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Abstract

The Pharmacogenomics Knowledge Base, PharmGKB, is an interactive tool for researchers
investigating how genetic variation affects drug response. The PharmGKB Web site, http://
www.pharmgkb.org, displays genotype, molecular, and clinical knowledge integrated into
pathway representations and Very Important Pharmacogene (VIP) summaries with links to
additional external resources. Users can search and browse the knowledgebase by genes, variants,
drugs, diseases, and pathways. Registration is free to the entire research community, but subject to
agreement to use for research purposes only and not to redistribute. Registered users can access
and download data to aid in the design of future pharmacogenetics and pharmacogenomics
studies.
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1 Background

In 1999 the National Institutes of Health recognized the need for a freely available collection
of high quality genotypic and phenotypic data from pharmacogenetics and
pharmacogenomics studies, and announced the funding of the Pharmacogenetics Research
Network (PGRN). Its mission: “to enable the formation of a series of multi-disciplinary
research groups funded to conduct studies addressing research problems in
pharmacogenetics. These groups are united by the purpose of developing and populating a
public database, which was envisioned as a tool for all researchers in the field.” [1] This tool
is the PharmGKB, the Pharmacogenomics Knowledge Base, with Web site access that
provides summaries of pharmacogenomic relationships linked to the data that support them,
to be used by the scientific community for pharmacogenetics and pharmacogenomics
research (Fig. 1).

2 Overview

PharmGKB captures pharmacogenomic relationships in a structured format so that it can be
searched, interrelated, and displayed according to the researchers interests, either for manual
inspection or to download for further analyses. The knowledge base is valuable both to the
researcher who is interested in a specific single nucleotide polymorphism and its influence
on a particular drug treatment and to the researcher interested in a disease or drug and
looking for candidate genes which may affect disease progression or drug response. At
present PharmGKB has over 5,000 variant annotations, with over 900 genes related to drugs
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and over 600 drugs related to genes [April 2013]. The data contained within the database is
curated from a variety of sources to bring together the most relevant features of genes,
drugs, and diseases for pharmacogenomics [2]. Some information is imported directly from
other trusted standard repositories (such as gene symbols and names from the Human
Genome Nomenclature Committee, HGNC [3], drug names and structures from Drugbank
[4]); detailed relationship data from the literature is manually curated and described using
controlled vocabularies. For genes and drugs where many relationships are known, these are
compiled by curators and experts in the field into Very Important Pharmacogene (VIP)
summaries and PharmGKB drug pathways and published in an interactive form on the Web
site and conventional form in peer reviewed journals [5, 6].

PharmGKB averages around 30,000 visitors per month. Of the more than 5,000 user
accounts, approximately 30 % are identified as academic users (.edu), with 30 % from
industry (.com) and 8 % from nonprofit or government domains. A user account and
agreement to the PharmGKB database license agreement is necessary for downloading data.
Data is distributed as zipped up packages of spreadsheets with literature relationships,
variant annotations, clinical annotations or pathway relationships. Individualized genotype
and phenotype datasets from pharmacogenomics studies of the PGRN can be found under
the download tabs of the relevant genes, drugs, and diseases.

PharmGKB exchanges data with Drugbank, dbSNP, the CYP alleles database, and HUGE
Navigator. Data is imported from HGNC, Entrez, and UCSC Golden Path. Links are also
maintained with a number of other sources as seen under the Downloads/Link Outs tab.

The initial interaction with the Web site is through pages devoted to genes, variants, drugs,
diseases, and pathways, with directed searches to make access to these more rapid for
focused users (see the hompage, Fig. 1). The data is represented according to a hierarchy
and tagged with icons. This enables many facets of the data to be captured and stored in the
database but also permits the user to find exactly what they are looking for. The use of
standardized vocabulary aids both the sorting and storage of data and supports automated
methods of analysis as well as traditional human browsing.

3 Initial Interactions with the PharmGKB Web Site: Gene, Drug, and Disease

Pages

In PharmGKB, genes are catalogued according to the HGNC [3]. In addition alternative
names and symbols are also listed and can be submitted by researchers and searched on. The
general layout of a gene page is shown in Fig. 2. The data are organized under tabs for
clinical pharmacogenomics, pharmacogenomics research, overview, VIP, haplotypes,
pathways, related genes, drugs, and diseases, datasets, and downloads or links out. The
clinical pharmacogenomics tab displays any dosing guidelines involving the gene published
by CPIC (the Clinical Pharmacogenomics Implementation Consortium) [7] and the Royal
Dutch Pharmacogenetics Working Group [8]. This tab also has drug labels, high level
clinical annotations (described in more detail below) and links to genetic testing sources for
the gene. The pharmacogenomics research tab lists genomic variants associated with the
gene and the drugs they interact with and links to annotations that describe the relationship
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between the variants and drugs from individual papers (described in more detail below). The
overview page contains the basic data about the gene, standard and alternate names and
symbols, and location on the genome. The VIP tab is present for genes where there is
considerable knowledge of the pharmacogenomics and a summary has been written (see
below for more details and Fig. 2). Pathway tabs link to the curated drug pathways that
involve the gene. Related genes, drugs, and diseases are compiled from literature
annotations (described below). Download/Link outs provide a mechanism to retrieve
primary data files or go to the original source.

Drug and disease pages follow a similar tabbed layout style to the gene pages. Drug
information including pharmacological effects, mechanisms of action, and structures was
obtained from Drugbank [4] and Pubchem [9]. Additional information and short
pharmacogenomics summaries for the top 100 drugs (selected based on a combined list of
the most prescribed drugs and the most reported drugs for adverse events) was compiled by
PharmGKB curators. Disease information is imported from MeSH [10] and SnoMed [11].

Knowledge

Capturing the wealth of pharmacogenomic data already published is a considerable
challenge. Most of this information is stored in written natural language text in journal
articles or books and not easily retrieved by automated methods. We conduct research into
natural language processing (NLP) and ways in which to appropriately aggregate all
pharmacogenetics and pharmacogenomics articles in Pubmed [12] but there is still a
necessity for human curation to ensure quality data [13].

4.1 Literature Annotations

A basic literature annotation captures the genes, drugs, and diseases involved in a single
article from Pubmed and the category (or categories) of evidence that describe the type of
relationships measured. Our current process for literature annotation uses NLP to suggest
possible genes, drugs, and diseases to the curator [14, 15] but after reading the article the
curator decides which are appropriate.

4.2 Genomic Variant Annotations and Very Important Pharmacogenes

In addition to tagging articles for basic relationships curators can also describe in detail the
relationships for individual variants and their effects on drug response. The variant is
mapped to the dbSNP identifier and controlled vocabularies are used to define the alleles or
genotypes observed in the paper and their response to drug, in the particular population
studied. Information about the population size, location or race and ethnicity, allele
frequencies and statistical measures can be captured and stored in the database. Although
time consuming, the benefit of annotating each individual publication in such a detailed
manner is that it will allow for all kinds of computational analyses. PharmGKB currently has
over 5,000 genomic variant annotations [April 2013].

In addition to the very structured annotations, a more text based, reader-friendly format is
provided to summarize the relationships for genes and variants where many there have been
many pharmacogenomic studies. These mini-reviews are known as Very Important
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Pharmacogene summaries or VIPs. PharmGKB currently provides VIPs for 47 genes [April
2013] with a priority list of more to be developed. The list of VIP genes has been used by
several groups in a variety of studies to provide a candidate set of genes to work from [16-
19]. The NIH Pharmacogenomics Research Network (PGRN) has a longer list of more than
500 genes of relevance to pharmacogenetics which is available at PharmGKB.

4.3 Clinical Annotations

Once there is sufficient evidence available from variant annotations for a given variant and
drug combination a clinical annotation is written. This is a summary of the clinical relevance
for each of the individual genotypes that may be observed for a given gene variant and drug
combination. The PharmGKB’s clinical annotations reflect expert consensus based on
clinical evidence and peer-reviewed literature available at the time they are written and are
intended only to assist clinicians in decision-making and to identify questions for further
research. A strength of evidence score is given for clinical annotations based on the type of
study, number of study subjects, and statistical significance reported.

4.4 Pathways

Historically many pharmacogenetic studies have focused on single genes involved in drug
side affects, there is now a growing interest in how pathways of interacting genes can affect
both drug metabolism and drug response. PharmGKB pathways are drug-centered, depicting
candidate genes for pharmacogenetics and pharmacogenomics studies, they provide the
means to connect separate data sets to represent the current knowledge as a cohesive
snapshot. The diagrams have information content in the shape and color of the icons that
represent whether the component is a gene, a drug, a metabolic intermediate, and so on. This
information is captured in the database in a Biopax [20] compatible format that can be
downloaded and used in pathway analysis packages. The Web-displayed pathways are
interactive and clicking on a gene icon opens a window with the gene page, clicking on a
drug opens a window of a drug page, etc. The Irinotecan Pathway is shown in Fig. 3 as an
example. We currently have 99 curated pathways [April 2013], many of which have been
published in peer reviewed journals [21-35].

A summary is provided to describe in words the content of the graphic, its particular view
and limitations, and additional, perhaps ill-defined or controversial, data that was not
included in this representation. The pathways are generated by collaboration of investigators
to link data, either novel or in the public domain, centered on a particular drug. The
representation is a consensus of the opinions of the authors. Currently these pathways are
constructed by hand as graphic images. They are then converted by a curator into gpml,
GenMapp pathway markup language, a BioPax compatible format, and stored in the
knowledgebase.

5 Future Directions

Since the year 2000, the PharmGKB has become the “go to” site for pharmacogenetics and
pharmacogenomics knowledge [36, 37]. In response to assessment of the field and feedback
from users, the priorities for the next 5 years include:
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»  Supporting data-sharing consortia in which multiple investigators pool their data in
collaboration with PharmGKB to answer specific questions that require large
datasets, not typically available to single research groups.

»  Developing algorithms for text mining in order to identify appropriate
pharmacogenomics literature, and begin the process of extracting the key genes,
variations, drugs, and phenotypes that form the basis for our curator annotations.

»  Creating algorithms for the analysis of rare variations that emerge from whole
exome and whole genome sequencing efforts. Most of the efforts to date in
pharmacogenomics have focused on the analysis of common variants, but the era of
genome sequencing has made it clear that a primary challenge will be interpreting
rare or novel variations found in individual genomes.

e Helping lead the clinical implementation and impact of pharmacogenomics
knowledge in clinical settings. The contents of PharmGKB can provide a base of
peer-reviewed information from which clinical guidelines can be constructed.

e Studying the molecular and cellular mechanisms of drug response in order to
provide the knowledgebase required to understand the systemic effects of drugs,
their side effects, and their unexpected interactions.

Finally, we will evaluate how these and other activities impact the requirements for the
PharmGKB Web site, and consider its evolution from a purely research repository of
knowledge to a more integrated research and clinical resource for personalized medicine.
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Search PharmGKB:
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What is the PharmGKB?
Find out how we go from extraction of CPIC TCAs/CYP2D6 and CYP2C19
gene-drug relationships in the literature
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» Well-known PGx associations o CYP2C19 and CYP2D6/amitriptyline and « VIP: Very Important PGx gene summaries
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» PGx drug dosing guidelines article /- and supplement /- * Alphabetically
* Drug labels with PGx info * HLA-B/allopurinol: * By therapeutic category
» Genetic tests for PGx article /- and supplement /- » Annotated SNPs by gene
« Star (*) all i e m idelines...  Drugs with genetic information
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IPP Gene Tables
M CPIC: implementing PGx o
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Follow us on: Get your PGx fix: PharmGKB is a partner of the
~ () E Curators' Download @ Pharmacogenomics
nm : "\ Favorite Papers PharmGKB Data PoRN Research Network

Feedback Clilng PharmGKB Acknowledgements

Fig. 1.
The PharmGKB homepage, http://www.pharmgkb.org, contains directed search boxes

where users can also browse from lists of genes, variants, drugs, or diseases
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Gene:
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thiopurine S-methyltransferase

ClmeGx. PGx Research Ovomew 3 VIP ii Haplotypos iPatrmays L lsARsIatod'To l Downlbadwnkom :

(V'lew haplotype mapping table.)
Links to PharmGKB summary data for variants. PharmGKB variant annotations provide manually curated information about variant-drug pairs based on
individual PubMed publications.
| view legend |
variant? ? ? ? 2  Amino Acid”’
(build 132) Alternate Names Drugs Alleles Function T Btian
IO =1800460  c460G>A, g.18247207C>T, g.21147G>A, urine anal C>T Missense Ala153Thr
p-Ala154Thr mercaptopuring
azathiopring
thioguanine
cisplatin
mm rs1800460  c460G>A, g.18247207C>T, g 21147G>A, s-ad methionine C>T Missense Ala153Thr
pAlal54Thr mercaptopuring
am 512201198 c.419+84T>A, g 18079802A>T, g 20573T>A cisplatin AT Intronic
DI =1800462  c238G>C, g.16420G>C, g.18083955C>C, purine analogues c>G Missense Ala79Pro
0.18251934C>G, p AlaB0Pro mercaptopurine
iopri
35 ni
Fig. 2.

The TMPT gene page showing genomic variants and related drugs with links to the
annotations and haplotypes and tabs for clinical pharmacogenomics, pharmacogenomics
research, overview, VIP, haplotypes, pathways, related drugs and diseases, and downloads
and links out
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Irinotecan Pathway, Pharmacokinetics

Livercell: ~ Model human liver cell showing blood, bile and intestinal compartments, indicating tissue
specific involvement of genes in the irinotecan pathway.

/,___,_———D Neutropenia

Cell Membrane

N
Wy

Liver cell

Fig. 3.
The Irinotecan Pathway, view of a model human liver cell showing blood, bile, and

intestinal compartments, indicating tissue-specific involvement of genes in the irinotecan
pathway. Drugs are depicted by purple boxes, transporter genes by turquoise ovals, genes
coding for metabolic enzymes by blue ovals. http://www.pharmgkb.org/do/serve?
objld=PA2001&o0bjCls=Pathway
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