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Genome Informatics
Current Status and Future Prospects

Raimond L. Winslow, Mark S. Boguski

Abstract—This article reviews recent advances in genomics and informatics relevant to cardiovascular research. In
particular, we review the status of (1) whole genome sequencing efforts in human, mouse, rat, zebrafish, and dog; (2)
the development of data mining and analysis tools; (3) the launching of the National Heart, Lung, and Blood Institute
Programs for Genomics Applications and Proteomics Initiative; (4) efforts to characterize the cardiac transcriptome and
proteome; and (5) the current status of computational modeling of the cardiac myocyte. In each instance, we provide
links to relevant sources of information on the World Wide Web and critical appraisals of the promises and the
challenges of an expanding and diverse information landscape. (Circ Res. 2003;92:953-961.)
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The amount and rate of accumulation of biological infor-
mation is increasing exponentially. This information

explosion is being driven by development of powerful new
technologies for acquiring large-scale genomic and proteomic
datasets. Efforts are well underway to enumerate the cellular
“parts lists” (genes and gene products) and to map and
measure their dynamic interactions. The importance of these
achievements cannot be understated, as they have trans-
formed the nature of both biology and medicine, and have led
many to claim that biology has become an information
science.

These new experimental approaches are enabling acquisi-
tion of a wealth of new information on the cardiovascular
genome, transcriptome, and proteome, information that will
ultimately enhance our understanding of cardiovascular
health and disease. At the same time, there is growing
recognition that emergent, integrative behaviors of biological
systems arise from the complex dynamic interactions be-

tween system components, and that knowledge of each
component, however detailed, is not sufficient by itself to
understand integrative behavior. A quantitative understanding
of biological function will only be achieved through devel-
opment of structurally, biochemically, and biophysically
detailed computational models based directly on experimen-
tal data. Once developed, these models can be simulated,
analyzed, and understood through application of modern
engineering and computational approaches, and the knowl-
edge gained from these analyses can be applied to the design
of additional experiments. In this review, we attempt to
identify and describe the model systems, information re-
sources, and computational tools that are being developed to
address the new research paradigm of systems biology.

The Genome Information Landscape
The amount of genome sequence data now available is
enormous, with only more to come. At the time of this
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writing, the sequencing of more than 700 genomes is either
finished or in progress, and results may be found in various
public repositories (Table 1). The National Institutes of
Health and six other US government agencies1 are currently
supporting genome projects and hundreds of researchers are
submitting white paper proposals for the sequencing of
additional organisms.2 The following summary reviews those
genome projects most pertinent to cardiovascular biology and
medicine.

A “draft” sequence of the human genome has been avail-
able since June 2000, and the “finished” sequence was
announced in April 2003, coinciding with the 50th anniver-
sary of the determination of the double-helical structure of
DNA.3 The first large-scale analyses of the 2.9-gigabase
human genome sequence were published in February 2001.4,5

Of the many findings, the most surprising was that the human
genome appears to contain roughly 30 000 protein-encoding
genes, far fewer than the figure of 80 000 to 100 000 genes
cited frequently in textbooks and only one and one-third to
two times the number of genes in the fruit fly and the
nematode worm. Comparative genomics studies have shown
that many genes contributing to human disease are conserved
among these genomes, underscoring the utility to biomedical
research of studies in these organisms.6,7

A draft sequence of the mouse genome and comparative
analyses with the human sequence has been published.8

Findings support the notion that there are only about 30 000
genes in a typical mammalian genome. It is believed, how-
ever, that due to alternative splicing and other posttranscrip-
tional and posttranslational modifications, this number of
genes may encode a much larger number of functional
proteins.9,10 Comparative human and mouse sequence analy-
ses have also confirmed that, on average, rodent and human
genes are about 85% identical in their coding sequences.11,12

Although the mouse is the premier organism for studies of
mammalian genetics and development, and is seeing in-

creased use for cardiovascular research (for example, by the
JAX PGA and the Alliance for Cellular Signaling), the rat has
been used more frequently for physiological and pharmaco-
logical studies.13 A consortium led by the National Heart,
Lung, and Blood Institute (NHLBI) launched a rat genome
program in 1995,14 which has, to date, produced a plethora of
genomic resources,13 including genetic linkage maps that
have been used to correlate genotypes with quantitative
cardiovascular traits (“physiological profiles”).15 Funding to
sequence the rat genome was awarded in February 2001, and
a draft sequence was released in November 2002.14

The zebrafish has become an important model organism
for research in unraveling the molecular genetic basis of
normal and abnormal cardiovascular form and function.16

Transparent embryos of this species have made possible
large-scale screening of its genome for mutations with sub-
sequent cloning of the affected genes.16 The availability of a
genome sequence permits very rapid isolation of genes by
“positional candidate” cloning17 once they are genetically
mapped. The Sanger Center, funded by the Wellcome Trust,
began zebrafish genome sequencing in February 2001.18 A
very preliminary draft of the genome was released in July
2002.19

The dog has been a favored animal model for experimental
medicine since the mid-19th century20 and has been important
in a wide variety of cardiovascular research applications,
including the determination of potential cardiotoxicity of new
drugs. Indeed, search of the CRISP database21 indicates that
the canine model is used in hundreds of NHLBI grants. An
impressive collection of canine genome resources (including
physical, genetic, and transcript maps) is already available,
and the dog was recently added to the “high priority” list of
organisms for complete genomic sequencing.22

Data Mining and Analysis
Since the advent of GenBank in 1982 and the Human
Genome Project in 1990, bioinformatics has been synony-

TABLE 1. Genome Resources on the World Wide Web

Description URL

Guides to Finished Genomes and Current or Planned Genome Projects

Genomes OnLine Database http://ergo.integratedgenomics.com/GOLD/

Entrez Genome http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db�Genome

Genome News Network http://gnn.tigr.org/sequenced_genomes/genome_guide_p1.shtml

NHGRI ‘‘White Paper’’ Proposals http://www.genome.gov/page.cfm?pageID�10002154

Major Data Repositories and Information Resources

US National Center for Biotechnology Information (NCBI) http://www.ncbi.nlm.nih.gov/

European Bioinformatics Institute (EBI) http://www.ebi.ac.uk/Databases/index.html

Organism-Specific Databases

Human NCBI http://www.ncbi.nlm.nih.gov/genome/guide/human/

EBI http://www.ensembl.org/

Santa Cruz http://genome.ucsc.edu/

Nature Genetics/NHGRI User’s Guide http://www.nature.com/cgi-taf/DynaPage.taf?file�/ng/journal/v32/n1s/index.html

Mouse http://www.informatics.jax.org/

Rat http://rgd.mcw.edu/

Zebrafish http://zfin.org/cgi-bin/webdriver?MIval�aa-ZDB_home.apg

Dog http://www.fhcrc.org/science/dog_genome/dog.html
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mous with DNA and protein sequence data management and
analysis,23 and with the deluge of new data, this role for
bioinformatics is unlikely to abate soon. Although bioinfor-
matics has expanded in new directions with the emergence of
functional genomics data and “systems biology,”24,25 the
ability to navigate and search through sequence databases and
associated annotations remains an essential skill. A number of
books and reviews address the issues involved in sequence
database searching.26,27 The following discussion is therefore
limited to a few important characteristics of genome sequence
data and annotation and to describing some typical analyses
that are supported by existing databases and software tools. A
case study of cardiovascular discovery through comparative
genomics is also provided.

Genome sequence data are continually released into the
public domain even before it has been finished, and thus, one
must be mindful of this fact when analyzing data and
interpreting results. Details of the production and assembly
processes that result in draft versions of various levels of
quality and completeness are discussed elsewhere.28 Briefly,
the accuracy of data are proportional to the number of times
each nucleotide base in a particular sequence has been
sampled, also known as “coverage.” For example, the pre-
liminary draft of the zebrafish genome has only 2-fold
coverage, whereas the rat genome is available at 6-fold
coverage. Even 1-fold coverage data can be extremely useful
for gene discovery, whereas 6-fold coverage data are of
sufficient quality and continuity to justify and support de-
tailed analysis and annotation.

Annotation of genome sequences is a complex process for
which there is no real endpoint (see reference29 for an
excellent review). Consensus approaches involve similarity
matching to previously sequenced cDNAs and/or genes, plus
the application of various gene prediction programs, but the
major information providers (Table 1) differ in details and
emphasis.28 Annotation “pipelines,” and the reliability of the
resultant products, continue to evolve, and scientific interpre-
tation of the genome will perpetually be subject to revisions
as new discoveries are made. To increase the utility of these
data for the nonspecialist, the National Human Genome
Research Institute (NHGRI), in collaboration with the journal
Nature Genetics, has produced “A User’s Guide to the
Human Genome.”28 This tutorial consists of 13 Web-based
exercises that illustrate how to solve a variety of common, but
powerful and sophisticated tasks, such as in silico positional
cloning, the analysis of gene families, and the identification
of functional and structural domains in proteins.

To illustrate the power of comparative genomics, we cite
the recent discovery of the apolipoprotein AV gene
(APOAV)30 that encodes a previously unknown member of
the well-studied apolipoprotein gene family, mostly closely
related to APOAIV, which was cloned nearly two decades
ago.31 The APOAIV, APOCIII, and APOAI genes are found
within a 20-kb locus on human chromosome 11q32.32

Through comparative analysis of human and mouse genomic
sequences, Pennacchio et al30 discovered a region of sequence
conservation approximately 25 kb downstream from APOAIV
that proved to contain the APOAV gene. Because the AI/CIII/
AIV locus was well-known to influence plasma lipid levels in

humans, Pennacchio et al studied lipid levels in knockout and
transgenic mice and showed that APOAV has a strong
inverse correlation with plasma triglyceride levels.30 Subse-
quent studies by this group demonstrated that genetic poly-
morphisms in the APOAV locus are significantly associated
with plasma triglyceride levels in humans.

The Cardiovascular Transcriptome
Identification of the cardiac transcriptome is a critically
important first step toward understanding how environmental
factors and disease processes affect gene expression in the
heart. No consensus cardiac transcriptome has yet been
established for any organism, including human. Indeed, there
are few publicly available resources describing gene expres-
sion in heart. Significance of the problem is well illustrated
using the example of gene KCND3. KCND3 is known to be
expressed in the cardiac ventricles and is thought to encode
the major component of the voltage-dependent Ca2�-
independent transient outward current (Ito1), a key contributor
in shaping the early phase of the cardiac ventricular action
potential.33 KCND3 mRNA transcript level is also known to
be downregulated in end-stage heart failure.34 A search of
GenBank using the string “Kv4.3 OR KCND3” indicates a
total of 75 entries, 25 of which are from human and 8 of
which have the designation “heart” in the tissue type field.
KCND3 corresponds to Unigene cluster Hs.184889 and
Locus Link id 3752. However, the heart tissue type annota-
tion from the 8 GenBank entries is not carried forward to the
Unigene cluster, and Locus Link reports do not contain a
tissue type field. Indeed, the Unigene cluster summary
indicates in the expression information field that KCND3 is
expressed in neural tissue. This illustrates the difficulty of
identifying genes expressed in heart.

There have been limited efforts to organize information on
the cardiac transcriptome. The BodyMap Database35,36 de-
scribes tissue-specific gene expression, including that in
human left ventricle, right atria, and embryonic mouse heart.
To obtain this database, a 3�-directed cDNA library was
prepared from each tissue sample, and randomly selected
clones were sequenced, compared, and organized into clus-
ters. A representative sequence having the lowest content of
ambiguous bases was selected from each cluster and com-
pared against data in GenBank. Those with over 90% simi-
larity to the 3� end of the mRNA entries or to the reported
terminal exon of known genes were regarded as representing
those genes. BodyMap lists 744 genes expressed in human
heart (atria and ventricles) and 453 genes expressed in
embryonic mouse heart. Updates of BodyMap entries are
infrequent and database query capabilities are limited.

An additional resource is the Cardiac Gene Expression
(CaGE) Knowledgebase.37,38 In order for a gene to be
included in CaGE, it must be present in NCBI’s Locus
Link39–41 and have evidence confirming its expression in
heart. Supporting evidence includes the designation of heart
in the express field of a Unigene cluster, or the designation of
heart in the tissue type field of a GenBank42 entry. Relation-
ships can then be established between any individual Gen-
Bank clone assigned to a Unigene cluster and any Unigene
cluster representing a unique Locus Link. Two additional

Winslow and Boguski Genome Informatics 955



sources of human cardiac gene expression data accessed by
CaGE are the Toronto Cardiac Gene Unit library43 and the
BodyMap database.36 CaGE is rebuilt daily after accessing all
of these sources. The last source of evidence for expression
comes from gene expression profiling experiments conducted
on normal and dilated cardiomyopathic failing human hearts.
Currently, such data are limited to that collected at the Johns
Hopkins University School of Medicine using oligonucleo-
tide and cDNA microarrays.44 Plans are being developed to
incorporate data from expression studies conducted as part of
the NHLBI Programs in Genomic Applications, described
later.

Interaction with CaGE is via a Web interface. Genes can be
browsed by the first letter or number of their official gene
name. Basic searches can be performed using either official
or alias gene names, chromosome number or cytogenetic
band, official or alias gene symbols, GenBank accession
number, Unigene cluster, or Locus Link identifiers. Clinical
synopses found within OMIM45 may be searched for genes
known to be associated with a given human phenotype. The
results of these queries generate a gene “home page” that
displays all data stored within CaGE for that given locus link.
Currently, CaGE contains 7349 Unigene clusters known to be
expressed in human cardiac tissue. There are 676 human
Locus Link entries in the BodyMap Atria library, 721 in the
BodyMap Ventricle library, and 2618 in the Toronto Cardiac
Gene Unit library. An additional 1800 human Locus Links
are from the Johns Hopkins gene expression data. In total,
CaGE tabulates 8085 unique Human Locus Link entries
expressed in human cardiac tissue. This is just a fraction of
the total number of genes estimated to be expressed in aorta,
adult, and fetal heart.46

Serial analysis of gene expression (SAGE) is a powerful
method for the identification of gene expression patterns.47,48

Advantages over other methods such as use of oligo- or
cDNA microarrays are that SAGE is not dependent on prior
knowledge of transcript information and is able to detect
transcripts expressed at low copy number. Results are re-
ported in terms of absolute or relative numbers of tags,
facilitating direct comparison of SAGE results obtained in
different laboratories. NCBI has developed a public reposi-
tory for SAGE transcriptome information from a number of
different organisms and tissues called SAGEmap.49,50 Re-
cently, Anisimov et al51 have used SAGE to produce the first
quantitative expression profile of adult mouse heart and have
made this transcriptome available at SAGEmap (GSM1681).
This represents an important step forward in the quantitative
determination of the cardiac transcriptome and is an approach
that is likely to be extended to other species in the near future.

One of the most exciting new experimental technologies to
emerge in recent years have been methods for obtaining
genome-wide mRNA expression data using oligonucleotide52

and cDNA microarrays,53 a topic considered previously in
this Review series.54 These approaches are likely to provide
significant insights into changes of gene expression as well as
mechanisms of gene regulation in a variety of cardiac disease
processes.55–60 The National Heart, Lung, and Blood Institute
(NHLBI) launched the Programs for Genomic Applications
(PGAs)61 on September 30, 2000, funding a total of 11

projects (Table 2). This program is a major initiative to
advance functional genomic research relating to heart, lung,
blood, and sleep health and disorders, with the majority of
sites undertaking significant research efforts in large-scale
studies of gene expression in human cardiovascular disease as
well as in animal models. Specific goals of the PGAs include
the following: (1) development of animal models and char-
acterization of phenotype in these models; (2) measurement
of gene expression, identification of regulated genes, and
identification of single nucleotide polymorphisms (SNPs) in
both animal models and human patients for a range of
cardiopulmonary disorders; (3) development of new data-
bases, data analysis procedures, and software tools for car-
diovascular genomics. All information, reagents, and tools
developed by the PGAs are mandated to be released in a
timely manner to the research community. Microarray data
are released 60 days after completion of the last hybridization
of an individual experiment, and after the data passes quality
control standards. Data are made available either in the form
of text files (the Hopgenes PGA) or through database query
(eg, chipperDB of the CardioGenomics PGA or GeneTraffic
2.1 of the Southwestern PGA). Distribution of microarray
data will be facilitated greatly by adoption of MIAME
(Minimal Information for Annotation of Microarray
Experiments)62-compliant data markup languages such as the
Microarray Gene Expression Markup Language (MAGE-
ML).63 Indeed, the Nature journals and The Lancet have
announced recently that microarray data submitted for pub-
lication must be MIAME-compliant.

The Cardiovascular Proteome
Proteomics is the study of the full protein complement of the
genome, and seeks to identify and characterize mechanisms
regulating expression level, co- and posttranslational modifi-
cations, and interactions between all proteins in the cell.
Applications of proteomics to the study of cardiovascular
biology are described in several recent reviews.64–66 These
efforts are presently focused on characterization of the
cardiac cytoplasmic, mitochondrial, and myofilament subpro-
teomes67–69 and characterization of myocyte response to
ischemic injury.70–74 Research in cardiovascular proteomics
is likely to develop rapidly, particularly in light of the recent
funding of ten national proteomics centers as part of the
NHLBI Proteomics Initiative. Similar in spirit to the Pro-
grams for Genomics Applications, the intent of this initiative
is to establish a number of multidisciplinary centers focused
on the development of innovative proteomics technologies,
and the application of these technologies to enhancing our
understanding of heart, lung, blood, and/or sleep disease. As
with the PGA, all products of this effort including reagents,
experimental and analytical techniques, and data will be made
available to the scientific community. This initiative is
sufficiently new that at the time of this writing, URLs for
center Web sites are not yet available.

There are a number of well-known protein databases that
make available summary information on general protein se-
quence and structure. Information in these databases is typically
generated by expert annotators. Examples include the SWISS-
PROT/TrEMBL Protein Knowledgebase,75–77 the Protein Infor-
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mation Resource,78,79 and the Protein Data Bank.80,81 NCBI’s
Entrez-Protein (www.ncbi.nlm.nih.gov/Database/index.html)
compiles and makes available information from many of these
sources; information retrieval is via Boolean keyword search. A
variety of other data analysis and retrieval tools, such as the
BLAST program for sequence similarity searching, are also
available (www.ncbi.nlm.nih.gov/Tools/index.html).

Databases supporting direct access to experimental data
currently take the form of annotated flat-file images of 2-D
gels. These databases include SWISS-2DPAGE as well as
heart-specific 2-D gel databases (the Harefield Hospital Heart
Science Center 2D Gel Protein Database HSC-2D PAGE82;
the Heart High-Performance 2-DE Database at the Max
Delbruck Center for Molecular Medicine83; the Human Myo-
cardial Two-Dimensional Electrophoresis Protein Database
Heart 2D-PAGE84; and the 2-dimensional polyacrylamide gel
electrophoresis database of rat heart85). Creation of such data-
bases is facilitated by the availability of open source software
called “make2ddb” for generating 2-D gel databases.86

These data sources constitute a rich resource for the
general proteomics community. However, the rapid pace of
development of proteomics technologies and the resulting
diversity and complexity of proteomics data poses special
challenges.87 In particular, methods for structuring and
searching proteomics databases to retrieve groups of proteins
based on well-known pathways, functional classifications,

and specific posttranslational modifications must be devel-
oped. Methods for annotating and differentiating posttransla-
tional modifications predicted from protein motifs using
computational algorithms versus those for which there is
direct experimental evidence are required. Protein concentra-
tions and other measured attributes should be compared with
values determined in reference samples to enhance data
quantification. With regard to protein identification based on
mass spectrometry, annotations must provide meaningful
statistical measures of the quality of match. An issue that will
figure importantly in the development of the NIH Proteomics
Centers is that data representation and dissemination must be
facilitated by the adoption of standards for data description.
As one example of such an effort, the Human Proteome
Organization is promoting the development of standard for-
mats for the representation and exchange of mass spectrom-
etry and protein-protein interaction data and annotations.88,89

These formats are derivatives of XML (eXtensible Markup
Language), a language that originated as a standard for
document formatting, but which is now used as a format to
transfer structured data of any kind over the World Wide
Web. Finally, Web services,90 a technology building on the
ability of Simple Object Access Protocol (SOAP) to support
distributed network communication, has great potential as a
tool for making both data and computational algorithms
transparently available to other software applications, thus

TABLE 2. NHLBI Programs in Genomics Applications

Name Project Title Project Web Site Resources

BayGenomics The NHLBI-Bay Area Functional Genomics
Consortium

http://baygenomics.ucsf.edu/ Murine embryonic stem cell lines for use in cardiovascular
and pulmonary research

Berkeley PGA Comparative Genomic Analysis of
Cardiovascular Gene Regulation

http://pga.lbl.gov VISTA tools for comparative genomics; CVCGD database of
cardiovascular genes; NOMAD microarray database

CardioGenomics Genomics of Cardiovascular Development,
Adaptation and Remodeling

http://www.cardiogenomics.org Expression profiles from murine models of cardiomyopathy;
sarcomere protein gene mutation database; human gene
mutation and SNP data

HopGenes Applied Genomics in Cardiopulmonary Disease http://www.hopkins-genomics.org affynoRM A microarray analysis software; cardiopulmonary
disease candidate genes list; expression profiles from rat
and murine models of pulmonary disease

InnateImmunity Innate Immunity in Heart, Lung, and Blood
Disease

http://innateimmunity.net Innate immunity gene list; SNP data analysis tools

JAX PGA Mouse Models of Heart, Lung, and Blood
Diseases

http://pga.jax.org Murine models of heart, lung, blood, and sleep disorders,
mouse phenome database

ParaBioSys Genomic Analysis of Stress and Inflammation http://pga.mgh.harvard.edu ParaBioSys software tools for genomic searching and
alignment; murine expression data in response to
proinflammatory, metabolic, and pathogen stresses
affecting the cardiovascular system and the lung

PhysGen Physiogenomics of Stressors in Derived
Consomic Rats

http://pga.mcw.edu Consomic rat strains for investigating physiological
mechanisms of homeostasis and response to stress;
phenotypic, genotypic, and microarray data

Seattle SNPs UW-FHCRC Variation Discovery Resource http://pga.mbt.washington.edu Human inflammatory response SNP database; PolyPhred
SNP detection software; Genotype (VG2) and Haplotype
(VH1) visualization software

Southwestern Genomics and Proteomics of Cell Injury and
Inflammation

http://pga.swmed.edu Expression and SNP data on genes involved in the cellular
response to injury an inflammation; GeneTraffic microarray
database

TREX Microarray Expression Profiling of Rodent
Models of Human Disease

http://pga.tigr.org TIGR Microarray Data Analysis System; expression profiles
for murine and rat models of heart, lung, and blood
disease
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facilitating the machine discovery, communication, and anal-
yses of proteomic as well as genomic data.

The data resources described above provide descriptions of
the properties of individual genes and proteins. However,
cellular behavior is regulated in a complex manner through a
diversity of interacting gene expression, signal transduction,
metabolic, and electrophysiological pathways. Pathway prop-
erties are themselves determined by factors such as the
specific nature of molecular interactions, formation of mul-
timolecular complexes, and by subcellular localization. Rep-
resentation of information on biological pathways in a form
that supports complex querying and modeling is an important
goal of postgenomics biology.

There are emerging databases and bioinformatics tools that
address this need. The most ambitious effort is that of The
Alliance for Cellular Signaling (AFCS). The aim of the AFCS
is to achieve a quantitative understanding of cellular G
protein–mediated signaling. This will be done using the
resting B lymphocyte and the murine cardiac myocyte as
model systems. Goals are to identify all of the proteins
comprising signaling pathways within these cells, to deter-
mine how interactions between these proteins determine
spatiotemporal responses within the cell, and to assemble
from these data theoretical and computational models of
cellular signaling. The AFCS is developing an object-
relational database of information on signaling proteins called
Molecule Pages. This database is accessible through both the
AFCS Web site91 and the AFCS/Nature Signaling Gateway.92

This database consists of annotations extracted automatically
from public data repositories on the function of over 3000
proteins involved in signal transduction. In addition, over 800
so-called “Mini-Molecule Pages” consisting of expert protein
annotations are available. These experts are responsible for
maintaining annotation information as the project progresses.
Ultimately, the AFCS database will be extended to support
queries regarding relationships between molecules and the
structure of complex signaling pathways.

There are additional software resources that, although not
cardiac-specific, could prove to be of great value to the
cardiovascular community. One of these is the Bimolecular
Interaction Network Database (BIND).93 BIND is an object-
relational database for storing and querying information on
pairwise protein-protein interactions, protein complexes, and
protein pathways. The BIND data model has been pub-
lished94,95 and is sufficiently rich that it permits description of
interactions between proteins, nucleic acids, and small mol-
ecules, protein post-translational modifications, linkage to
external data sources for annotation purposes, and organiza-
tion of pairwise interactions into larger scale interaction
networks. A BIND Interaction Viewer is available for visu-
alization of network interactions. BIND is an Open Source
software development project and is available for download
from SourceFORGE.net. Both BIND and the AFCS Mole-
cules Pages therefore represent important resources that could
be extended and used for development of cardiac-specific
protein interaction and pathway databases.

Gene MicroArray Pathway Profiler96,97 is a free software
tool for viewing and analyzing gene expression data super-
imposed on drawings of gene interaction networks with

hyperlinks to annotation data. The software consists of
several components. The GenMAPP Drafting Board soft-
ware, in conjunction with Drafting Tools and the Object
Toolbox, enable users to create new pathway representations
as well as edit existing pathways, and to store these pathways
in a file format known as MAPPs. The Expression Data
Manager software is used to import and layer expression data
onto these MAPPs. The GenMAPP Database is a library of all
the genes used by the GenMAPP software. The GenMAPP
Database stores information for linking expression data to
objects in a MAPP, and also stores annotations for each
MAPP object.

The PathDB software suite from National Center for
Genome Research98 is an alternative system for building,
visualizing, and querying cellular networks. Using client-side
components (QueryTool and PathwayVieweri), users may
view and query pathway models stored in the PathDB
relational database. Users may also download the software
suite in order to run it locally to create and store pathway
models.

New Directions in Bioinformatics:
Computational Modeling

Integrative modeling of the cardiac myocyte has been ad-
vanced to a greater breadth and depth than that achieved in
any other discipline of biological modeling. Development of
myocyte models began in the early 1960s with publication of
Purkinje fiber action potential models based on the Hodgkin-
Huxley model of the squid action potential.99,100 Subsequent
elaboration of these and other models led to development of
the first biophysically based cell model describing interac-
tions between voltage-gated membrane currents, pumps and
exchangers, and intracellular calcium cycling processes in the
cardiac myocyte,101 the so-called DiFrancesco-Noble model
of the Purkinje fiber. This landmark model established the
conceptual framework from which all subsequent models of
the myocyte have been derived. Models of the myocyte now
include descriptions of (1) voltage-dependent membrane
currents, in some instances based on formulation of Markov
state models of ion channels102–104; (2) membrane pump and
transporter function; (3) intracellular calcium cycling104,105;
(4) excitation-contraction coupling and isometric force gen-
eration106; and (5) energy production via the tricarboxylic
acid cycle and oxidative phosphorylation.107–109 These mod-
els have proven reproductive and predictive properties and
have been applied to advance our understanding of myocyte
function in both health and disease.102,110–112

Source code is now available for at least three models of
the ventricular myocyte action potential (the Luo-Rudy
Dynamic model of the mammalian action potential,113 the
Winslow-Rice-Jafri model of the canine ventricular myo-
cyte, and the Jafri-Rice-Winslow model of the guinea pig
ventricular action potential114). In addition, there are Web-
based simulation resources that facilitate model dissemi-
nation and use. These include the following: (1) the Virtual
Cell system of the National Resource for Cell Analysis and
Modeling at the University of Connecticut115; (2) the
Java-Based Integrative Model Simulation and Analysis
Environment (JSIM)116—an Open Source software devel-
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opment project of the National Simulation Resource at
University of Washington, Seattle; and (3) iCell117—a
collection of myocyte models implemented as Java
applets.

The complexity of biological models, including those of
the cardiac myocyte, is increasing rapidly. This complexity
makes the reliable publication and exchange of models
difficult. XML-based markup languages such as CellML118

and the Systems Biology Markup Language (SBML)119 are
being developed to support the error-free exchange of models
independently of the hardware and software architectures on
which these models will run. An application programming
interface for CellML is being developed, and several groups
are developing software for automated source code genera-
tion from CellML files.

Future Directions
A national infrastructure supporting the acquisition, distribu-
tion, and analysis of cardiovascular genomic and proteomic
data is now in the formative stage. We will, without question,
witness dramatic growth of the quantity, quality, and avail-
ability of cardiovascular data and models relating to health
and disease over the next five years. However, the value of
these data and models will depend to a great extent on quality
of the annotation provided. In the case of experimental data,
it is necessary that investigators undertake critical review and
quality control before public release, and provide careful
annotation to assure that animal model phenotype, clinical
information relevant to the interpretation of samples from
human tissue, and all aspects of sample preparation and
analysis are described fully. Data must be organized within
databases having a sufficiently rich schema to permit com-
plex queries based on underlying data attributes. Annotations
describing data processing methods applied to any archived
data must be available. In the case of computational models,
annotation must include documentation as to how model
parameters are determined, and evidence of model reprod-
uctive and predictive capabilities. Finally, data and models
must be exportable/accessible using standards agreed on by
the research community so as to facilitate error-free machine
exchange. If these challenges are met, we will have the
opportunity to create a truly integrated cardiovascular re-
search community, the whole of which is far greater than the
sum of its parts.
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