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  L'archive ouverte pluridisciplinaire

Introduction

There is a rapid development in genetic analyses and functional genomics covering next generation sequencing methods and versatile arrays that rapidly analyze the most important mutations and gene copy number variations in the genome. Based on this progress, it becomes increasingly evident that much but not all of the drug therapy can be individualized based on genome sequence variation. These efforts can result in pharmacogenomic drug labels that advise the physician to use a genetic test prior to drug prescription. This test can be mandatory, recommended or for information purposes only (see (Sim and Ingelman-Sundberg, 2011) for a review). The genetic variation of interest mainly concerns genes encoding drug metabolizing enzymes, drug transporters, drug targets and human leukocyte antigens (HLA). Only 30-60 % of patients respond to common drug therapy using e.g. antidepressants, statins, and antipsychotics (Spear et al., 2001). Furthermore, adverse drug reactions (ADRs) are an increasing problem (Moore et al., 2007) and apparently cost society as much as the drug therapy itself (cf. Eichelbaum et al., 2006). In addition, meta-analyses by Lazarou et al. (1998) revealed consequences of more than 100,000 deaths annually caused by ADRs in the US, and Davies et al. (2009) have documented an increased length of hospitalization for more than 25% of patients experiencing ADRs in the UK. Also, ADRs are shown to occur in 16 % of hospitalized patients, frequently with severe consequences (Davies et al., 2009), and ADRs have in several studies been shown to be responsible for about 7 % of hospitalizations in the average population (Lazarou et al., 1998;Davies et al., 2009), 20 % of readmissions to the hospital F o r P e e r R e v i e w (Davies et al., 2010) and more than 30 % among elderly (Paul et al., 2008). These data emphasize the need of updated databases that can provide fruitful guidance to both scientists, physicians, regulatory agencies and industries to cope with this major problem in human health.

The Pharmacogenomics Knowledge Base (PharmGKB)

The Pharmacogenomics Knowledgebase (PharmGKB, http://www.pharmgkb.org/) was established in 2000 and strives to provide information on how human genetic variation impacts drug response. Stable government-funded efforts such as Genbank, Gene Expression Omnibus, and dbGAP from the National Center for Biomedical Information (NCBI) at the National Institutes of Health (NIH) in the US are the preferred databases for archiving data, whereas curation of genes (or groups of related homologous genes) and their variations are best handled by locus-specific databases (LSDBs) such as the Human Cytochrome P450 (CYP) Allele Nomenclature Website (see section 3), and others focusing on transporters, receptors, and kinases. In contrast, PharmGKB focuses on four main activities: (1) curation of published literature in respect to relationships between genes, their variations, and drug response phenotypes, (2) creation of "Very Important Pharmacogene" (VIP gene) summaries that highlight specific pharmacogenomic significance of genes that are very important for drug response, (3) creation of pathway diagrams focusing on drug response (pharmacodynamics, PD) and drug metabolism (pharmacokinetics, PK) pathways, and finally (4) assistance to organize and lead data-sharing consortia within pharmacogenomics where multiple centers combine data and expertise to answer questions that cannot be answered by any center alone (usually because of statistical power and smaller data sets). The core activity of PharmGKB curators is to survey the literature and capture reports of human genetic variation that impacts drug response phenotypes. These phenotypes may occur at the molecular (e.g. binding), cellular (e.g. expression), tissue (e.g. drug transformation) or organismal level (e.g. disease, symptoms), and all annotations are encoded with respect to these categories to assist in searches. The PharmGKB has a list of journals publishing pharmacogenomics observations, and also broadly searches the literature on a weekly basis to find associations between genes, their variations, drugs, and phenotypes. The PharmGKB uses the Human Genome Nomenclature Committee recommendations for genes and variations. Also, they use a combination of the RcNorm drug list with some modifications for drug, and Medical Subject Headings (MeSH) and Unified Medical Language System (UMLS) to encode phenotypes.

The result of this curation activity is currently about 2500 annotations that associate particular human variations (mostly SNPs, but also including insertions or deletions (indels), copy number variations, structural changes, and haplotypes) with drug-related phenotypes. These annotations were recently used to create a "pharmacogenomic annotation" of a complete human genome sequence (Ashley et al., 2010). Interestingly, there were nearly 100 drugs for which risks or benefits could be predicted for this individual. Many of them were "low confidence" based on the level of published evidence, but several of them would have some clinical utility. The application of the PharmGKB annotations to this genome was manual, and so current efforts are aimed at representing the basic variant annotations and their potential clinical consequences in a more structured manner that will allow more automated application to individual genomes. 

Writing VIP gene summaries

As the PharmGKB curators accumulate individual variant annotations, the genes may appear as either (1) repeatedly involved in drug response because of their role in general drug pharmacokinetics (e.g. cytochrome P450s, transporters, transferases) or (2) having an important role in the action of a single drug or class of drugs (e.g. pharmacodynamic drug targets). When the amount of information for these genes reaches a level that the curators find to be sufficiently large, they can designate these genes as VIP genes 1 . The PharmGKB curators prioritize these genes for short written summary reviews of their role in drug response, and the key variations in these genes that have been shown to modulate drug response. These reviews are re-examined every two years or more frequently if the pace of new knowledge generation is rapid, and are written in a templated manner that includes names and alternate names, introductory information, key publications, key pathways, known drugs/substrates, associated phenotypes/diseases and summaries of key variants with their associated effects. There are currently 43 VIP genes on the PharmGKB website, and their summaries are published regularly in a cooperative venture with the Pharmacogenetics & Genomics journal in order to draw attention to them and to provide a citation for their usage (Eichelbaum et al., 2009;Mi et al., 2010). In addition to the VIP gene summaries, curators also create annotated graphical pathways depicting the relationships of genes and drugs. These pathways are the most popular feature at PharmGKB. Each pathway is the result of a PharmGKB curator gathering all information available for the drug of interest (for example, by collecting the basic annotations and genedrug relationships discussed above), and assembling a pathway summary. These pathways are often created collaboratively with experts working on these systems and they include a downloadable graphical depiction that is linked to the individual genes and small molecules depicted.

Creating pathways of drug response and metabolism

It also includes supporting data and references upon which the pathway is based. As with the VIP genes, the pathways are also published regularly in the Pharmacogenetics & Genomics journal (Eichelbaum et al., 2009;Sangkuhl et al., 2010). In addition to PharmGKB-generated pathways, PharmGKB links to pathways from external resources, and they are made available to augment the PharmGKB pathways.

Data sharing consortia

A somewhat unexpected activity for PharmGKB has been the convening of data sharing consortia. The mission of PharmGKB is to promote the creation and sharing of data about pharmacogenomics, and as a trusted third party, PharmGKB is in a good position to bring together groups of investigators interested in common scientific questions. After signing a memorandum of understanding that outlines the responsibilities and privileges of joining the consortium (and protects the rights of data generators to publish, as well as the rights of the consortium members to see data and participate in its analysis), the PharmGKB accepts data sets, brings them into a common format, and then participates in the statistical analysis to answer one or more shared scientific questions. The first example of a PharmGKB consortium was the International Warfarin Pharmacogenetics Consortium (IWPC) which brought together 21 groups internationally to create a globally-relevant warfarin dosing algorithm, as well as an analysis of inter-ethnicity differences in warfarin dosing (Klein et al., 2009;Limdi et al., 2010).

Other consortia have subsequently been established addressing the discovery of new genetic variations relevant to warfarin, the role of CYP2D6 variations in tamoxifen response, and the role of CYP2D6 in selective serotonin reuptake inhibitor (SSRI) response. A list of consortia and their members are available on the "Contributors" tab of PharmGKB.

The PharmGKB website and other activities

In addition to a global search capability, users of PharmGKB are able to search for particular kinds of information in five more focused search boxes: genes, variants, pathways, drugs, and diseases. These search boxes can accept any text, but will only return results of one of these 5 specific types. In addition, the home page provides the PharmGKB curators "Favorite Papers" that are updated every two weeks, and are available as an archive over the last four years. The home page also offers an automatically created pharmacogenomics news feed, access to tutorial information, introductions to pharmacogenetics, and access to tools.

Current new efforts at PharmGKB focus on:

• The development of automated natural language parsing tools to extract annotation information from the literature automatically (Coulet et al., 2010;Garten and Altman 2010;Garten and Altman 2009). • The addition of chemoinformatics, such as drug structure similarity metrics to help predicting new gene-drug interactions (Garten et al., 2010;Hansen et al., 2009).

• The creation of systems biology methods to look at drug response with a more networkbased view of the genes involved in producing complex drug responses (Hansen et al., 2009;Tatonetti et al., 2009).

The Human Cytochrome P450 (CYP) Allele Nomenclature Website

Cytochrome P450 enzymes are responsible for 75-80 % of all phase I-dependent metabolism, resulting in more polar metabolites that can be further conjugated in Phase II metabolism, and for 65-70 % of the clearance of clinically used drugs (Bertz and Granneman 1997;Evans and Relling 1999). CYP enzymes are encoded by 57 CYP genes and divided into families, of which 1-3 (CYP1-3) are generally involved in the metabolism of exogenous substances including drugs, whereas members of other families mainly are involved in metabolism of endogenous compounds. Variation in CYP genes results in four different phenotypes classically defined as ultrarapid, extensive, intermediate and poor metabolizers.

Characterization of the genetic polymorphism of CYP enzymes provides a basis for personalized medicine composing drug dose adjustment and selection of drug type (Ingelman-Sundberg 2004;Ingelman-Sundberg et al., 2007;Kirchheiner et al., 2004;[START_REF] Pirmohamed | Genetic susceptibility to adverse drug reactions[END_REF]Weinshilboum 2003) To unite and summarize efforts focusing on the characterization of CYP polymorphism, the Human Cytochrome P450 Allele (CYP-allele) Nomenclature Committee was established in 1999, and the efforts resulted in agreed CYP nomenclature guidelines and the launching of the CYP- At present, 29 polymorphic CYPs are included on the CYP-allele website, with the addition in 2008 of NADPH cytochrome P450 reductase (POR) (Sim et al., 2009) due to its elementary function as electron donor to CYP enzymes. Every gene has its own webpage, listing the associated alleles and their consequences on the genetic, molecular, in vitro and in vivo levels, all together with relevant references and links to the NCBI dbSNP database.

The nomenclature system designates numbers (such as CYP2B6*4) for alleles that have been thoroughly sequenced and well characterized in terms of linkage of the functionally relevant SNP with other polymorphic sites. Functionally relevant in this aspect is regarded as a variation causing measurable consequences such as amino acid substitutions, translation terminations or splice defects. At a minimum, the open reading frame must have been sequenced. All sequence variations are numbered based on A in the translation initiation codon as the reference nucleotide (+1). Additional letter-designated sub-alleles of the same number (such as CYP2B6*4B) contain the same functional SNP but additional sequence variations not causing functional effects. A combination of functionally relevant variants are designated a new allele number due to the potential of combinatorial effects, unless one of the variant is deleterious and thus defines the allele name. As an example, CYP2C19*2 carries a SNP causing a splice defect of the transcribed RNA that is detrimental for enzyme function. This splice defect 
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Deleted: that can also be found alone Deleted: whereby the combination allele will be designated a sub-allele name. attained much focus since CYP2C19 is responsible for bioactivation of the drug. A recent metaanalysis of 9 studies and almost 10,000 patients showed a significantly increased risk of adverse cardiovascular events in carriers of defective (mainly CYP2C19*2) alleles due to impaired bioactivation of clopidogrel, especially in patients having undergone percutaneous intervention, and in particular for stent thrombosis as the major cardiovascular event (Mega et al., 2010).

Computer-inferred haplotypes are generally avoided, although some predicted alleles have been assigned and included on the CYP-allele website. Alleles published in the early beginning of the CYP-allele era do not fully comply with the current standard.

Submission of new alleles is achieved by contacting the Webmaster of the CYP-allele website, whereby the data characterizing the allele is reviewed for potential allele name designation (see inclusion criteria at http://www.cypalleles.ki.se/criteria.htm). All information is kept confidential and a manuscript in preparation can often serve as a good basis for review and discussion between the author and the Webmaster. Designation of allele names outside the CYP-allele nomenclature committee is not advised, due to the apparent risk of confusion in the literature. Submissions with respect to additional functional in vivo and in vitro characterization of alleles listed are also highly relevant, and aids in keeping the CYP-allele website up to date. structures and these enzymes were early described in terms of pharmacogenetic variation, resulting in slow and rapid acetylation phenotypes that may impact the risk of drug-induced toxicity (Sim et al., 2008). There are two active genes in the NAT locus, NAT1 and NAT2 and in 1995, a nomenclature system was published (Vatsis et al., 1995). However, a systematic procedure for naming new alleles was not in use at once and resulted in problems such as dual assignments. From 1998, further discussions resulted in the formation of the Human Arylamine N-Acetyltransferase (NAT) Gene Nomenclature Committee with the aim to reach a nomenclature consensus for NAT alleles (Hein et al., 2008;Hein et al., 2000). A website was launched for maintenance of the renewed system and to provide an update on NAT alleles (http://n-acetyltransferasenomenclature.louisville.edu/). New allele submissions are sent to the NAT Nomenclature Committee for review, and the NAT allele website covers alleles of the NAT1 and NAT2 genes. The NAT allele nomenclature follows the star system (e.g. NAT*5) with special focus on functionally relevant sequence variations, whereby sub-alleles defined by an extra letter may contain additional variants that are functionally not relevant compared to the SNP causing the major effect. For example, alleles of the NAT2*5 series (NAT2*5A-P) all contain a SNP causing the I114T amino acid substitution that in turn causes slow acetylation, which is associated with an increased risk of drug-induced liver injury in isoniazid-treated tuberculosis patients (Daly, 2010). The NAT website also contains NAT allele information in the pdf format reporting nucleotide changes, amino acid changes, phenotypes (slow or rapid acetylation), NCBI dbSNP numbers and relevant references, as well as information on allele inclusion criteria for designation of new alleles.

As opposed to other nomenclature systems, the "wild type" allele is not designated NAT*1 due to historical reasons. Thus, the reference allele for NAT nomenclature is NAT*4 for both NAT genes. As a result of this, NAT alleles with numbers between *1 and *3 are excluded from the nomenclature system. At present, 29 alleles are presented for NAT1 and 21 for NAT2.

The Pharmacogenetics of Membrane Transporters (PMT) database

The Pharmacogenetics of Membrane Transporters (PMT) database (http://pharmacogenetics.ucsf.edu/) (Kroetz et al., 2010) is part of the PharmGKB (see section 2) with as focus on drug response in relation to genetic variation in membrane transporters.

Since membrane transporters are involved in the transport of drugs, genetic variation affecting transport function may impact drug therapy in terms of both response and ADRs. The PMT project was initiated in 2000 and focuses on the two superfamilies of solute carrier (SLC) transporters (n= 366) and ATP binding cassette (ABC) transporters (n=46). The database covers coding and non-coding variations as well as both SNPs and indels, but does not provide allele or haplotype information. The list of transporter proteins contains the OMIM phenotype, nucleotide and protein reference sequences, Entrez hits, and number of isoforms (splice variants) for every gene. The whole list is composed of 430 genes, although not all are transporter proteins since for some unknown reason genes such as monoamine oxidase A Deleted: . The NAT nomenclature pdf files also contain Deleted: and the risk of confusion with renaming of alleles. (MAOA), pregnane X receptor (PXR) and POR are also included in this list. Most genes are extensively presented on their own web page, containing information such as main tissue expression sites, substrates, gene structure, and genetic variation. The genetic variants are reported by their genomic, transcript and coding position, together with amino acid effects, array availability, PubMed and dbSNP links, and the frequency observed in different populations. Also, a secondary structure transmembrane prediction shows the position of amino acid substitutions, insertions or deletions within the transporter protein. Additionally, the PMT database provides a search tool to access gene expression data with respect to a single gene in multiple tissues (Gene Plot), selected genes in selected tissues (Mixed Plot) and multiple genes in a single tissue (Tissue Plot).

Transporter database (TP-search)

On the Transporter Database TP-search website (http://www.tp-search.jp/) (Ozawa et al., 2004), transporters are summarized under the respective species and the human section contains 33 transporter proteins together with information such as the driving force used (e.g. ATP, Na + ), the presence of SNPs, protein length, direction of transport and association with disease. In addition, searches can be performed by transporter name, compound name, drugdrug interaction, pathophysiology, genetic polymorphisms, and tissue name. Additional web pages include gender differences, animal models, and genetic diseases. The Transporter Name search includes the choice of human, mouse and/or rat species, and substrate, inhibitor and/or inducer substances. The Transporter Name search outcome includes parameters associated with the requested transporter, i.e. substance name and chemical structure, interaction type, Deleted: The PMT database's POR web page contains additional apparent noncoding variants, but do not provide any additional causative variants, as compared to the official POR allele nomenclature present at the CYP-allele website, neither does it provide with allele or haplotype information. Of the 430 genes presented, 366 encode SLC transporters and 46 encode ABC transporters. 
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UGT Alleles Nomenclature Page

UGT enzymes (Phase II metabolism) link glycosyl groups to endogenous and exogenous substrates including drugs, to yield more hydrophilic products that can be more easily excreted from the body (Mackenzie et al., 2005). The UDP-glucuronosyltransferase (UGT) Allele TA repeats causes reduced UGT1A1 gene transcription and the common reduced activity UGT1A1*28 allele associates with reduced clearance of SN-38 (Schulz 2009 PMID: 19770637).

Due to the increased risk of neutropenia in UGT1A1*28/*28 subjects, the Food and Drug Administration in the US recommends a lower starting dose of irinotecan in such patients.

PharmaADME

PharmaADME (http://www.pharmaadme.org/) is a database initiated by academic and industrial interests. The aim of this database is to compile lists of genes and genetic variation affecting Absorption, Distribution, Metabolism and Excretion (ADME) of drugs. The PharmaADME's main aim is to aid in selection of genotyping assays for product development and clinical trials. PharmaADME provides three gene lists, the ADME Gene List, the Core Marker Gene List and the Related Gene List. The ADME Gene Lists contain genes associated with drug metabolism, either sorted under the more important Core List of 32 genes or under the Extended ADME Gene List of 267 genes. The ADME Gene Lists contains the gene symbol, full gene name and the protein class, but no other information and no links to information on which the qualifications are based or which drugs the gene product is affecting. The Related Gene List contains 74 genes that are related to, but not involved in, drug metabolism such as drug targets and receptors. The Core Marker Gene List is composed of 184 genotypes in 32 genes, of which 11 are CYPs, 9 are transporters and 9 are transferases, which by PharmaADME have been selected as most important. This list comprises the gene symbol, the primary name (e.g. CYP2D6*5) and the NCBI dbSNP number. 

Conclusions

The area of pharmacogenomics is rapidly developing. It is anticipated that novel, cheaper and more efficient high throughput techniques for genomic analyses as well as the discovery of interindividual variation in epigenomic control of gene expression and the identification of additional types of snRNA molecules, will result in a rapid expansion of the area. Consequently, the number of useful biomarkers for predicting drug response will rapidly increase in quantity and quality. Thus, existing and future databases, which are developed in a user-friendly manner, will provide relevant information on drugs and gene variants for physicians, scientists, regulatory agencies and industry, and constitute very important tools for the possibility to improve drug treatment and settle the basis for personalized medicine in society. (Sim and Ingelman-Sundberg, 2011) for a review). The genetic variation of interest mainly concerns genes encoding drug metabolizing enzymes, drug transporters, drug targets and human leukocyte antigens (HLA). Only 30-60 % of patients respond to common drug therapy using e.g. antidepressants, statins, and antipsychotics (Spear et al., 2001). Furthermore, adverse drug reactions (ADRs) are an increasing problem (Moore et al., 2007) and apparently cost society as much as the drug therapy itself (cf. Eichelbaum et al., 2006). In addition, meta-analyses by Lazarou et al. (1998) revealed consequences of more than 100,000 deaths annually caused by ADRs in the US, and Davies et al. (2009) have documented an increased length of hospitalization for more than 25% of patients experiencing ADRs in the UK. Also, ADRs are shown to occur in 16 % of hospitalized patients, frequently with severe consequences (Davies et al., 2009), and ADRs have in several studies been shown to be responsible for about 7 % of hospitalizations in the average population (Lazarou et al., 1998;Davies et al., 2009), 20 % of readmissions to the hospital (Davies et al., 2010) and more than 30 % among elderly (Paul et al., 2008). These data emphasize the need of updated databases that can provide fruitful guidance to both scientists, physicians, regulatory agencies and industries to cope with this major problem in human health.

The Pharmacogenomics Knowledge Base (PharmGKB)

The Pharmacogenomics Knowledgebase (PharmGKB, http://www.pharmgkb.org/) was established in 2000 and strives to provide information on how human genetic variation impacts drug response. Stable government-funded efforts such as Genbank, Gene Expression Omnibus, and dbGAP from the National Center for Biomedical Information (NCBI) at the National Institutes of Health (NIH) in the US are the preferred databases for archiving data, whereas curation of genes (or groups of related homologous genes) and their variations are best handled by locus-specific databases (LSDBs) such as the Human Cytochrome P450 (CYP) Allele Nomenclature Website (see section 3), and others focusing on transporters, receptors, and kinases. In contrast, PharmGKB focuses on four main activities: (1) curation of published literature in respect to relationships between genes, their variations, and drug response phenotypes, (2) creation of "Very Important Pharmacogene" (VIP gene) summaries that highlight specific pharmacogenomic significance of genes that are very important for drug response, (3) creation of pathway diagrams focusing on drug response (pharmacodynamics, PD)

and drug metabolism (pharmacokinetics, PK) pathways, and finally (4) assistance to organize and lead data-sharing consortia within pharmacogenomics where multiple centers combine data and expertise to answer questions that cannot be answered by any center alone (usually because of statistical power and smaller data sets). The core activity of PharmGKB curators is to survey the literature and capture reports of human genetic variation that impacts drug response phenotypes. These phenotypes may occur at the molecular (e.g. binding), cellular (e.g. expression), tissue (e.g. drug transformation) or organismal level (e.g. disease, symptoms), and all annotations are encoded with respect to these categories to assist in searches. The PharmGKB has a list of journals publishing pharmacogenomics observations, and also broadly searches the literature on a weekly basis to find associations between genes, their variations, drugs, and phenotypes. The PharmGKB uses the Human Genome Nomenclature Committee recommendations for genes and variations. Also, they use a combination of the RcNorm drug list with some modifications for drug, and Medical Subject Headings (MeSH) and Unified Medical Language System (UMLS) to encode phenotypes.

Curation of published literature

The result of this curation activity is currently about 2500 annotations that associate particular human variations (mostly SNPs, but also including insertions or deletions (indels), copy number variations, structural changes, and haplotypes) with drug-related phenotypes. These annotations were recently used to create a "pharmacogenomic annotation" of a complete human genome sequence (Ashley et al., 2010). Interestingly, there were nearly 100 drugs for which risks or benefits could be predicted for this individual. Many of them were "low confidence" based on the level of published evidence, but several of them would have some clinical utility. The application of the PharmGKB annotations to this genome was manual, and so current efforts are aimed at representing the basic variant annotations and their potential clinical consequences in a more structured manner that will allow more automated application to individual genomes. 

Writing VIP gene summaries

As the PharmGKB curators accumulate individual variant annotations, the genes may appear as either (1) repeatedly involved in drug response because of their role in general drug pharmacokinetics (e.g. cytochrome P450s, transporters, transferases) or ( 2) having an important role in the action of a single drug or class of drugs (e.g. pharmacodynamic drug targets). When the amount of information for these genes reaches a level that the curators find to be sufficiently large, they can designate these genes as VIP genes 1 . The PharmGKB curators prioritize these genes for short written summary reviews of their role in drug response, and the key variations in these genes that have been shown to modulate drug response. These reviews are re-examined every two years or more frequently if the pace of new knowledge generation is rapid, and are written in a templated manner that includes names and alternate names, introductory information, key publications, key pathways, known drugs/substrates, associated phenotypes/diseases and summaries of key variants with their associated effects. There are currently 43 VIP genes on the PharmGKB website, and their summaries are published regularly in a cooperative venture with the Pharmacogenetics & Genomics journal in order to draw attention to them and to provide a citation for their usage (Eichelbaum et al., 2009;Mi et al., 2010).

Creating pathways of drug response and metabolism

1 Very Important Pharmacogene (VIP gene) denotes genes that have a documented role in modulating the response to one or more drugs In addition to the VIP gene summaries, curators also create annotated graphical pathways depicting the relationships of genes and drugs. These pathways are the most popular feature at PharmGKB. Each pathway is the result of a PharmGKB curator gathering all information available for the drug of interest (for example, by collecting the basic annotations and genedrug relationships discussed above), and assembling a pathway summary. These pathways are often created collaboratively with experts working on these systems and they include a downloadable graphical depiction that is linked to the individual genes and small molecules depicted.

It also includes supporting data and references upon which the pathway is based. As with the VIP genes, the pathways are also published regularly in the Pharmacogenetics & Genomics journal (Eichelbaum et al., 2009;Sangkuhl et al., 2010). In addition to PharmGKB-generated pathways, PharmGKB links to pathways from external resources, and they are made available to augment the PharmGKB pathways.

Data sharing consortia

A somewhat unexpected activity for PharmGKB has been the convening of data sharing consortia. The mission of PharmGKB is to promote the creation and sharing of data about pharmacogenomics, and as a trusted third party, PharmGKB is in a good position to bring together groups of investigators interested in common scientific questions. After signing a memorandum of understanding that outlines the responsibilities and privileges of joining the consortium (and protects the rights of data generators to publish, as well as the rights of the consortium members to see data and participate in its analysis), the PharmGKB accepts data sets, brings them into a common format, and then participates in the statistical analysis to answer one or more shared scientific questions. The first example of a PharmGKB consortium was the International Warfarin Pharmacogenetics Consortium (IWPC) which brought together 21 groups internationally to create a globally-relevant warfarin dosing algorithm, as well as an analysis of inter-ethnicity differences in warfarin dosing (Klein et al., 2009;Limdi et al., 2010).

Other consortia have subsequently been established addressing the discovery of new genetic variations relevant to warfarin, the role of CYP2D6 variations in tamoxifen response, and the role of CYP2D6 in selective serotonin reuptake inhibitor (SSRI) response. A list of consortia and their members are available on the "Contributors" tab of PharmGKB.

The PharmGKB website and other activities

In addition to a global search capability, users of PharmGKB are able to search for particular kinds of information in five more focused search boxes: genes, variants, pathways, drugs, and diseases. These search boxes can accept any text, but will only return results of one of these 5 specific types. In addition, the home page provides the PharmGKB curators "Favorite Papers" that are updated every two weeks, and are available as an archive over the last four years. The home page also offers an automatically created pharmacogenomics news feed, access to tutorial information, introductions to pharmacogenetics, and access to tools.

Current new efforts at PharmGKB focus on:

• The development of automated natural language parsing tools to extract annotation information from the literature automatically (Coulet et al., 2010;Garten and Altman 2010;Garten and Altman 2009). • The addition of chemoinformatics, such as drug structure similarity metrics to help predicting new gene-drug interactions (Garten et al., 2010;Hansen et al., 2009).

• The creation of systems biology methods to look at drug response with a more networkbased view of the genes involved in producing complex drug responses (Hansen et al., 2009;Tatonetti et al., 2009). At present, 29 polymorphic CYPs are included on the CYP-allele website, with the addition in 2008 of NADPH cytochrome P450 reductase (POR) (Sim et al., 2009) due to its elementary function as electron donor to CYP enzymes. Every gene has its own webpage, listing the associated alleles and their consequences on the genetic, molecular, in vitro and in vivo levels, all together with relevant references and links to the NCBI dbSNP database.

The Human

The nomenclature system designates numbers (such as CYP2B6*4) for alleles that have been and in particular for stent thrombosis as the major cardiovascular event (Mega et al., 2010).

Computer-inferred haplotypes are generally avoided, although some predicted alleles have been assigned and included on the CYP-allele website. Alleles published in the early beginning of the CYP-allele era do not fully comply with the current standard.

Submission of new alleles is achieved by contacting the Webmaster of the CYP-allele website, whereby the data characterizing the allele is reviewed for potential allele name designation (see inclusion criteria at http://www.cypalleles.ki.se/criteria.htm). All information is kept confidential and a manuscript in preparation can often serve as a good basis for review and discussion between the author and the Webmaster. Designation of allele names outside the CYP-allele nomenclature committee is not advised, due to the apparent risk of confusion in the literature. Submissions with respect to additional functional in vivo and in vitro characterization of alleles listed are also highly relevant, and aids in keeping the CYP-allele website up to date. structures and these enzymes were early described in terms of pharmacogenetic variation, resulting in slow and rapid acetylation phenotypes that may impact the risk of drug-induced toxicity (Sim et al., 2008). There are two active genes in the NAT locus, NAT1 and NAT2 and in 1995, a nomenclature system was published (Vatsis et al., 1995). However, a systematic procedure for naming new alleles was not in use at once and resulted in problems such as dual assignments. From 1998, further discussions resulted in the formation of the Human Arylamine N-Acetyltransferase (NAT) Gene Nomenclature Committee with the aim to reach a nomenclature consensus for NAT alleles (Hein et al., 2008;Hein et al., 2000). A website was launched for maintenance of the renewed system and to provide an update on NAT alleles (http://n-acetyltransferasenomenclature.louisville.edu/). New allele submissions are sent to the NAT Nomenclature Committee for review, and the NAT allele website covers alleles of the NAT1 and NAT2 genes. The NAT allele nomenclature follows the star system (e.g. NAT*5) with special focus on functionally relevant sequence variations, whereby sub-alleles defined by an extra letter may contain additional variants that are functionally not relevant compared to the SNP causing the major effect. For example, alleles of the NAT2*5 series (NAT2*5A-P) all contain a SNP causing the I114T amino acid substitution that in turn causes slow acetylation, which is associated with an increased risk of drug-induced liver injury in isoniazid-treated tuberculosis patients (Daly, 2010). The NAT website also contains NAT allele information in the pdf format reporting nucleotide changes, amino acid changes, phenotypes (slow or rapid acetylation), NCBI dbSNP numbers and relevant references, as well as information on allele inclusion criteria for designation of new alleles.

As opposed to other nomenclature systems, the "wild type" allele is not designated NAT*1 due to historical reasons. Thus, the reference allele for NAT nomenclature is NAT*4 for both NAT genes. As a result of this, NAT alleles with numbers between *1 and *3 are excluded from the nomenclature system. At present, 29 alleles are presented for NAT1 and 21 for NAT2.

The Pharmacogenetics of Membrane Transporters (PMT) database

The Pharmacogenetics of Membrane Transporters (PMT) database (http://pharmacogenetics.ucsf.edu/) (Kroetz et al., 2010) is part of the PharmGKB (see section

2) with as focus on drug response in relation to genetic variation in membrane transporters.

Since membrane transporters are involved in the transport of drugs, genetic variation affecting transport function may impact drug therapy in terms of both response and ADRs. The PMT project was initiated in 2000 and focuses on the two superfamilies of solute carrier (SLC) transporters (n= 366) and ATP binding cassette (ABC) transporters (n=46). The database covers coding and non-coding variations as well as both SNPs and indels, but does not provide allele or haplotype information. The list of transporter proteins contains the OMIM phenotype, nucleotide and protein reference sequences, Entrez hits, and number of isoforms (splice variants) for every gene. The whole list is composed of 430 genes, although not all are transporter proteins since for some unknown reason genes such as monoamine oxidase A 

Transporter database (TP-search)

On the Transporter Database TP-search website (http://www.tp-search.jp/) (Ozawa et al., 2004), transporters are summarized under the respective species and the human section contains 33 transporter proteins together with information such as the driving force used (e.g.

ATP, Na + ), the presence of SNPs, protein length, direction of transport and association with disease. In addition, searches can be performed by transporter name, compound name, drugdrug interaction, pathophysiology, genetic polymorphisms, and tissue name. Additional web pages include gender differences, animal models, and genetic diseases. 

UGT Alleles Nomenclature Page

UGT enzymes (Phase II metabolism) link glycosyl groups to endogenous and exogenous substrates including drugs, to yield more hydrophilic products that can be more easily excreted from the body (Mackenzie et al., 2005). The UDP-glucuronosyltransferase (UGT) Allele TA repeats causes reduced UGT1A1 gene transcription and the common reduced activity UGT1A1*28 allele associates with reduced clearance of SN-38 (Schulz 2009 PMID: 19770637).

Due to the increased risk of neutropenia in UGT1A1*28/*28 subjects, the Food and Drug Administration in the US recommends a lower starting dose of irinotecan in such patients. 

PharmaADME

Conclusions

The area of pharmacogenomics is rapidly developing. It is anticipated that novel, cheaper and more efficient high throughput techniques for genomic analyses as well as the discovery of interindividual variation in epigenomic control of gene expression and the identification of additional types of snRNA molecules, will result in a rapid expansion of the area. Consequently, the number of useful biomarkers for predicting drug response will rapidly increase in quantity and quality. Thus, existing and future databases, which are developed in a user-friendly manner, will provide relevant information on drugs and gene variants for physicians, scientists, regulatory agencies and industry, and constitute very important tools for the possibility to improve drug treatment and settle the basis for personalized medicine in society. 
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  http://www.cypalleles.ki.se/). The main purpose of the CYP-allele website is the management of new allele designations based on recognized nomenclature guidelines, facilitation of rapid publication, as well as providing a readily available summary of alleles and their associated effects (Ingelman-Sundberg and Oscarson 2002; Oscarson and Ingelman-Sundberg 2002; Sim and Ingelman-Sundberg 2006; Sim and Ingelman-Sundberg 2010).
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  Cytochrome P450 (CYP) Allele Nomenclature Website Cytochrome P450 enzymes are responsible for 75-80 % of all phase I-dependent metabolism, resulting in more polar metabolites that can be further conjugated in Phase II metabolism, and for 65-70 % of the clearance of clinically used drugs (Bertz and Granneman 1997; Evans and Relling 1999). CYP enzymes are encoded by 57 CYP genes and divided into families, of which 1-3 (CYP1-3) are generally involved in the metabolism of exogenous substances including drugs, whereas members of other families mainly are involved in metabolism of endogenous compounds. Variation in CYP genes results in four different phenotypes classically defined as ultrarapid, extensive, intermediate and poor metabolizers. Characterization of the genetic polymorphism of CYP enzymes provides a basis for personalized medicine composing drug dose adjustment and selection of drug type (Ingelman-Sundberg 2004; Ingelman-Sundberg et al., 2007; Kirchheiner et al., 2004; Pirmohamed and Park 2001; Weinshilboum 2003) To unite and summarize efforts focusing on the characterization of CYP polymorphism, the Human Cytochrome P450 Allele (CYP-allele) Nomenclature Committee was established in 1999, and the efforts resulted in agreed CYP nomenclature guidelines and the launching of the CYP-http://www.cypalleles.ki.se/). The main purpose of the CYP-allele website is the management of new allele designations based on recognized nomenclature guidelines, facilitation of rapid publication, as well as providing a readily available summary of alleles and their associated effects (Ingelman-Sundberg and Oscarson 2002; Oscarson and Ingelman-Sundberg 2002; Sim and Ingelman-Sundberg 2006; Sim and Ingelman-Sundberg 2010).

  thoroughly sequenced and well characterized in terms of linkage of the functionally relevant SNP with other polymorphic sites. Functionally relevant in this aspect is regarded as a variation causing measurable consequences such as amino acid substitutions, translation terminations or splice defects. At a minimum, the open reading frame must have been sequenced. All sequence variations are numbered based on A in the translation initiation codon as the reference nucleotide (+1). Additional letter-designated sub-alleles of the same number (such as CYP2B6*4B) contain the same functional SNP but additional sequence variations not causing functional effects. A combination of functionally relevant variants are designated a new allele number due to the potential of combinatorial effects, unless one of the variant is deleterious and thus defines the allele name. As an example, CYP2C19*2 carries a SNP causing a splice defect of the transcribed RNA that is detrimental for enzyme function. This splice defect exists in different combinations with other SNPs causing amino acid substitutions and the combination alleles have thus received allele names CYP2C19*2A-D. The effect of CYP2C19 genotype on clopidogrel (Plavix  ) antiplatelet treatment of cardiovascular disease has attained much focus since CYP2C19 is responsible for bioactivation of the drug. A recent metaanalysis of 9 studies and almost 10,000 patients showed a significantly increased risk of adverse cardiovascular events in carriers of defective (mainly CYP2C19*2) alleles due to impaired bioactivation of clopidogrel, especially in patients having undergone percutaneous intervention,
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  Nomenclature Page (http://www.pharmacogenomics.pha.ulaval.ca/sgc/ugt_alleles) contains UGT enzymes of subfamily UGT1A (9 enzyme web pages) and UGT2B (5 active web pages). The inclusion criteria are based on the CYP-allele nomenclature system, and thus alleles designated by the Webmaster contains an asterisk and a number where the *1 allele (e.g. UGT1A1*1) is considered the wild type allele. Similarly to CYP-alleles, the UGT Alleles Nomenclature Page focus on nucleotide changes that cause functional effects such as amino acid substitutions, splice defects and frameshifts, and thus alleles with additional variations not causing any effects receives a sub (letter) allele name. Every enzyme has a "Haplotype" page and a "SNP" page, where the former contains a list of all alleles and their changes whereas the latter contain a list of all SNPs together with their rs numbers and the reference sequence used. As an example, the UGT1A1 Haplotype web page contains 113 different alleles that are presented with their allelic names, nucleotide changes, protein effects, exon numbers affected, consequences (e.g. frameshift), phenotypes with respect to causation of Crigler-Najjar syndrome or Gilbert's syndrome, enzyme activity in vitro and in vivo, and the respective references. The rare Crigler-Najjar syndrome is caused by a complete inability to glucuronize bilirubin due to UGT1A1 mutations that consequently causes jaundice and potential brain injury, whereas reduced but not depleted UGT1A1-mediated glucuronidation of bilirubin lead to the less severe phenotype Gilbert's syndrome. UGT1A1 is also involved in the metabolism of the anti-cancer drug irinotecan, since the active metabolite SN-38 is glucuronidated and inactivated by UGT1A1.Excessive levels of SN-38 can cause neutropenia, the risk of which is affected by UGT1A1 genotype. The wild-type allele UGT1A1*1 carries a 6-repeat TATA box, (A(TA) 6 TAA) whereas UGT1A1*36 has 5, UGT1A1*28 has 7 and UGT1A1*37 has 8 repeats. An increased number of

  PharmaADME (http://www.pharmaadme.org/) is a database initiated by academic and industrial interests. The aim of this database is to compile lists of genes and genetic variation affecting Absorption, Distribution, Metabolism and Excretion (ADME) of drugs. The PharmaADME's main aim is to aid in selection of genotyping assays for product development and clinical trials. PharmaADME provides three gene lists, the ADME Gene List, the Core Marker Gene List and the Related Gene List. The ADME Gene Lists contain genes associated with drug metabolism, either sorted under the more important Core List of 32 genes or under the Extended ADME Gene List of 267 genes. The ADME Gene Lists contains the gene symbol, full gene name and the protein class, but no other information and no links to information on which the qualifications are based or which drugs the gene product is affecting. The Related Gene List contains 74 genes that are related to, but not involved in, drug metabolism such as drug targets and receptors. The Core Marker Gene List is composed of 184 genotypes in 32 genes, of which 11 are CYPs, 9 are transporters and 9 are transferases, which by PharmaADME have been selected as most important. This list comprises the gene symbol, the primary name (e.g. CYP2D6*5) and the NCBI dbSNP number.

Table 1 .

 1 Pharmacogenetic databases.
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	PharmGKB	The	Curation of	http://www.pharmgkb.	Genotype and
		Pharmacogenomics	pharmacogenetic	org/	phenotype of ADME
		Knowledgebase	effects, creation of		genes and drug target
			gene and drug		genes
			summaries, data		
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	database	Arylamine N-	designation of NAT	acetyltransferasenomen	and NAT allele
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		(NAT) Gene			
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  (MAOA), pregnane X receptor (PXR) and POR are also included in this list. Most genes are extensively presented on their own web page, containing information such as main tissue expression sites, substrates, gene structure, and genetic variation. The genetic variants are reported by their genomic, transcript and coding position, together with amino acid effects, array availability, PubMed and dbSNP links, and the frequency observed in different populations. Also, a secondary structure transmembrane prediction shows the position of amino acid substitutions, insertions or deletions within the transporter protein. Additionally, the PMT database provides a search tool to access gene expression data with respect to a single gene in multiple tissues (Gene Plot), selected genes in selected tissues (Mixed Plot) and multiple genes in a single tissue (Tissue Plot).
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  The Transporter Name search includes the choice of human, mouse and/or rat species, and substrate, inhibitor and/or inducer substances. The Transporter Name search outcome includes parameters associated with the requested transporter, i.e. substance name and chemical structure, interaction type, K m and K i values, experimental setup used for producing the data and references to publications. Similar searches can be done with the Compound Name, where a list of transporters interacting with the substance is provided. The Drug-Drug Interaction search involves in vivo data, and displays drug-drug interactions involving the searched compound, together with its effects on parameters such as clearance, C max and area under plasma concentration curve (AUC). Also, the interaction site where the effects are believed to occur is presented. The Tissue Distribution search provides schematic figures of the transporters present in intestine, kidney or liver. In addition, a tissue distribution table lists the tissue and localization of the transporters, together with the experimental method used and the corresponding
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references. The Genetic Polymorphism search of functionality yields in vivo information on the respective transporter SNPs (but not alleles or haplotypes) with respect to nucleotide changes, protein changes, drug involved, type of drug administration, number and ethnicity of the study sample, in vivo parameters (such as AUC or plasma concentration), and the relationship between the different genotypes. A similar Genetic search with respect to frequency yields the distribution of the polymorphisms in different populations. A reference sequence with respect to the nucleotide change is however not provided and the TP-search database has not been updated since 2007.
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