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Introduction
The sequencing of the human genome, the identification of common SNPs and haplotype
blocks, and advances in microarray technology has enabled the study of complex diseases at
a level of detail not previously imaginable. These have aided in the design and analyses of
association and linkage studies of many complex diseases including cardiovascular disease.
Recent technological advances have enabled the undertaking of large-scale genome-wide
association studies (GWAS) that can assay hundreds of thousands of polymorphic sites on
hundreds to thousands of individuals in order to find genomic regions associated with disease.
While results from these experiments enable the identification of smaller regions of association
than previous studies, as with all linkage and association studies, there is the need for the further
investigation of regions of interest for the causal genes or variants.

The purpose of this review is to present a detailed demonstration as to how publicly available
resources can be utilized to easily guide more detailed research into genomic regions of interest
identified in linkage and association study data. Large-scale projects, such as the Human
Genome Sequencing project1, 2, have generated large volumes and varieties of annotated
genomic data necessitating the development of Internet-based tools to organize and make
practically available these public data. One important tool in human disease research is web-
based graphical genome browsers that use the human genome sequence as the framework on
which to organize genomic annotations providing various ways for researchers to view and
extract important information. Currently, there are three human genome browsers that have
been developed for public use: 1) the National Center for Biotechnology Information (NCBI)
Map Viewer3; 2) the University of California Santa Cruz (UCSC) Genome Browser4; and 3)
the European Bioinformatics Institute’s Ensembl system5. Although these genome browsers
share common features and genomic information, each being built on top of the same reference
genome sequence, they each have a different look and feel and provide unique capabilities6.

In particular, the UCSC Genome Browser has a tool called Genome Graphs that is especially
suited for linkage and association study analyses. The following sections will demonstrate the
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capabilities of this tool focusing on a recently published GWAS result from the Wellcome
Trust Case Control Consortium (WTCCC). As with all studies of this type, regions of disease
association were identified encompassing large numbers of genes that are candidates for further
studies. In order to prioritize future research, genes in each region need to be investigated for
a possible role in a particular disease. The following step-by-step instructions demonstrate a
straightforward and efficient method using the Genome Graphs tool within the UCSC Genome
Browser that can help to prioritize a small number of meaningful candidates from a large-scale
association study. Figure 1 provides an illustrated outline of this method with a more detailed
description of each step below (Note: Each of the individual figures in Figure 1 is also available
as larger figures in the Supplementary material).

Data
Numerous previous family-based linkage studies and case-control single marker association
studies have indicated a strong genetic component to cardiovascular disease. Currently, about
40 quantitative trait loci (QTL) for human atherosclerotic disease have been identified by
genetic linkage studies7. Large-scale association studies also identified several genes, such as
LTA8, VAMP 8 and HNRPUL19, and CDKN2A and CDKN2B10, 11, 12.

Coronary artery disease (CAD) is one of the complex diseases studied by the WTCCC12. In
their study, Affymetrix GeneChip 500K Mapping Arrays were used to identify seven regions
of the genome showing evidence of association with CAD. The full dataset is only available
with permission of the WTCCC, so we created a synthetic dataset (Supplemental file 1) for the
NCBI build 36 human genome sequence based on the most significant SNP within each of the
seven regions displayed in Tables 3 and 4 in their manuscript. Each of these SNPs is assigned
its reported −log10 of P value to represent the statistical significance of the SNP and is
calculated based on the allele distribution in cases and controls. To reflect the full extent of the
identified region of association, we added SNPs at the edges of their identified regions to our
dataset, each with a value of 3.51. Lastly, we added background SNPs (~2 Mb away from each
side) with value 0. Readers are encouraged to download this synthetic dataset (Supplemental
file 1) and to use it to actively perform each of the following steps in order to better understand
the functionality of the Genome Graphs tool.

Step 1: Upload linkage/association results
First, proceed to the UCSC Genome Browser homepage (http://genome.ucsc.edu - Step 1,
Figure 1, top image). Links to several tools available at this site can be seen in blue horizontal
and vertical tool bars. For more information on the functionality of these other tools, we
encourage exploring the FAQ and Help pages and reading a recent review describing features
of this browser13.

Click on the Genome Graphs link on the left vertical pane. In the page that appears (Step 1,
Figure 1, middle image), data from association or linkage studies can be input. Up to two
datasets can be uploaded and displayed simultaneously. The bottom section of this web page
describes briefly the page controls, and there is a link to the Genome Graphs User’s Guide that
provides a more detailed set of instructions for this tool.

Click the upload button in the upper box to display the Upload Data to Genome Graphs page
(Step 1, Figure 1, right image). On this page, information about the association data may be
input such as a name and description. This tool will accept files of association or linkage data
that are tab-delimited, comma delimited, or space delimited (see file format drop-down bar).
Our test file is tab-delimited and simply consists of lines consisting of the name of a SNP and
a corresponding value. The intent is that in general these values reflect some significance
measure for that SNP, but there are no restrictions. This tool is aware of locations of several

Wang and Furey Page 2

Circ Cardiovasc Genet. Author manuscript; available in PMC 2010 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://genome.ucsc.edu


types of markers including SNPs denoted by rs values, and probes on several genome-wide
genotyping microarrays from Affymetrix, Illumina, and Agilent (see markers are drop-down
bar).

The association or linkage information to be displayed can be copied and pasted into the text
box shown on this web page or can be uploaded as a file. The latter is recommend for very
large datasets. Upload the test dataset and press the submit button. This will input the
association results to be displayed in a graphical output page (Step 2, top figure – Note: This
process may take a few minutes). By default, the range of the dataset to be plotted will be
obtained from the minimum and maximum values in the data. Alternatively, this display range
can be specified by setting display min value/max value on the Upload Data page, or can be
adjusted later (see next step).

Step 2: Display significant regions
Once the data is uploaded, first a summary text page appears indicating how many (%) markers
within the data file were successfully mapped to the genome. Click the OK button to proceed.
Next, the main Genome Graphs page appears again where the uploaded data can be selected
for display in a genome-wide manner. Using the graph drop-down menu, select the track name
corresponding to the newly input data. This will cause these data to be displayed on this same
web page as a line graph on top of ideograms of each chromosome (Figure 1, Step 2, top panel).
Seven peaks corresponding to the regions of significance are displayed directly above the
appropriate chromosomes for this specific dataset. The height of the peak indicates its statistical
significance, in this case the −log10P value described above. Different features of this ideogram
graph can be customized by clicking the configure button including the range of values to be
shown. Images in Figure 1 and in the supplementary figure were generated using the default
settings.

From this display, clicking on any point of interest on any chromosome will open the main
Genome Browser tool (described in the next section) displaying a 1 Mb region around that
chromosomal base pair position. Alternatively, regions of association can be displayed in the
Genome Browser by first specifying a significance threshold (3.5 for this dataset), and then
pressing the browse regions button. The Genome Browser tool is displayed with a pane on the
left containing links to significant regions that are above the given significance threshold
(Figure 1, Step 2, bottom panel). In this dataset, it includes a total of 1.7 Mb from seven regions
sorted by their genomic positions. Each region can be displayed on the Genome Browser on
the right pane by clicking on the corresponding link. The first region on the list is shown by
default. Click on the link for the region chr9 21.9M to 22.2M, the region with the most
significant association, to show this area of the genome in the browser.

Step 3: Investigate significant regions
The Genome Browser tool presents a graphical view of a wide variety of annotations,
particularly those related to genes, for a specific span of genomic sequence in the form of
horizontal annotation “tracks” (Figure 1, Step 3). The genome is as presented runs from left to
right with the shorter p-arm on the left. Genes are represented by solid boxes (exons) connected
by lines (introns) with arrows indicating the direction of transcription. Scrolling down this page
shows numerous drop-down menus that control the multitude of tracks that can be displayed.
Currently, there are more than 200 annotations, some developed using public data and/or
research performed at UCSC, and others contributed from outside resources by third party
researchers. These annotations are organized into categories, such as Genes and Gene
Prediction, Regulation, Comparative Genomics, and Variation and Repeats13, 14. Annotation
tracks most relevant to linkage and association studies include UCSC Genes, 7X Reg Potential
(regulatory potential based on cross-species alignments), Conservation (can select what other
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species to view), Most Conserved, SNPs (129) (from dbSNP), and HapMap LD Phased (the
association of alleles on chromosomes). Any specific track can be displayed by selecting any
visibility option (dense, squish, pack, full) other than hide from the drop-down list under that
track name and then pressing any of the refresh buttons to update the display. These options
primarily control whether each element in the track is distinctly displayed or is summarized in
a single line (Please see
http://genome.ucsc.edu/goldenPath/help/hgTracksHelp.html#TRACK_CONT for more
detailed descriptions of the different display options). If the Internet browser cookies are
enabled, preferred track viewing options will be saved and automatically reset when returning
to the Genome Browser in the future. In addition, navigation buttons are present along the top
of this page that allow the zooming in and out of regions displaying more or fewer bases, and
scrolling left and right along the chromosome. Clicking on the configure button to the right of
the position text box allows more customizing of the appearance of the browser graphic in
addition to allowing track display configuration. A useful configuration for those with larger
monitors is to increase the width of the main image. By default, this is set to 620 pixels. For
the browser images in Figure 1 and in the supplementary figures, the image width has been set
to 1000 pixels. More detailed instructions concerning the functionality of this tool can be found
in the Help section and also in recent reviews13, 14.

Individual genes in regions of interest can be easily investigated within the Genome Browser.
The currently displayed region on chromosome 9 (Figure 1, Step 3) indicates that two well-
annotated protein-coding genes, a pair of cyclin dependent kinase inhibitors, CDKN2A and
CDKN2B, are fully contained in the corresponding sequence representing potential candidate
genes related to CAD. In fact, the original WTCCC analysis of this region focuses on these
two genes, and a replication study confirmed the significance of this region15. The multiple
instances of each gene in the UCSC Genes track in the browser display correspond to
alternatively spliced isoforms. Darker shades of blue indicate strong supporting evidence for
the correct annotation of that isoform, while the lighter shades indicate less confidence. A
general feature of the browser is that clicking on any element in any annotation track will
display a more detailed description of that element. Genes in particular have a rich collection
of information available including links to other databases and online resources as described
in the following section.

In addition to these protein-coding genes, a non-coding gene, ANRIL (annotated as
CDKN2BAS in the RefSeq Genes track, and DQ485454, EU741058, and NR_003529 in the
UCSC Genes track), is contained in this region. The function of this gene is unknown at present,
but should also be considered in further investigations. It is important to note that there are
several gene annotation tracks in the browser, such as UCSC Genes and RefSeq Genes. In
general, the UCSC Genes track is more comprehensive containing annotations of coding and
non-coding genes and transcripts requiring a minimum level of biological support. RefSeq
Genes, based on the Reference Sequence project at the NCBI16, has traditionally focused more
on protein-coding genes, but the entries are well-supported and many are hand curated. It is
advisable to review multiple gene annotations in follow-up research.

Not all linkage and association study results identify such small regions containing relatively
few genes. In non-GWAS experiments, significant regions often span multiple megabases
potentially containing hundreds of genes. In these cases, it may be beneficial to investigate
linkage disequilibrium among top markers, recombination rates, and evidence of evolutionary
selection pressure. Information about some of these can be found within other annotation tracks
in the browser. In addition, several public tools are available that may be helpful such as SNAP
(http://broad.mit.edu/mpg/snap/) that is specifically designed to query and display LD with
GWAS results.
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Step 4: Research individual genes
To investigate these genes of interest further, click on one of the genes (CDKN2A) within the
graphic on the browser page to open the Human Gene Description and Page Index page (Figure
1, Step 4, top and middle). At the top of this page are a brief description of the gene and a
summary of what is currently known about its biological function taken from the Reference
Sequence (RefSeq) project16. In addition, to facilitate investigation into potential associations
with the disease in question, several diverse types of detailed information are provided such
as links to other genomic tools and databases, results from genetic association studies,
microarray gene expression data, mRNA and protein structure models and information, Gene
Ontology (GO) annotations, and biochemical and signaling pathways in which the gene
participates. Each of these sections on this web page can be viewed either by scrolling down
or using the Page Index table of links to directly jump to information of interest.

For CDKN2A and CDKN2B, the Genetic Association Studies of Complex Diseases and
Disorders section (Genetic Associations link in the Page Index table) indicates that these have
been previously linked to many types of disease including several cancers (Figure 1, Step 4,
middle). Of particular interest, though, are that genetic association studies have linked both to
myocardial infarction (click on “click on here to view complete list” link, see item 1210). To
further understand the potential CAD association of CNKN2A and CNKN2B, clicking on the
myocardial infarct link in the Positive Disease Associations list will open a page in the Genetic
Association Database (GAD)17 (Figure 1, Step 4, bottom). The GAD contains several
published independent studies describing both positive and negative associations between
CAD and these two genes.

In addition to the GAD, several other publicly available resources contain valuable information
related to disease association such as PubMed, Entrez Gene, OMIM, and GeneCards. OMIM
(Online Medelian Inheritance in Man) is a comprehensive database of human genes and genetic
phenotypes curated by researchers at Johns Hopkins University and the NCBI that specifically
focuses on genetic disorders and the relationship between phentotype and genotype18

(http://www.ncbi.nlm.nih.gov/omim/). The intended audience of this resource is physicians
and genetics researchers. GeneCards, developed at the Crown Human Genome Center and the
Weizman Institute of Science, is likewise a human gene database that includes a wealth of
information about all known and predicted genes including disease relationships, related drugs
and compounds, and antibodies19 (http://www.genecards.org/index.shtml).

Information in these can be easily accessed through links provided within the UCSC Browser
gene description web page (Figure 1, Step 4, top panel) under the Sequence and Links to Tools
and Databases section. Other sections in this page that may also be of interest are Comparative
Toxicogenomics Database (CTD) that reports what chemicals have been shown to interact with
this gene, Microarray Gene Expression that displays in what tissues and cell types the gene is
expressed, and Biochemical and Signaling Pathways that lists in what general cellular
processes the gene is involved. Note, not all genes are necessarily as well-annotated as these
and may not contain information in all of these sections.

In summary, by following the above described analysis pipeline within a genome browser, we
quickly and easily find two meaningful candidate genes, CNKN2A and CNKN2B, in one of
the seven regions with evidence of association generated from a GWAS. Obviously, the other
regions could and should be further investigated in a similar manner, and further
experimentation is necessary to confirm and better understand the potential role of any
particular gene in the disease.
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Discussion
The UCSC Genome browser is a powerful online tool that integrates a large and diverse set of
genomic data efficiently and intuitively providing much needed support for biomedical
research, especially in the age of large-scale data intensive experiments such as genome-wide
association studies. Using a specific example, we have illustrated how to use this Genome
Browser to obtain well-supported candidate genes from a GWAS concerned with coronary
artery disease. Admittedly, not all investigations using this method will quickly yield such
informative results and is largely dependent on the accuracy of the association or linkage data
and the previous research and annotations of genes. Nonetheless, we feel that this provides a
concrete way in which to integrate the results of GWAS with the wealth of publicly available
genomic data for further discovery.

This tutorial has only briefly introduced some of the functionality of the UCSC Genome
Browser. A recent review provides a more in-depth description of this browser13, 14, 20. We
also do not describe other human genome browsers hosted at the NCBI and Ensemb13, 5, 21.
These also provide rich sets of genomic annotations and functionality that greatly but not
completely overlap those available at UCSC. General reviews comparing these three browsers
are available6, 22. We encourage the further exploration of these websites to better understand
these alternatives and their strengths. Researchers should decide for themselves the one that
addresses their needs the best. We also caution that the quality of publicly available data
displayed in the genome browsers and available in other public resources is highly variable.
All these data should be viewed carefully and critically.

In the specific example we discussed here, we only included data in our synthetic results file
from seven regions of the genome showing evidence of association with CAD. We surmise
that researchers may want to upload more complete sets of raw or processed data generated
from linkage and association studies to analyze within the Genome Graphs tool. Therefore, we
need to point out that it takes a similar amount of time, about two minutes, to upload results
that consist of 1 SNP or 500,000 SNPs. Therefore, analyses of large datasets is well within the
capabilities of this tool.

We have recently learned of a new open access database of GWAS results23. This database
consists of a collection of significant results (p < 10−3) from 118 GWAS articles for over 400
traits. The associated publication discusses the challenges of working with and standardizing
annotations for GWAS results. Notably relevant to the current paper, a supplemental
compressed file accompanying this paper contains individual GWAS results files spanning
more than 400 traits formatted for UCSC Genome Graphs. These may be used for further
experimentation with the Genome Graphs tool.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Flow chart of using UCSC genome browser to analyze GWAS results. Refer to text for details
of each step.
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