community. IGIPI is based on the notion of ‘goals’ representing the
conditions that need to be satisfied to observe a biological process or medical
condition outcome. If an outcome can be observed by two or more different types
of experimental studies, such as gene expression studies and two-hybrid studies,
then a researcher’s aim is to represent the conditions as goals contributing to
the overall outcome. A separate representation is developed for each biological
process and medical condition, based on an OWL Web Ontology Language specification of IGIPI. Researchers can refine and reuse existing representations for
semantic markup of websites.
Researchers need to be able to create a complete picture of the cell by integrating the information resulting from different genomic and proteomic studies
[15, 13]. One needs to combine the protein interactions observed in two-hybrid
studies with the gene interactions observed in synthetic mutant lethality (SML)
studies. For this, it is necessary to be able to represent the conditions at different time points under which the protein and gene interactions were observed.
Integrating the events observed at the higher cellular level helps to draw more
informed conclusions about gene and protein functions and their process involvement, and supports finding knowledge through automated reasoning.
Our objectives in this paper are to provide the ability to represent:
1. a gene/protein inducing a biological process (i.e., a network of gene or protein
interactions), while repressing other biological processes.
2. all experimental and environmental conditions under which a biological process was observed.
3. a module of genes/proteins inducing or repressing a biological process.
4. a process consisting of events that changes the module of genes/proteins inducing a biological process, e.g., by attracting more genes to join the module
or repelling other genes from the module.
5. the relative time points of active modules of genes/proteins and other events
in a process.
This paper is organized as follows. Section 2 describes the IGIPI abstractions
for biological processes with application on yeast [5]. Section 3 describes extensions of IGIPI for biomedical information with application on cancer. Section 4
discusses analyzing and reasoning with online information. Section 5 puts in the
context of related work. Section 6 concludes the paper.
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Integrating Biological Process Information: Timegoals

The IGIPI framework is based on the concept of timegoals. A timegoal is a goal
that needs to be satisfied at a specific time interval in an experiment, in order
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for a biological process to be observed (e.g., a network of protein interactions).
Timegoals are goals with no clear-cut criterion for their fulfilment. Instead, a
timegoal may only contribute positively or negatively towards achieving another
timegoal. By using this logic, a timegoal can be satisf ied or not. In the IGIPI
framework, satisf ying refers to satisfying at some level a goal or a need, but
without necessarily producing the optimal solution.
The IGIPI framework represents information about timegoals using a graphical representation called the Timegoal Graph (TIG). Figure 1 shows an example
of a TIG. A TIG records all timegoals representing goals in experiments that,
if satisfied, will lead to observing the root biological process. A timegoal is represented as an oval shape, and interdependencies between timegoals are represented as edges. The IGIPI framework supports two types of timegoals: NFR
timegoals (high level) and observation timegoals (low level). The term NFR is
derived from the term non-functional requirement used in software engineering;
in our context an NFR timegoal is a high level goal in an experiment, such as an
experimental or environmental condition that needs to be satisfied for observing
a biological process, without stating anything about the low level genomic or
proteomic events that need to occur. A developer starts constructing a TIG by
identifying the top level biological process that is expected to be observed and
sketching a root NFR timegoal for it. The root NFR timegoal of a TIG has a
value taken from a domain of biological processes. This domain is the GO Gene
Ontology biological process. The root NFR timegoal is decomposed into timegoals
that represent more specific information about how the biological process may
be observed.
Timegoals are connected by interdependency links, which show decompositions
of parent timegoals downwards into more specific offspring timegoals. In some
cases the interdendency links are grouped together with an arc; this is referred to
as an AN D contribution of the offspring timegoals towards their parent timegoal,
and means that both offspring timegoals must be satisfied to satisfy the parent.
In other cases the interdendency links are grouped together with a double arc;
this is referred to as an OR contribution of the offspring timegoals towards their
parent timegoal and means that only one offspring timegoal needs to be satisfied
to satisfy the parent. Figure 1 shows that only one of the timegoals for the three
types of experimental studies needs to be satisfied, to satisfy the “yeast adaptation to a heat shock” timegoal. When no arc is shown it is an OR contribution
by default.
The bottom of a TIG consists of the observation timegoals representing goals
concerning events that need to occur at a low genomic or proteomic level, to
satisfy one or more high level NFR timegoals. An observation timegoal is shown
as a thick oval shape and represents specific information about a manipulation or
an expression of a gene or protein. Observations may be decomposed into more
specific observations at a lower level. Observation timegoals make a positive or
negative contribution towards satisfying one or more high level NFR timegoals.
Figure 1 shows how interdependency links are used to represent an observation
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Fig. 1. The biological process Timegoal Graph (TIG) for “yeast adaptation to heat shock”
[5]. Thick ovals are observation timegoals and thin ovals are NFR timegoals. This figure
shows observing the “yeast adaptation to a heat shock” in an experiment as a root NFR
timegoal at the top of the TIG. All the different timegoals are arranged hierarchically;
a general parent timegoal is decomposed into more specific offspring timegoals at lower
levels. An offspring timegoal’s time interval is included in the parent timegoal’s time interval. To represent the timegoals that need to be satisfied for the “yeast adaptation to
a heat shock” to be observed experimentally, the root NFR timegoal is decomposed into
the NFR timegoals “gene expression study”, “two-hybrid study” and “synthetic mutant
lethality study”. This means that performing any of these studies leads to observing the
yeast’s adaptation to a heat shock. The NFR timegoals do not represent information about
the low level genomic events that need to occur for the biological process to be observed;
this is the purpose of observation timegoals, shown as thick oval shapes. At the bottom
is an observation timegoal representing the general goal of observing the Msn2 gene; this
timegoal gets decomposed into the timegoals of overexpressing the Msn2 gene and observing the Msn2 gene at its normal expression level. This figure shows a “heat shock”
transformation being applied to the overexpressed Msn2 and Msn4 genes, which causes
the CTT1 and HSP12 genes to be overexpressed at the next time point.
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timegoal’s contribution towards satisfying an NFR timegoal; such a contribution
can be positive (‘+’ or ‘++’) or negative (‘-’ or ‘–’).
2.1

Transformations

The IGIPI framework deals with changes that occur over time in a biological
system. It is necessary to represent processes that cause a change in the state of a
biological system, both natural processes such as DNA transcription and experimental processes such as mixing [3, 15, 13]. The IGIPI framework refers to these
processes as transf ormations. Transformations are represented as broken lines
connecting observation timegoals. The IGIPI framework represents the starting and ending points of a biological transformation as observation timegoals.
Timegoals participating in a transformation are observations of proteins or genes’
expression levels that contribute towards satisfying a high level biological process. Figure 1 shows that a transformation consists of the participating timegoals,
the environmental conditions involved (which may be preconditions for the transformation to occur) and the effects or changes induced by the transformation on
the participating timegoals.
2.2

Complexes of Genome Components

In a transformation, an event at a time point may involve more than one participating genes or proteins in specific states of expression. The IGIPI framework
builds a complete picture of a transformation as it occurs over time, by offering a structural abstraction for representing a group of participants at a time
point. This abstraction is called a complex. A complex joins several observation timegoals, such as genes or proteins that participate in a transformation
simultaneously. Figure 1 shows several examples of gene complexes. When a
“normal expression” of Msn2 and a “normal expression” of Msn4 are joined in a
complex, together they contribute towards satisfying the “shock response transcription factors” NFR timegoal, thus inducing the process “yeast adaptation to
a heat shock”.

3

Integrating Medical Condition Information

There are web sites with bits and pieces of dispersed information on medical
conditions, their symptoms and common side-effects of drugs. Besides building
Timegoal Graphs (TIGs) for biological processes, the IGIPI framework can also
be used to build TIGs representing information about how medical conditions
are manifested. These TIGs can help to integrate biomedical information on
the semantic web. We use the term medical condition timegoals to distinguish
the timegoals of medical condition TIGs from NFR and observation timegoals
of biological process TIGs. The root timegoal of a medical condition TIG has
a value taken from a domain of medical conditions, such as “ischemic stroke”,
“haemorrhagic stroke”, “lung cancer” etc. This domain is the UMLS Unified
Medical Language System that integrates 100 biomedical vocabularies. Medical
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condition timegoals can be decomposed into offspring timegoals, which make an
AN D/OR contribution to a parent timegoal.Medical condition timegoals may
also receive positive or negative contributions from the NFR and observation
timegoals of biological process TIGs. An NFR or observation timegoal may contribute positively or negatively towards several medical condition timegoals. The
contributions are propagated upwards.
Figure 2 shows an example for “lung cancer”. The symptoms of a medical
condition and the side-effects of drugs are represented as subtrees of the root
medical condition timegoal. An observation timegoal is decomposed to represent how it may be observed under the influence of drugs. Figure 3 shows the
propagations of contributions for satisfying timegoals.
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Reasoning with Information on the Semantic Web

The ultimate purpose of semantically marking up websites on the basis of IGIPI
is to reason on information in a unified manner that could not have been done
with traditional online databases. Integrating information on the semantic web
means that autonomous agents can scan websites and return to a physician
any semantically annotated information which s/he is not aware of. This involves considering all of the contributions (positive/negative, AND/OR) that
are propagated between timegoals in Timegoal Graphs (TIGs). In this section
we discuss a case of finding which medical condition is the most probable cause
of a symptom observed in a patient.
As an example, suppose a patient is observed with the symptom hemoptysis,
the act of coughing up blood (Figure 4). Hemoptysis is an important symptom
since it frequently reflects serious underlying lung disease. Hemoptysis is often
a sign of lung cancer, but it may be caused by different underlying events in
lung cancer patients. Hemoptysis also occurs in patients with acute or chronic
bronchitis, as well as tuberculosis and pneumonia. Determining the cause(s) of
hemoptysis is often not a trivial matter due to the numerous possible causations
and their complexities. A physician could use the semantic web to find if the
cause of hemoptysis in a patient is likely to be bronchitis or lung cancer or
something else.
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Related Work

Individually developed ontologies often support the annotation of online databases
for information retrieval purposes. However, they are often not interoperable and
do not always allow integration of information derived from different sources and
automated reasoning and analysis on the semantic web. Moreover, they do not
usually allow the representation of time in modelling. In this section, we outline
relevant work of the past two years. In [1], the GeneOntology is recast in OWL
to support reasoning. In [4], a top-level ontology of functions is provided. In [6],
ontological relations are proposed for enhancing Knowledge Representation and
Reasoning. In [7], integrating protein interaction data using the semantic web is
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Fig. 2. The medical condition TIG for “Lung cancer”. This figure shows that in some
cases it is possible for cells to become drug resistant after chemotherapy. Although it is
still not certain how this mechanism works, patients with a turned on gene PKC-epsilon
seem to develop drug resistance. This figure shows that for a “protein-induced cell’s resistance to chemotherapy drugs (drug-resistant phenotype)” to occur, it is first necessary for
“chemotherapy” to occur, combined with the special protein “PKC-epsilon” that is not
found in all humans. The symptoms of root timegoal “lung cancer” are grouped under
an offspring timegoal named “symptoms”. The side-effects of drugs are grouped under an
offspring timegoal named “side-effects”. Observation timegoals make positive or negative
contributions to symptoms and side-effects timegoals that are propagated upwards. This
figure shows the decomposition of the Vascular Endothelial Growth Factor (VEGF) into
the timegoals “VEGF under Bevacizumab” and “VEGF under Chemotherapy”, which
represents that the protein is in different states under the influence of Bevacizumab and
Chemotherapy. The drug “Avastin” inhibits the VEGF protein. In turn, this contributes
negatively to the NFR timegoal “Interaction of VEGF to its receptors” which is getting
a negative contribution and thus it is not satisfied. This contributes to the root timegoal
of the biological process TIG “Tumor angiogenesis”. The biological process “Tumor angiogenesis” contributes to the medical condition TIG that represents information about
“Lung cancer”. Since “Interaction of VEGF to its receptors” is not satisfied, this contribution is propagated upwards to timegoals “Tumor angiogenesis” and “Lung cancer”, neither
of which is satisfied either.
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Fig. 3. A negative contribution of the “Avastin” drug observation timegoal negatively
affects satisfying “Tumor angiogenesis” and “Lung cancer”. The symbol ‘V ′ on a timegoal
means that it is satisfied, while the symbol ‘X ′ means that it is not satisfied. “Avastin” is
satisfied meaning that this drug is taken by a patient. Contributions from lower timegoals
are propagated upwards and contribute towards satisfying higher timegoals. The timegoal
“Tumor angiogenesis” contributes to timegoal “Lung cancer”, but “Tumor angiogenesis”
receives a strong negative contribution from the drug “Avastin” that is taken by a patient;
thus “Lung cancer” is not satisfied.

discussed. In [8], it is proposed to combine the semantic web with multi-agent
systems for integrated access to biomedical information. In [10], integration of
neurodegeneration data using RDF is described. In [12], a method exploiting
syntactic patterns and the UMLS semantics for aligning biomedical ontologies is
proposed. In [16], a Semantic Web system that facilitates cross-database queries
and information retrieval in proteomics is proposed. In [17], leveraging the structure of the Semantic Web to enhance information retrieval for proteomics is proposed. In [11], using web ontology language to integrate heterogeneous databases
in the neurosciences is discussed. In [14], advancing translational research with
the Semantic Web is described.

6

Conclusion

We have presented the IGIPI knowledge representation framework, which provides a basis for a powerful use of semantic web technologies (OWL and RDF).
Our contributions include the ability to represent the relative time points of
events. This approach addresses the problem of biological information integration on the semantic web, through Timegoal Graphs (TIGs) that are built dynamically by the biological community on the basis of the IGIPI framework.
This approach supports interoperability between ontologies and vocabularies on
the semantic web, including the Gene Ontology, MGED Ontology and UMLS
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Fig. 4. The TIGs for “Lung cancer” and “Bronchitis” both involve the “Hemoptysis”
symptom. hemoptysis could be a symptom of lung cancer or bronchitis and in the former
case there could be several causes. Serious hemoptysis often occurs in patients with lung
cancer when treated with chemotherapy and Avastin. In this case, the incidence of hemoptysis is relatively high in patients receiving chemotherapy and Avastin, as compared to
no cases in patients treated with chemotherapy alone. This figure shows that hemoptysis
could also be a symptom of bronchitis; in this case it is mild and self-limited. Bronchitis
is often a viral or bacterial disease which follows a cold or infection. A physician who
diagnoses hemoptysis as a symptom of bronchitis may be wrong, since the patient could
suffer from lung cancer instead. In fact, physicians who work long hours frequently make
such errors. How can a physician tell which of all possible conditions holds for a patient
with hemoptysis? With a unifying framework to integrate hemoptysis information online
for fast lookup and analysis, a physician could make more informed decisions concerning
the underlying cause of hemoptysis in a patient.
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Unified Medical Language System. The Gene Ontology gives values to the root
timegoals of biological process Timegoal Graphs (TIGs). The UMLS Unified
Medical Language System gives values to the root timegoals of medical condition TIGs. Moreover, this approach supports easy incorporation of new research
results.This framework can support automated reasoning on the semantic web,
which may allow a physician to relate observed symptoms to a known medical
condition, or find likely side-effects of a drug.
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