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Abstract

Microarray gene expression research frequently generates large numbers of
questions or information needs throughout the course of the experiement. Many of these
questions relate to the nature of the sequences on the microarray. In order to effectively
analyze experimental data, it is necessary to maintain significant information about each
of the 12,000 or more gene transcripts represented in the experiment.

This thesis describes the development of a knowledge resource of DNA sequence
functional annotations, intended to aid researchers conducting microarray experiments.
The resource includes an integrated data warehouse of sequence annotations for human
and mice, and data access tools for retrieving and utilizing the available information.

The data warehouse maintains up-to-date sequence annotation data from multiple
authorities. The core of the warehouse is the NCBI UniGene and LocusLink sequence
descriptions. Additionally it contains data sets of Gene Ontology annotations of mouse
sequences from both the Jackson Laboratories and the Riken organization in Japan.

In order to optimize the effectiveness of the warehouse to researchers with diverse
needs, it was necessary to provide several means of accessing the information. These
include spreadsheet files, scripts to import data into analysis programs, and a web-based
query interface. Additionally there is documentation which demonstates and discusses
tools designed to describe microarray data as a picture of meaningful biological event.

The tools that have been created are designed to be easily modified to

accommodate changing needs in the research environment. Additionally, protocols and
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documentation are provided to enable maintenance and updates. The combined resources
will improve functional analysis of microarray data and represent a significant addition to

the informatics tools available to the Department of Pediatrics Biotechnology Core

Facility.
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Research Question: Can we use bicinformatics techniques, including
pathway visualization, to improve researchers’ ability to analyze

microarray gene expression data according to gene function?

1. Introduction

The purpose of this project is to develop a set of bioinformatics tools and
protocols which will be used by biomedical researchers to facilitate analysis of
microarray gene expression data according to gene function. The components of the
project include development of an integrated data warehouse of gene functional
annotations, tools to access the sequence annotations including a web-based
information retrieval system, and a demonstration of a new analysis technique
providing visualization of biological pathways. The resulting tools and protocols will
be used and evaluated by researchers conducting microarray gene expression analysis

experiments in the Department of Pediatrics Center for Biomarker Discovery.



2 Background & Significance

2.1 What is microarray research, and why do it?

Microarray gene expression studies are an important component of the
disciplines of both genomics and systems biology, which are widely considered to be
on the cutting edge of biomedical research [1]. Genomics is the study of an organism’s
entire genome, and microarray research uses genomics to investigate the dynamic and
temporal patterns of gene expression in that species. Systems biology has been defined
as the quantitative study of biological processes as integrated systems instead of
isolated parts [2]. The goal of both fields is to build upon the recent achievements of
sequencing the human, mouse, and other genomes and begin to leverage that data into
new knowledge for curing human discase.

Microarray gene expression analysis is an important investigative technique
because it allows a researcher to measure the expression level of thousands of genes
from a single tissue sample simultaneously. By comparing gene expression profiles
from sets of samples representing control and experimental conditions, it is possible to
determine which genes are expressed differentially, and thus may be related to an
experimental condition of interest.

The microarray technique was developed in 1995 by Dari Shelton as his PhD

thesis at Stanford University and its’ potential was recognized immediately by



researchers and biotechnology applications developers [3]. It is currently a very
popular and widely used experimental technique.

The microarray itself is usually a glass slide onto which 10,000 — 12,000
discrete “spots” of cDNA are precisely applied by a robot. The slide is then hybridized
with fluorescently labelled DNA that has been generated by reverse transcription and
amplification of mRNA from a tissue sample of interest. During the hybridization, the
labelled DNA from the tissue sample binds to homologous sequences on the microarray
slide. The slide is then scanned by a laser and the intensity of fluorescence is read with
a confocal microscope and a CCD camera.

Despite its’ enourmous popularity, microarray research is by no means simple
and still rarely provides conclusive answers. There is not yet a consensus or “gold
standard” on exactly how data should be analyzed and evaluated. The nature of the
complexity of microarray experiments is that they continually generate a large volume
of questions and information needs for the scientists involved. The following
paragraphs will briefly describe the experimental process [4] and discuss the

information needs likely to arise at each stage.

2.2  Microarray Workflow and Information Needs

The complexity of microarray research inevitably creates a large volume of
questions and information needs for the researcher. These questions arise at many
stages of the experiment and must be answered in order to effectively analyze the

experimental data. [Figure 1, page 7]



Information needs typically begin in the planning and design stages. At this
point, the investigator will likely want to know something about the cDNA ‘spots’ on
the microarray.

e What types of sequences are on the slide?
e How many represent well-known genes?
e How many are sequences which are known to be expressed, but not yet

characterized as genes (EST’s) ?

The investigator will also likely have a list of specific genes of interest and will
want to know which of those genes are represented by sequences on the slide.

The actual “bench work” is then the second stage of the experiment. It consists
of several steps that are all done according to local protocols [5]. The tissue samples
are identified and gathered. They are prepared for gene expression analysis by
extracting the mRNA, reverse transcribing it to cDNA and incorporating the
fluorescent label or dye. Next the labelled cDNA from the tissue sample is hybridized
with the microarray slides. The slide is read by a laser scanner, which generates an
image file, and gridding software is used to specify the location of the spots in the
image file that are to be quantified. This stage typically does not generate many
scientific questions, and could be considered the easiest part of the experiment.

The third stage consists of the early stages of data analysis. From this point on,
all of the analysis is performed on the resulting data set using specialized software.
After the spots are quantified, a number of mathematical techniques need to be applied

to normalize the data, and generate descriptive statistics of the distribution and general



quality of the data. It is important to examine levels of signal intensity across regions
of the slide, and compare over-all intensity levels with other slides from the same
experiment. At this stage, the dominant question for the researcher 1s going to be, “Is
this useable data?”

Stage four is comprised of the major statistical analyses. The researcher (or the
hired statistician) determines which genes are significantly differentially expressed
across the set of biological samples. A complementary technique uses clustering
algorithms to group all of the sequences into clusters representing similar patterns of
expression across samples. As this analysis is carried out, the major questions begin.
The researcher will likely end up with many sequences, at least 50 or more, which are
considered significant in the experimental context, and will then want to know as much
as possible about each sequence. Questions about the significant sequences include
whether it encodes a known gene, what gene it encodes, and what the function is and
what else it interacts with in the cellular environment. If the significant sequence is an
EST, the investigator will want to know as much as possible about similarities to
known genes in other species, or motifs in the sequence that encode a known protein
domain. An equally important question at this point is whether the results really
represent a biologically meaningful phenomena.

Stage five is the completion of the data analysis. At this point the researcher
needs to interpret and describe the data in a scientifically meaningful context. The aim
here is to move beyond a result list of up-regulated and down-regulated genes and
produce an interpretation of the results as a biological process. This should inevitably

result in the generation of new research hypotheses and the design of additional



experiments to test them. Another important activity at this stage is the publication of
the experiment results in both public databases and journals. Scientific publishing
requires techniques for data “visualization” which translate complex quantitative data
into a more intuitive graphical and visual format [6].

The final stage consists of the activities following the completion of the
microarray experiment. The researcher will continue to design and conduct additional
experiments while also staying current with the scientific literature of their field. It is
likely that they will continue to generate scientific questions that can be answered with
their data. Or they will want to examine data that other researchers that have published
in a public database. Thus the microarray experiment will continue to generate
information needs long after it has been completed.

The preceeding paragraphs demonstrate that microarray gene expression
research inevitably generates a large volume of questions and information needs for the
scientists involved. The variety of types of questions makes it unlikely that any single
resource will be able to address or answer all of them, however, there 1s a great deal
that can be done to aid in the process. Many of the big questions essentially boil down
to what is known scientifically about the sequences on the microarray chip, which are
the focus of the experiment. A major component of this thesis project, therefore, is to
develop a local information resource of gene chip sequence annotations that can be

used to answer questions arising from the experiment.



Workflow Stage

Questions & Information Needs

(1)Pre-Experiment

Planning & Experimental Design

What types of sequences are on this chip?

How much is known about the sequences?

What % are well known/characterized and what %
are EST’s?

What about these specific genes- are they on the
chip?

How are we going to analyze the data?

(2) Experiment

Sample preparation
Hybridization
Lazer scan chip
Gridding

(this is the easy part)

(3) Pre-Analysis

Spot quantification

Data quality inspection
Normalization

Slide distribution statistics

Is this useable data?
Is this good data?

(4) Data Analysis

Determine statistically significant differentially
expressed genes

Use clustering algorithms to group data according
to patterns of expression

Are these biologically meaningful results?
What is known about these significant genes?
- sequence, protein product, function and
structure, biochemical interactions

(5) Scientific Interpretation

Fit a model to the experimental results
Generate new biological hypotheses
Design and conduct additional experiments
Publish microarray experiment results

Why are these genes significant?

What else has been published about this sequence?
What additional experiments should be done?
How can we best display and communicate this
result?

(6) Post-Experiment

Continue research

On-going queries of experimental results
Keep up with literature

Design new experiments

Did I have data on this gene?
What did this gene do in my experiment?

Figure 1:
Information Needs

Stages of Microarray Experiment Workflow and Corresponding




2.3  Gene Annotations

Gene annotations are sets of data representing the information that is known
about a particular gene, creating the link between sequence and biology. Historically,
annotations were first used to describe meta-data by researchers submitting expressed
DNA sequences into repositories such as GenBank. At that time they typically
included information about how the sequence was obtained, and possible errors within
it. As sequencing techniques evolved and the quanitity of available sequence data grew
exponentially, the content and volume of additional annotation information grew
rapidly as well. Now that the human genome has been completely sequenced [7, 8] and
the mouse genome will be completed soon, the next major task is to annotate them
entirely. Consequently, annotation data for human and mouse is currently being
produced at a high rate [9, 10].

Gene annotations include information about the gene at several levels of
complexity. At the simplest level, they include the sequence of the gene, and its’
chromosomal location in a particular organism. The next level of complexity is the
protein sequence that the gene encodes. It is necessary to determine which genes and
proteins in other species are homologous, or similar in sequence and function. From
known homologies, and previously published molecular biology data, one can then
begin to make inferences about the molecular function of the gene product in the
organism; these are called functional annotations. At the process level, annotations
describe the major biochemical pathways that the target gene is a part of, and
characterize its’ interactions with other components of that pathway. This is where the

true biological importance of a gene 1s described [11-13].



A number of publicly available resources exist for accessing gene annotation
information. Several major national and international research organizations have
taken on the task of researching, compiling, and producing web-accessible databases
which aim to ultimately cover the entire genomes of the major research organisms. The
most well known is the NCBI (National Center for Biotechnology Information), which
is a component of the U.S. National Institute of Health. The NCBI has developed an
intricate system of interconnected databases that provide access to an enormous volume
of sequence annotation resources. The two NCBI databases that are most important for
microarray data analysis are UniGene and LocusLink. UniGene organizes full-length
mRNA sequences and EST’s into clusters that each represent a single known or
putative gene. This is important because a single gene can currently be represented by
dozens of GenBank sequence accession numbers, only one of which is likely to be used
to identify a specific sequence on the microarray. The LocusLink database provides
additional information on the accepted and alternate symbols and names for a particular
locus, as well as some functional annotation information. As its’ name implies, it also
serves as a major link or gateway to other resources for a gene of interest, including
homologies to other organisms, diseases known to be related to the gene, and relevant
documents in the primary literature. Other important sources of annotation data are the
Mouse Genome Informatics group, through the Jackson Laboratories, and the
FANTOM (Functional Annotation of Mouse) database through the Japanese group,
Riken [14]. The NCBI LocusLink, the Jackson Laboraties, and the Riken group all

provide functional annotations using the Gene Ontology vocabulary.



2.4 Gene Ontology

Functional annotations describe the molecular function of the gene product, and
its broader role in the cell or tissue type. In order for annotations to be consistent,
meaningful, and sharable, it is important to use a standard vocabulary. Fortunately for
biological researchers, there exists a single vocabulary that has achieved nearly
universal acceptance [15-17]. This is the Gene Ontology vocabulary. It was recently
created by a consortium of groups representing many of the major research
organizations and organisms. The breadth of representation in the consortium is
probably a significant reason for its success. By including input from experts on a wide
variety of organisms (i.e.: humans, mice, fruit flies, plants, yeast) they have created a
vocabulary of gene function that is not biased or specific to any single organism, but
rather applicable to all known species.

The vocabulary is represented as a directed acyclic graph with three branches:
molecular function, cellular compartment, and biological process. Molecular function
describes the specific job performed by the gene product in the cell. Biological process
describes the broader cellular processes which the gene product or protein is involved
in, such as signal transduction. Cellular component is used to describe the subcellular
structures that the gene product is localized to. Because the ontology is represented as
a directed acyclic graph, each term in the vocabulary has a unique ID number, but may
have more than one parent term. A number of web-accessible browsers allow one to
explore the various levels and branches of each tree. One of the best is the AmiGO

browser at http://www.godatabase.org/cgi-bin/go.cgi.

10



7§ AmiGO : GO:0003823 details - Microsoft Internet Explarer

] Fle Edit ¥iew Favorites Tools Help

| sk - = ~ @ 7} | Qsearch (jFavorites (BHistory |- S Wl 5] @

J!.‘-‘&d{lress |§j http:/fgodatabase.orgfegi-binfgo. cai?query=G0:0003823&view=details&search_constraint=terms&depth:

/4 Get this GO term as RDF XML,
. T Get this data as a GO flat file.

antibody

Accession: GO:0003823
Synonyms:
immunoglobulin
Definition: None.
ETerm Lineage Graph view.
GO:0003673 : Gene Ontology (33650)
T GO:0003674  molecular function (23707)
T GO0003793 : defense/immunity protein (522)
@ (30:0003823 : antibody {(147)
T GO:0N004871 : signal transducer (2805)
1 GO:0004872 : receptor (1605)
W GO:0004388 : transmembrane receptor (1326)
B GO:0004892 : B-cell receptor (147)
a3 0:0003823 : antibody (147

Figure 2: Screen-shot from AmiGO showing Gene Ontology graph for the
term ‘antibody’ in the molecular function axis. As the ontology is represented as a
directed acyclic graph, a single term can have more than one parent. In this case,
antibody is a sub-classification of both ‘defense/immunity protein’ and ‘signal
transducer’.

11



The result of annotating genes with a structured vocabulary is that functional
annotation data from different sources of can be readily integrated into a single
repository. This represents a very high degree of information integration and promotes

optimal data accessibility [18].

2.5  Microarray Sequence Annotation Resources

With the current popularity of microarray research, it is inevitable that other
groups have been confronting the same question: how can we most effectively utilize
existing annotation data for analysis of microarray gene expression data? Generally
this involves acquiring and managing the available annotation information for each |
sequence on a microarray slide. There are several existing, web-based tools that have
automated the process of acquiring gene annotations for a list of sequences [19-22].

These include:

Stanford Online Universal Resource for Clones and EST’s (SOURCE)

http://genome-wwwS5.stanford.edu/c gi-bin/SMD/source/sourceSearch

e CloneUpdater

http://www.dbi.tju.edu/cloneupdater/html/template.php

e Onto-Express

http://vortex.cs.wavne.edu/Projects.html

e Array Organizing Tool (Arrogant)

http://lethargy.swimed.edu/index.asp

12



All of these tools function in a similar way. The user uploads a file containing a
list of all of the sequences of interest, which may be represented by accession numbers
or Clone ID’s, and the program returns available annotations for each sequence. The
tools differ somewhat in the source and types of annotations that they return.

One drawback to this approach is that there is no information on how the
annotations are retrieved; particularly regarding the source of the information and its’
age. Is it retrieved directly from the NCBI, or from a copy of the NCBI datasets
installed in a local warehouse. If the data is from a local repository, it is important to
ask how current is the data they are using? The NCBI resources are updated almost
continuously, but data from a local repository may be any number of months old.
Without meta-data describing the source and date of the annotation information, the

user is left to gamble that what they receive is complete, accurate and up-to-date.

2.6 Project Setting

At OHSU, the Department of Pediatrics Biotechnology Core Facility serves as a
local core lab for functional genomics and proteomics. It is located in the Iaboratory of
Dr. Srinivassa Nagalla, and 1s available to OHSU researchers interested in performing
microarray analysis on tissue samples from humans or mice. This facility uses “home-
grown” microarrays which are printed on-site from libraries of cDNA clones. One
advantage of this approach is that it is relatively easy to modify the composition and
layout of sequences on the slide. The disadvantage is that this then requires very

attentive data management to continually and accurately catalogue the layout of all
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slides. In addition, the home-grown approach creates significant need for flexible
annotation tools that can respond to changing information needs. To this end, a
dedicated team of students and specialists exists to provide informatics resources and
technical support for researchers using the core facility. As his Medical Informatics
Masters Thesis at OHSU, Brian Olmstead created the current warehouse for storing all
of the experimental data.

Another important project is the Public Database Integration Project (PDIP),
started by Mark Turner. The objective of the PDIP is to produce a central repository of
structured and integrated gene annotation information that has come from a variety of
external (public database) sourées. The repository will then serve as a knowledge base
for researchers conducting microarray experiments. The Public Database Integration
Project is the direct precursor to this proposed thesis project. The goal is to build upon
the work that was started, and complete the process of creating an effective gene
function information resource for researchers conducting microarray gene expression

experiments.

2.7  Specific Project Aims
The goal of this thesis project is to improve and optimize the functional analysis
tools and resources available to researchers using the Biotechnology Core Facility. In
order to accomplish this task, there are three major components:
1. Finish developing the PDIP data warehouse, to promote maximum
quantity and quality of available gene annotation information. This

includes identifying, obtaining and loading relevant sources of gene

14



annotations, integrating the sources into a single resource, and
performing data quality control assessments.

2. Create and optimize methods for delivering gene functional annotation
information to core facility users. Survey researchers to determine
information needs and preferences, and respond with tools that
accommodate research needs.

3. Improve high-level analysis options by implementing and demonstrating
a tool, such as GenMAPP, for functional analysis and/or data
visualization according to higher-level biological processes such as
signalling cascades or regulatory mechanisms.

The first two components are intended to produce a set of informatics resources
which will be used by researchers to answer questions regarding gene function
throughout the experimental process. The third component attempts to improve the
process of data analysis and presentation by providing tools to visualize data according
to higher-level biological processes. When reporting results from microarray
experiments, it is important to try to move beyond a simple list of up-regulated and
down-regulated genes, and instead attempt to display those genes as part of a
significant cellular process.

In addition to producing the above three components, it is also necessary to
evaluate their effectiveness in the facility. The evaluation will be done in an on-going
qualitative manner. Researchers will be asked how their information needs could be
more effectively met. As tools are designed and made available, users of the new tools

will be asked to provide feedback regarding their effectiveness, and ease-of-use. This
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feedback will be used to eavaluate the results of the project, and determine if it has
achieved the goal of improving microarray data analysis according to gene function. It
will also be incoporated into successive iterations of project results, so that the final

components delivered will represent a high level of adherence to user needs.
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3. Methods

The following section will describe the methods used in each of the project
components: construction of the data warehouse of gene functional annotations,
delivery of the information to the researcher, and the development of a pathway

analysis resource.

3.1  Data Warehouse

The first component is the development of the data warehouse of gene
annotations. This was accomplished as an iterative process of creating and modifying
the warehouse table structures, identifying and obtaining important sources of sequence
annotations, then parsing and loading the data sets while continually troubleshooting
issues of error and data format incompatibilities.

It is necessary to briefly describe the initial state of the Public Database
Integration Project prior to my taking it on as this thesis project. The warehouse had
already been created and implemented with an Oracle relational database management
system. In addition, many elements of the current table structure and the UniGene and
LocusLink data sets had already been established. However, there was not yet a
standard scheme for describing the function of gene products, when known.

Early efforts in the project explored other strategies for annotation, including
linking genes with relevant MeSH terms based on literature citations. This involved
downloading abstracts from PubMed, attempting to parse out genes that were cited

within the abstract, and then linking them with classes of MeSH terms relating to gene
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function and disease. This approach was both labor intensive and resulted in a very low
accuracy rate. Genes are usually cited by a three or four character symbol or a name,
which may be several words long. In addition, a single gene may be identified by
multiple different symbols, reflecting the evolution of research from multiple different
labs. This makes it very difficult to reliably parse out all citations of genes within an
abstract. Finally, even when all cited genes are reliably parsed out, the diverse nature
of scientific publication still leads to low accuracy of correlation between genes
mentioned and MeSH terms assigned to the publication.

The decision was made to re-structure the data warehouse and focus exclusively
on annotating genes with terms from the Gene Ontology vocabulary. The GO
vocabulary has clearly emerged as the de facto standard vocabulary for describing the
function of eukaryotic genes [10], and it is used by expert authorities across multiple
organisms. Several very large expert-curated data sets of GO annotations are publicly
available, and the use of a shared vocabulary allows them all to be seamlessly
integrated into a common repository. Thus switching to the Gene Ontology as the
language for functional annotations resulted in a warehouse that was more accurate and
required less labor to maintain.

The following data sets of gene annotations were selected and integrated into
the warehouse: NCBI UniGene and LocusLink (for human and mouse), the Mouse
Genome Informatics (MGI) file of annotations available through the Gene Ontology
website, and the Japanese Riken FANOM (Functional Annotation of Mouse) database.
The subsequent paragraphs will briefly describe the methods involved in obtaining each

of these data sets.
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The NCBI UniGene and LocusLink data sets are the core of the data warehouse.
UniGene contains all of the GenBank sequence accession numbers organized by
clusters which are believed to represent distinct genes. LocusLink maintains additional
information for each cluster including the official and alternate symbol and names for
the gene, the chromosomal location, functional annotations when available and links to
other web resources. The data sets are available by ftp as zipped, tab-delimited text
files. Mark Turner created scripts to parse out the desired elements and transform the
data into the format necessary for loading into the data warehouse. Loading the data
sets involves running the multiple scripts in a defined order. Since the NCBI data sets
are still very dynamic, (they are updated almost continuously) it is important to keep
the data warehouse as current as possible by frequently re-installing the most recent
version of the data. As a general rule this is done at least every two to three months.
Consequently it is also important to develop and maintain detailed and accurate
protocols for computing and documenting the updates.

The Mouse Genome Informatics group at the Jackson Labs also produces a
database of functional annotations for mouse genes, using the GO vocabulary [23]. The
group uses its’ own unique identifiers known as MGI accession numbers to
differentiate genes. The LocusLink database maintains the associations between MGI
accession number and UniGene cluster ID, providing effective integration of the two
resources. The MGI database is available as a tab-delimited text file from either the
Gene Ontology web site or the MGI site.

Since the file requires only mimimal modifications to be formatted for loading

into the data warehouse, there have not been scripts written to automate the task.
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Instead the modifications (selecting, re-naming, and re-ordering the relevant columns)
are done ‘manually’ in the Excel spreadsheet program. The modified file is then loaded
into a special table in the warehouse which contains only the Gene Ontology
annotations. The MGI file is also updated weekly, but does not grow quite as fast as
the NCBI resources. In order to keep the warchouse current, it should be updated at
least every four to six months.

The final component of the warehouse is the Riken FANTOM data. The dataset
was created as the result of a single large-scale international meeting with the goal of
functionally annotating 21,076 fully sequenced mouse cDNA clones from their libraries
[14, 24]. The dataset has significant overlap with the MGI data, but has enough
additional information to merit its’ inclusion in the warchouse. In order to integrate the
FANTOM data into the warehouse, significant modifications must be made. The data
set is released in a flat-file format, and must be reverse-engineered to the relational
structure of the data warchouse. A program consisting of a series of SQL commands
was written to parse out each type of data element into views which could then be
merged into a single relational table. The FANTOM data set has not yet been updated

since its’ release, so there is no current need to update the warehouse.

3.2 Annotation Delivery
Once the dataset of gene annotations has been compiled, the next major
question is how to most effectively deliver the information to the researcher who needs

it. In order to answer this question it is important to characterize, in as much detail as
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possible, the information needs of the researchers, and the temporal patterning of those
needs with respect to the workflow of the experiment.

A series of informal interviews with individuals involved in microarray
experiments in the facility has yielded several generalizations.

1. Microarray experiments are generally done as a team effort, with multiple
individuals involved in the experimental design and analysis processes.
Information needs frequently manifest in a technician or student being sent
to address questions posed by the principle investigator or other senior
researcher.

2. Researchers tend to have questions about sequences and annotations at
many points throughout the experiment. Information needs arise in the
early stages of experiment design, and continue throughout the entire
analysis process, possibly extending well after results have been published.

3. Researchers are frequently interested in a specific collection of genes or
sequences prior to initiating the experiment, and want an easy means of
determining whether or not those sequences are even represented on the
microarray chip.

4. The user will likely desire multiple types of information relating to a gene
or sequence of interest. Thesé include the gene symbol, gene name,
alternate names and symbols for that gene, the chromosomal location, the
Gene Ontologies descriptors at multiple levels of detail, and other published

research describing known interactions of that gene.
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These generalizations can then be used to guide the development of systems for
providing the desired annotation information. In terms of the functional
implementation, three major possibilities exist: the use of spreadsheet files to deliver
sets of annotations for a particular gene chip, analysis software that can incorporate and
utilize annotation information, and a query able interface to the database of annotation
information. Each of these has distinct strengths and weaknesses that will be described
in the following paragraphs. In reality, it is unlikely that a single solution will satisfy
all user information needs. The most ideal solution would implement two or more of

these possibilities, and embrace the slight redundancy of complementary resources.

Spreadsheet File

It has been suggested that many of a users needs for sequence annotations could
be addressed by simply providing them with a spreadsheet file, such as Microsoft Excel
format, which lists all of the sequences on their microarray chip and the available
information for each one. These files contain the accession number, gene symbol, gene
name, chromosomal information and GO annotations for each spot on the microarray
chip. The researcher would then search that file for any information they need. The
advantage of this solution is that it is very easy to generate the file from a single query
of the data warehouse. The disadvantage is that it is not ideal from the researchers
perspective. Microsoft Excel was not designed to support complicated search queries

of its spreadsheets.

22



Software

It is ideal to have annotation information available during the process of
analyzing gene expression data. Several software programs for microarray data analysis
now allow the researcher to directly import sequence annotations into the analysis
procedure. These programs include Applied Mathematics GeneMaths, GeneSpring by
Silicon Genetics, and the OmniViz Gene Expression Analysis package, among others.
These three packages all use similar types of clustering algorithms to analyze data by
creating groups of sequences that have similar patterns of expression across the
experiment. The programs differ substantially in terms of the means of importing the
annotations, the types of information that can be imported, and the ability to direct the
data analysis according to annotation information. Currently GeneMaths and OmniViz
are both in use in the Pediatrics Department Core facility. Both packages allow users to
connect to an Oracle data warehouse and use scripts to retrieve functional annotations
for the sequences in their expression data set. The annotations can then be used as

additional variables for describing and categorizinging experimental data.

Query Interface

Another option for providing gene function annotations is to create a query
interface to the data warchouse, so that researchers can ask specific questions about the
sequences on the microarray chip used in their experiments. Processes of software
development and high-level design were used to develop and implement a query
interface. The following requirements for the user interface were determined:

e The interface needs to support queries relating to human and mouse genes.
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e Users need to be able to determine which sequences and annotations are
available on the microarray chip for their experiment.

e The interface needs to support multiple query types. Users may wish to search
for genes based on an accession number, gene symbol, gene name, or Gene
Ontologies descriptor.

e Additionally, the user must be able to request that the query return any of the
above.

o The system should support running multiple queries from a single input; “batch”
mode.

e Output should be in a format that can be printed out and/or saved to a file.

Regarding the implementation architecture, a web-accessible information retrieval
program needs to include three components:

e An HTML form that captures the users request

e A component to process the request and direct it to the data warechouse

* A component to return the results to the users web browser.

The use Java Servlets with embedded SQLJ was chosen as the platform for
deployment. Servlets are Java programs that run on a web server and can act as a
middle layer between a request coming from a Web browser and a database or other
application [25]. SQLJ allows Java programs to access information in a database
using embedded SQL (Structured Query Language) statements [26]. This decision was
based on the above components description, current technologies, and the broader

bioinformatics goals of the Biotechnology Core Facility environment. Java Servlets are
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easy to develop and deploy, and SQLJ provides an efficient and powerful means of

directing queries to the Oracle data warehouse and returning a result set.

Web query Java Oracle
P > .
form on Servlet on expression
client i Web < database
browser Server

Figure 3: Query Interface Architecture

3.3 Pathway Modeling
The next task is to explore means of using the gene annotations to produce a
higher level of biological analysis. Microarray analysis results often describe sets of
significant genes which are all elements of specific cellular processes, such as
signalling pathways involved in cell cycle regulation or tumorigenesis [27-29]. It has
been shown by microarray analysis that in mice, methamphetamine administration
causes up-regulation of several members of the INK/SAPK signalling pathway , which
in turn regulates additional transciption factors[30, 31]. Typically these results are
reported as a list of significant genes, which may be grouped according to their
common functions. Pathway analysis could provide a more effective means of
reporting such results.
Pathway analysis describes gene expression data by using a visual diagrams to

depict important cellular and molecular biological processes. Expression data is
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displayed graphically as a a collection of related genes or a diagram of a metabolic or
signalling pathway, using a color-scale to describe changes in expression-level for each
component[32]. The result is a powerful and simple illustration displaying expression
level changes for a set of genes which are all involved in a common biological process.

So far there have been very few attempts to do pathway analysis of microarray
data in the Pediatrics Department Biotechnology Core Facility. This likely due to a
perceived lack of resources, or lack of familiarity with publicly available resources. In
order to promote this technique among researchers, it is necessary to find and obtain
suitable resources and then become expert enough to aid others. This involves learning
the software, optimizing it to the local environment, demonstrating its’ utility and
effectiveness, and finally, creating detailed protocols so that others can then use it in a
time-effective manner.

The current leading and available resources for pathway analysis of microarray
data are GeneSpring, a proprietary microarray data analysis package by
SiliconGenetics, and GenMAPP, which is a publicly available program produced by a

team of resarchers at the University of California San Francisco.

GeneSpring

The pathway mapping feature in GeneSpring is one component of a much larger
microarray expression data analysis package. Essentially it allows a user to import a
pre-existing image file of a pathway in .jpeg or .gif format. Then graphical tools are
used to specify the regions in the image which correspond to specific genes on the

microarray slides, creating a link to the actual data. Once this has been done, the
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program displays a series of color-coded blocks representing the relative expression
level of that gene on each slide.

A major drawback of this approach is that many pre-existing pathway diagrams,
such as those published by BioCarta, were not visually designed to allow incorporation
of additional elements. The result becomes cluttered, crowded, and generally difficult
to readily interpret. If the user were to create their own pathway models specifically
designed for this purpose, the results would probably be much easier to read. However,
one advantage of this method is that data from multiple experimental conditions can all
be displayed at once.

Ultimately it was decided that GeneSpring would not be purchased for use in the

Biotechnology Core Facility, so its further potential was not pursued.

GenMAPP
GenMAPP was designed for the sole purpose of displaying gene expression data

according to known biological processes. The program has three main components: a
MAPP file, which is a diagram showing a biological relationship among genes or gene
products, a local database of gene ID’s and annotations, and an expression dataset
which contains the experimental data and user-defined rules for coloring gene products
on the MAPP. Users create the MAPP file for their pathway of interest, and then link
the elements to their expression data via the local database.

The program comes with a simple drafting toolbox for creating the MAPP files.
The developers have strongly promoted the open-source philosophylof sharing MAPP’s

once they have been created. Consequently there is already a substantial and growing
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archive of signalling pathway MAPP files from a variety of sources. In addition, they
have utilized the Gene Ontology vocabulary to create a set of MAPP files which
represent all of the known genes of a particular GO classification, such as nuclear
receptors.

The problem with the archived MAPP’s, however, is that the GenMAPP
developers have favored SWISS-PROT as the source for sequence identifying
accession numbers. The Biotechnology Core Facility uses the American alternative,
GenBank ID’s and it is currently not possible to convert an already created MAPP file.
Thus the existing archives of MAPP files can not currently be effectively used by local
researchers, except perhaps as a template for generating an identical pathway file using
GenBank accession numbers. However, there is a new version scheduled for release
very soon, and the developers have promised additional support for GenBank and
UniGene identifiers in the new release.

Despite the few (hopefully temporary) shortcomings, GenMAPP appears to be the
best currently available tool for performing pathway analysis of microarray gene
expression data, and consequently will be chosen for use in the Biotechnology Core
Facility. In order to promote GenMAPP for use by OHSU researchers, it is necessary
to become the local expert user, and develop a protocol for streamlining the process. It
is also necessary to effectively demonstrate its’ potential by performing some sample
analyses for others. The result will be a tool that is optimized and supported for use in

the core facility.
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3.4 Methods Summary

The major components of this thesis project are the creation of a data warehouse
of gene sequence annotations, the development of multiple tools to convey the
available knowledge to researchers at the time of need, and a demonstration of and

protocol for using the technique of pathway analysis on microarray expression data.
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4, Results

4.1  Data Warehouse

The data warehouse now contains gene annotation data using the Gene
Ontology vocabulary from NCBI’s UniGene and LocusLink, the Jackson Labs MGI
data set, and the Riken FANTOM data. The warehouse has been updated regularly to
ensure that the data is current, and detailed protocols (see Appendix 1.B) have been
created so that others can continue with the updates in the future. The scripts for
loading and updating the data continue to exist as a heterogenous combination of
UNIX