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Abstract

To determine how genetic variations contribute the variations
in drug response, we need to know the genes that are related
to drugs of interest. But there are no publicly available data-
bases of known gene-drug relationships, and it is time-
consuming to search the literature for this information. We
have developed a resource to support the storage, summariza-
tion, and dissemination of key gene-drug interactions of rele-
vance to pharmacogenetics. Extracting all gene-drug rela-
tionships from the literature is a daunting task, so we distrib-
uted a tool to acquire this knowledge from the scientific com-
munity. We also developed a categorization scheme to clas-
sify gene-drug relationships according to the type of pharma-
cogenetic evidence that supports them.  Our resource
(http://www.pharmgkb.org/home/project-community.jsp) can
be queried by gene or drug, and it summarizes gene-drug re-
lationships, categories of evidence, and supporting literature.
This resource is growing, containing entries for 138 genes
and 215 drugs of pharmacogenetics significance, and is a
core component of PharmGKB, a pharmacogenetics knowl-
edge base (http://www.pharmgkb.org).
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Introduction

One of the major challenges recently identified for biomedi-
cine in the post-genomic era is to develop genome-based ap-
proaches so that we can ultimately predict the drug response
in individual patients [1]. Pharmacogenetics, the study of how
variation in human genes leads to variation in the response to
drugs, is beginning to address this challenge by applying high-
throughput DNA sequencing methods to characterize se-
quence variations in pharmacologically important genes. The
availability of a high-quality sequence of the human genome
makes it possible to pursue a “genotype to phenotype” ap-
proach in which genetic variations are observed, and the phe-
notypic consequences of these variations are studied. High-
throughput sequencing is cost-effective, and the finite size of
the human genome with its roughly 30,000 genes makes this
approach attractive.

There are difficulties in pursuing a genotype-to-phenotype
strategy. For a given drug of interest, one must decide which
genes to study first. It is generally desirable to choose genes
with known or high likelihood pharmacological associations
with the drug, such as genes affecting the drug metabolism,
genes for transporters of the drug, and genes that are targets
for the drug. Another difficulty is that once genotypic varia-
tion is found, it is important to know all the drugs whose
pharmacologic action may be affected by that genetic varia-
tion. These difficulties could be reduced if there were a cu-
rated resource that provides facile access to pharmacogeneti-
cally important gene-drug relationships, classified by the type
of those relationships.

Community database resources have been tremendously bene-
ficial to biomedical researchers in other domains. The Sac-
charomyces Genome Database (www.yeastgenome.org) curates
the yeast literature and summarizes current data related to
yeast genes. FlyBase (flybase.bio.indiana.edu) has created a
similar database for the fly research community. The Online
Mendelian Inheritance in Man (OMIM,
www.ncbi.nlm.nih.gov/omim) is a resource that summarizes
known gene-disease relationships, compiling the genes impli-
cated in inherited diseases. These resources catalyze research
in their respective fields because they provide a synthesis and
compilation of critical information needed by researchers,
reducing the need to search and read the literature to find this
information.

A similar resource would be useful for pharmacogenetics.
Associating genetic variations to drug response is limited by
the extent of knowledge of all the genes and drugs that have
been shown to be relevant to the particular response of inter-
est. A database that compiled the known drug-gene relation-
ships would be valuable to researchers for determining related
genes to drugs of interest. It could also suggest other drug
responses to study by showing all drugs related to particular
genes.

Our objective was to develop a resource to help us identify,
catalog, and disseminate pharmacologically-important drug-
gene interactions for the pharmacogenetics community. This
is a large task, and requires input from many experts in the
field. While other databases have been created using in-house
expertise, we chose a distributed community-based approach
to build our resource (PharmGKB Community Submission
Project, “CBS”), leveraging the Internet to link experts in



pharmacogenetics with CBS to accelerate the acquisition of
important gene-drug interactions.

Materials and Methods

Relating genes to drugs: categories of pharmacogenetics
evidence

In building the CBS resource, we believe it is important to
categorize gene-drug associations according to the type of
pharmacogenetics evidence that supports them [2]. Pharma-
cogenetics studies that connect a gene and drug are generally
focused on particular aspects of the drug response phenotype:
molecular/cellular events related to the drug, physiological
events related to the drug getting to the target and being elimi-
nated from the body, manifestations at the whole-organism
level (clinical effects), and the ultimate effects of the drug on
clinical outcome. Because of this, each gene-drug association
has particular types of supporting evidence.

After consulting with pharmacogenetics experts and review-
ing articles in the pharmacogenetics literature, we developed a
scheme for classifying gene-drug relationships relevant to
pharmacogenetics. These “categories of pharmacogenetics
evidence” (COE) represent the types of phenotype data that
are studied to support gene-drug associations (GN: Genotype
information; FA: Molecular and Cellular Functional Assays;
PK: Pharmacokinetics; PD: Pharmacodynamics and Drug Re-
sponse; CO: Clinical Outcome). One can think of the COE as
the type of phenotype variation that results for a particular
drug given specific variations in a particular gene.

blood warfarin levels. In this case, there is a CYP2C9-
warfarin interaction with pharmacokinetics evidence, so this
gene-drug association would be classified in the PK category.
In general, one or more of these categories is applicable to all
pharmacogenetic gene-drug associations.

Submitting gene-drug interactions

For each gene-drug association submitted to CBS, we collect
the gene, drug, related disease (if applicable), and the catego-
ries of pharmacogenetics evidence supporting that association.
The list of genes was drawn from the HGNC nomenclature
[3]. We compiled a drug list from the Department of Veterans
Affairs National Drug File
(www.va.gov/vdl/Clinical.asp?appID =89), and obtained dis-
eases from the Medical Subject Headings (MeSH,
www.nlm.nih.gov/mesh/meshhome.html). In addition to this
information, we record the PMID of the article that supports
the gene-drug relationship, a description of where in the refer-
ence the relationship is described (title, abstract, or in the full-
text of the article), pertinent keywords, and the confidence the
submitter has about the submitted gene-drug interaction. In
addition, a field for comments is provided to capture unstruc-
tured information.

A web-based submission page was created to capture this in-
formation (Figure 1). Because we use gene, drug, and disease
names from controlled vocabularies, the name that a user en-
ters must be matched to a term in these vocabularies. We im-
plemented a form of the agrep algorithm [4] that includes a
scoring function based on the number of exact letter matches
and the total length of the name. When the user enters a
name, a list of top-scoring matches in the vocabularies is re-

Submit Relationship Between a Gene, Drug, and/or Disease (Literature Annotation)

Please note that only registered users may submit data. If you are not a registered user and would like to submit data, you will
need to register. If you are a registered user, please sign in. For directions on how to fill out this form, please refer to our
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Figure 1- Web page for submitting pharmacogenetic gene-drug interactions

For example, a study of warfarin may assess variation in the
CYP2C9 gene by studying the effects of this variation on

turned in drop-down box so the proper term can be easily se-
lected. The user can also add new terms to these vocabularies.



We defined an XML schema to specify the information con-
tent for all submissions to CBS
(http://ww.pharmgkb.org/schema/
docs/pharmacogeneticRelationship.html). This enables us to
accept submissions in XML and to validate all submissions to
CBS before storing them in the database. The web-based
page allows users to submit relationships between a single
gene and drug. A particular gene and drug may participate in
many gene-drug relationships, or one may wish to submit
many gene-drug interactions in bulk. To accommodate these
situations, we developed an Excel-based submission mecha-
nism to allow bulk data entry into CBS. Users complete an
Excel template (or generate a tab-delimited file programati-
cally), and a software module converts the data to XML and
submits it to the database. CBS is integrated into PharmGKB,
a pharmacogenetics knowledge base (www.pharmgkb.org).
PharmGKB provides search functions to help uses locate
names for genes, drug, and diseases from the controlled vo-
cabularies that can then be used in making CBS submissions.

Each submission to CBS is given an accession number and
stored in a database (Oracle 9.2i running on Solaris 2.8).

Acquiring submissions and evaluating CBS

We began submitting gene-drug associations to CBS using in-
house domain experts initially. We acquired an initial set of
submissions by compiling articles from the bibliographies of
several major pharmacogenetics reviews and from two years
of recent articles from major pharmacogenetics journals. Af-
ter collecting this initial set of submissions for CBS, we con-
tacted members of the pharmacogenetics community and in-
vited them to participate in the CBS project. Having a par-
tially populated database was important for us to demonstrate
the potential utility of this resource and for eliciting commu-
nity interest in this project.

To evaluate the success of CBS, we obtained feedback from
users and submitters to CBS and we tracked submissions. In
addition, we compiled lists of genes that pharmacogenetics
researchers are interest in (regardless of whether they were
also making CBS submissions). These gene lists contain the
genes that are relevant to various investigators’ research, and
covered a variety of lines of investigation in pharmacogenet-
ics. We used these gene lists to measure CBS coverage—the
percentage of genes on investigator gene lists for which there
are CBS entries.

Results

Data query and display

Users can search or browse CBS. There is full-text search, so
that if the query string matches anywhere in any field of a
CBS submission (including gene symbols, keywords, or any-
where in comment fields), that submission will be returned.

The browse feature is helpful for summarizing the current
state of knowledge about gene-drug interactions. A user can
browse the list of genes, drugs, or diseases. After selecting a
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Figure 2 — CBS query result for the ABCB1 gene showing all
the ABCB1-drug and ABCB1-disease associations with the
applicable categories of pharmacogenetic evidence.

gene or drug, all known relationships relevant to that selection
are displayed. For example, if the ABCB1 gene is selected,
then all the drugs and diseases associated with ABCB1 are
shown (Figure 2). Clicking on the “Details” button brings up
the complete CBS submission, including the article that sup-
ports the gene-drug association.

For each drug and disease, the categories of pharmacogenetic
evidence supporting the association are shown, allowing the
user to quickly determine how the various drugs and diseases
are related to ABCBL. This display shows that digoxin and
prednisone drug actions are related to ABCBL1 in studies that
assessed patient outcomes. Digoxin is seen to have been ex-
tensively studied, having data for all categories of pharmaco-
genetic evidence. On the other hand, colchicine, tacrolimus,
and vincristine have been linked to ABCBL solely in studies
using functional assay methods, but not in pharmacokinetic or
pharmacodynamic studies. This may suggest opportunities for
research to investigators interested in the clinical impact of
ABCBL variation and these drugs.

CBS submissions and evaluation

To date, a total of 477 submissions relating to 138 genes and
215 drugs have been made to CBS. Table 1 shows a summary
of CBS submissions by study center. Our initial submissions
still constitute most of the total submissions, but our resource
is still young and awareness of CBS is growing in the phar-
macogenetics community. Two investigators believed there is
educational value in preparing CBS submissions, and assigned



Submitting Institution Count

Stanford University 315
Indiana University 87
University of Tennessee-Memphis 34
University of California, San Francisco 21

St. Jude Children's Research Hospital

Washington University

Mayo Clinic

9
6
University of Pittsburgh 2
2
1

National Institutes of Health

Table 1 — Count of CBS submissions by submitting institution

their pharmacology students the task of making these submis-
sions as part of class projects.

Overall feedback from the pharmacogenetics community to
CBS has been favorable. Users have found the web entry
form easy to use, and have reported that submissions can be
done quickly. The vocabulary lookup feature was particularly
helpful. A few users have reported being unable to make
submissions because of the need to submit multiple genes and
drugs together (which is not supported by the web entry
form), but such submissions can be made using the Excel
template.

A total of 11 study centers submitted lists of genes that are
relevant to their pharmacogenetics research. We also created
our own list of genes of pharmacogenetic interest. We
counted the number of genes for which there are submissions
in CBS, and we calculated the percentage of the genes on each
study center’s list that have at least one entry in CBS (called
“percentage of coverage,” Table 2). Between 11.6-100% of
genes of interest to all study centers had entries in CBS (11.6-
68% for study centers not submitting to CBS).

Discussion

A vast amount of data has been published in the biomedical
literature relating genes and drugs. These relationships are
key knowledge for pharmacogenetics research, as new studies
frequently arise by recognizing gaps or inconsistencies in the
prior knowledge. Pharmacogenetics research studies may find
a gene in which sequence variations alter drug response, but
that does not explain all variation in a patient population be-
cause other genetic factors are involved [5]. A resource that
shows all genes related to a particular drug could help account
for the polygenic nature of drug response and catalyze phar-
macogenetics research. Thus, we embarked on this project to
create CBS, designed to help us identify and catalog important
gene-drug relationships and data sets in pharmacogenetics.

Assembling a catalogue of gene-drug associations is not suffi-
cient; these relationships need to be categorized. Genetic
variation and drug response can be studied in different ways:
molecular/cellular effects related to the drug, physiological
events related to the drug getting to the target and being elimi-
nated from the body, manifestations at the whole-organism
level (clinical effects), and ultimately, altered clinical out-
come.

We defined categories of pharmacogenetic evidence (“COE”)
[2] to associate genes and drugs with the types of variations in
measurable phenotypes. Defining a classification system for
phenotype remains an unsolved challenge [6], and our COE
categorization is an initial effort defining a phenotype classifi-
cation for pharmacogenetics. In our experience, pharmacoge-
netic studies generally assess phenotypes in one or more of
these categories. We believe that our COE classification of
phenotypes is general purpose, yet extensible to include as-
yet-undefined new characterizations of phenotype.

The COE are also helpful for indexing pharmacogenetic
knowledge for storage and retrieval in a database, and these
categories appear useful as a summary of the coverage of
types of pharmacogenetics research for a particular gene-drug
pair. A researcher can see at a glance cases where a gene-
drug association has been extensively studied in all categories,
of only in a few (Figure 2).

We use controlled vocabularies for gene, drug, and disease
names because there are many synonymous terms. When per-
forming queries by gene or drug, it is important to have one
name for each entity so that all results for an entity are re-
trieved. There are no standard vocabularies for pharmacoge-
netics, but we chose HGNC because it is gaining momentum
as a standard for naming genes. It was more difficult select-
ing standard vocabularies for drugs and diseases. Our choice
was made principally based on public availability of terminol-
ogies to the academic community.

We have found that sometimes submitters are not certain
about a gene-drug association discussed in an article. We use
a confidence rating to capture the level of certainty that the
submitter has in the association being submitted. In addition,
we have occasionally received comments from the pharmaco-
genetics community questioning gene-drug associations others

Coverage
I of Watched
Institution
Genes
(Count (%))
National Institutes of Health 7 (100)
Indiana University 38 (73.1)
University of Chicago* 17 (68)
University of California, Los Angeles* 3 (60)
Mayo Foundation Rochester 8 (34.8)
Lawrence Berkeley National Laboratories* 17 (27.4)
University of California, San Francisco 12 (26.1)
University of California, San Diego* 14 (23.3)
Stanford University 87 (20.1)
Washington University 17 (18.9)
Vanderbilt University Medical Center* 20 (18.2)
Harvard University* 5 (11.6)

Table 2— Percentage coverage of genes of interest to research
institutions performing pharmacogenetics research
(*institutions that did not submit to CBS)

have submitted. Because there may be disagreement in the
community about particular articles and gene-drug associa-



tions, it is important to highlight such cases and stimulate dis-
cussion and prompt new experimentation. We are adding
threaded discussions to CBS to identify such controversies
and to stimulate discussion and debate in the scientific com-
munity.

Our preliminary results suggest that CBS will be a useful re-
source for pharmacogenetics research. We have been suc-
cessful in recruiting participation from the community in
submitting entries to CBS. While the total number of submis-
sions from the community is much less than our in-house ef-
fort, the project has only been recently launched, and interest
in CBS is growing. We have also shown that the current con-
tent in CBS covers genes that are relevant to pharmacogenet-
ics researchers. Between 11.6-68% of genes of interest to
study centers not making submissions to CBS have entries in
our database (Table 2). Not surprisingly, centers submitting
to CBS had greater coverage of their genes in CBS (18.9-
100%). With the continued growth of CBS, we expect this
coverage to increase.

Some potential drawbacks of CBS include lack of participa-
tion, careless data entry, limited user interface and inadequate
curation of submissions. In addition to our manual efforts to
alleviate these problems, we work with our community to
identify problems and correct them.

Another potential problem is that because different people
contribute to CBS, duplications may occur in the database. If
the same gene-drug association is submitted, but with a differ-
ent article that supports it, then this represents additional sup-
port for the association. In such cases, we display the gene-
drug association as a single entry, but list all supporting evi-
dence when a user expands the entry (clicking on the “De-
tails” button, Figure 2). If two CBS submissions contain the
same gene-drug association and the same supporting article,
then this is a duplicate submission. We can detect such cases
by queries to the database, which we are beginning to imple-
ment as part of our quality assurance procedures.

Because the submission process is distributed, CBS submis-
sions could concentrate on certain genes or classes of genes,
with paucity of data in other areas. While this could be a limi-
tation of community-based submission to CBS, it may actually
be a strength, as submissions from the community reflect the
scientific interests of those making the submissions. Conse-
quently, the CBS content may be more relevant to the com-
munity it serves.

We believe that there are numerous benefits to be gained by
CBS. First, it takes advantage of the Internet to accelerate the
acquisition of important pharmacogenetic data sets and bring
them to the attention of the scientific community. Second, it
presents a way to quickly review the state of knowledge link-
ing genes and drugs, categorized by the type of pharmacoge-
netic study. Third, it creates a forum for scientists to be intro-
duced to the CBS and to other scientists, through their sub-
missions and discussions. Finally, it creates a tool for identify-
ing new research opportunities in pharmacogenetics. For ex-
ample, a gene—drug interaction may have good genetic poly-
morphism information, outcomes information and molecu-

lar/cellular phenotype data, but be relatively unexplored in
pharmacokinetics or molecular pharmacodynamics.

Future work will focus on automating the process of identify-
ing articles containing pharmacogenetics data and submitting
them to CBS. Progress is being made on using natural lan-
guage processing methods to identify gene and drug names in
the biomedical literature. We are beginning to use these
methods to search Medline for articles that describe gene-drug
associations. Such methods will assist us curate the pharma-
cogenetics literature and expand our CBS resource.

If successful, the CBS project will become part of the research
infrastructure that accelerates our ability to improve the de-
velopment and delivery of drugs to patients. It may also serve
as a model for other genotype-to-phenotype efforts that need
to integrate and summarize knowledge from multiple
scientific disciplines.
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