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Abstract

The Pharmacogenomics Center of the University of California, San Francisco (CA, USA) fosters
research and educational activities focused on the genomic basis for variation in drug response.
Investigators in the Center conduct multidisciplinary and multicenter research on a diverse array
of clinically used drugs with the goal of understanding the genetic factors that contribute to
variation in therapeutic and adverse drug response. The Center houses the large NIH-supported
Pharmacogenomics of Membrane Transporters Project, which is a leader in understanding genetic
variation in membrane transporters that are important in clinical drug response. Center
investigators study racially and ethnically diverse populations, are pioneers in the education of
PharmD, MD and PhD students in pharmacogenomics, and have led the establishment of unique
graduate and postdoctoral training programs focused on pharmacogenomics. A key emphasis of
the Center is on biological mechanisms with a goal of facilitating the development of safer and
more effective medications.
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The completion of the Human Genome project and the commencement of multiple large-
scale genome-wide studies focused on human genetic variation have stimulated a wide array
of research activities in pharmacogenomics, the genetic basis for variation in drug response.
The mission of the University of California San Francisco (UCSF; CA, USA)
Pharmacogenomics Center is to advance discoveries in pharmacogenomics by fostering
research and educational activities focused on human genetic variation that is of particular
relevance to variation in drug response. The research goal in the Center is to identify genetic
determinants of variation in therapeutic and adverse drug response with a long-term goal of
supporting the development of personalized medicine, where genetic information is used to
inform the selection and dosing of drugs. Investigators in the UCSF Pharmacogenomics
Center conduct multidisciplinary research on a wide variety of therapeutic drugs, including
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anticancer, antiviral and antidiabetic drugs. A major emphasis of the Center is on
understanding biological mechanisms; therefore, strong interactions with both computational
and experimental scientists are critical in supporting the research and educational mission of
the Center. The Center investigators lead and participate in large clinical and translational
studies, which span ethnically diverse populations globally. This brief profile describes the
history of the Center as well as the major research and educational programs within it.
Interacting programs and departments at UCSF that enhance, support and facilitate the
Center’s activities are also briefly described.

The Pharmacogenomics Center was established in 1999 by Ira Herskowitz and Kathy
Giacomini, two UCSF scientists with complementary backgrounds in genetics and
pharmacology, respectively. Together, Giacomini (then chair of the Department of
Biopharmaceutical Sciences) and Herskowitz (co-director of the Program in Human
Genetics) developed a visionary plan for a multidisciplinary center in pharmacogenomics.
The plan was enthusiastically supported by the faculty in the department, the Dean of the
School of Pharmacy, Mary Anne Koda Kimble, and the other co-director of the Program in
Human Genetics, Charles Epstein. The department, school and program all contributed
critical resources to establish the Center, including space at the planned Mission Bay
campus and at Parnassus Heights. From its inception, Giacomini and Herskowitz partnered
in writing grants, stimulating research and educational activities and in recruitment of
faculty to the Center. Two major NIH-funded grants encouraged recruitment and activity in
the Center — The Pharmacogenomics of Membrane Transporters (PMT) project and the
Pharmacogenomics Research Facility, both of which are described below. Although many
UCSF faculty members participated in Center-led teaching and research activities, seven
full-time core faculty members are now a part of the Center:

« Nadav Ahituv: mechanistic pharmacogenetic studies centered on noncoding
regions of the genome;

»  Esteban Burchard: genetic studies of drug response in Latino populations;
e Xin Chen: cancer genomics and pharmacogenomics;

» Kathy Giacomini: basic and translational pharmacogenetic studies with a focus on
membrane transporters;

e Su Guo: vertebrate genetics in zebrafish;

» Deanna Kroetz: translational and clinical pharmacogenetic studies in large
populations including genome-wide association studies;

» Andrej Sali: the bioinformatics of the effects of genetic variants on protein structure
and function.

The Center is located on both the Mission Bay (Figure 1) and Parnassus Heights campuses
at UCSF. On the Parnassus campus, the National Center for Research Resources (NCRR)
funded a large grant to construct a large Pharmacogenomics Research Facility, which houses
laboratory and computational space for the Center. This facility, located one floor below the
Institute for Human Genetics, has become a focal point for activity at the Parnassus Heights
campus. At Mission Bay, Center faculty members are located on the fourth and fifth floor of
the new Rock Hall building and within the computational spaces of the California Institute
of Quantitative Biosciences in Byers Hall.

Pharmacogenomics of Membrane Transporters Project

A large center grant, PMT, funded by the NIH from 2000, is a major focus for Center
activities. Many of the Center’s faculty members participate in the NIH-funded project,
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which is led by Kathy Giacomini and Deanna Kroetz. This multidisciplinary research project
is focused on membrane transporters that play a critical role in drug disposition and
response. The primary goal of the PMT is to discover genetic variants in membrane
transporters that contribute to variation in clinical drug response. Research involves
integrated computational and mechanistic studies in cells, animal models and in ethnically
diverse human populations. The PMT project has made a number of discoveries that have
contributed to the field of pharmacogenomics and is particularly noted for its rich
mechanistic and translational studies [1,2]. In particular, the project has resulted in the
identification of many new coding- and noncoding-region variants in membrane transporter
genes in ethnically diverse US populations. A large body of work focused on the functional
genomics of membrane transporters has revealed that: approximately 15-20% of
nonsynonymous variants in membrane transporters exhibit reduced function; rare
nonsynonymous variants are more likely to exhibit functional changes than common
variants; strong promoters have more genetic variation than weak promoters; and many
common promoter-region variants with altered function are present in membrane transporter
genes. In 2003, the PMT project established a unique cohort of healthy volunteers from
populations of mixed ethnicity — studies of pharmacogenomics in ethnically diverse
populations (SOPHIE) — who donated DNA samples and agreed to participate in further
pharmacogenomic studies. SOPHIE has formed the basis for the large translational effort of
PMT and is described in more detail later. Studies using SOPHIE have led to discoveries of
variants that contribute to variations in drug disposition and response for the antidiabetic
drug, metformin, and the antiepileptic drug, gabapentin, in human populations. PMT has
also developed a large database of pharmacogenomic membrane transporters [101], which is
a repository for genetic and functional information on genetic variation in membrane
transporters.

Emphasis on biological mechanisms

The UCSF Center for Pharmacogenomics has a strong emphasis on biological mechanisms
and exploits both computational and experimental methods. When conducting clinical
pharmacogenomic studies (genotype — phenotype), such as those conducted by the PMT
project, high-throughput phenotypic assays are needed to rapidly determine the
pharmacological outcomes of different nucleotide variants. Moreover, pathway
interrogations using model organisms can further lead to biologically relevant candidate
genes for subsequent human association studies. These mechanistically oriented studies are
becoming an even greater necessity with next-generation sequencing technologies being on
the verge of providing whole-genome datasets. Our multidisciplinary center has been
developing and implementing these mechanistic assays by taking advantage of advanced
computational analyses coupled with high-throughput functional assays. For example,
recently, investigators in the Center used computational modeling coupled with
experimental assays to understand the functional impact of mutations in ABC transporters,
where the majority of mutations had not yet been experimentally characterized [Kelly L et
al.: Functional hotspots in human ABC transporter nucleotide binding domains. Manuscript
submitted.]. A computational structure-based approach to discriminate between disease-
associated and neutral point mutations tailored to this superfamily was developed. From this
approach, the impact of 39 unannotated point mutations in seven ABC transporters
identified was predicted. Three of the predictions were experimentally tested, using HEK293
cells stably transfected with the reference multidrug resistance transporter ABCC4 and its
variants, to examine functional differences in the transport of the antiviral drug tenofovir.
The results indicated that two of the three predictions agreed with the experimental results,
demonstrating the utility of the computational model to predict functional consequences of
point mutations.
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Various animal models are used for functional assays; for example, zebrafish, a vertebrate
model organism for molecular genetic studies, presents multiple salient features for
pharmacogenomic studies [3,4]. Zebrafish have been used in the Center to understand the
mechanisms of action of small molecules, including abused substances (alcohol and
morphine) [5-8], antipsychotics [9] and neurotoxins [10]. In addition to zebrafish, mouse
models are also widely used for pharmacogenomic studies. An organic cation transporter 1
(OCT1)-knockout mouse was used to explore the interaction between metformin, an
antidiabetic drug, and OCT1 [11]. In addition, we are taking advantage of rapid-mouse
techniques, such as the hydrodynamic tail-vein injection technique [12], to test for the
functional effects of promoter and enhancer variants in liver membrane transporters, which
is discussed later.

A less-explored pharmacogenomic terrain is the noncoding portion of the genome that is
known to have important roles in gene regulation [13]. A small number of
pharmacogenomic studies have focused on understanding the role of variants in regulatory
elements, such as enhancers (sequences that regulate gene promoters), miRNAs and
proximal promoters. However, these studies have largely focused on drug targets and drug
metabolizing enzymes [14-20], but not on membrane transporters. To uncover regulatory
variants in the membrane transporters, the Center investigators are using various
computational tools to identify potential regulatory regions (e.g., enhancers, promoters,
miRNAs and their binding sites). These regions are then assayed using both in vitro and in
vivo analyses, such as the hydrodynamic tail-vein technique [14], for their function and also
to determine how nucleotide variation within them can alter that function.

Translational studies in racially & ethnically diverse populations

The rich racial and ethnic diversity in the San Francisco Bay area (CA, USA) provides a
unique resource for investigating population differences in drug response. As part of the
PMT project, the UCSF Center for Pharmacogenomics developed the SOPHIE cohort,
which is a local resource for studying pharmacogenetic traits. SOPHIE consists of over 1000
young, healthy individuals from Caucasian, African — American, Chinese — American and
Mexican — American ancestry. In addition, SOPHIE includes a few individuals with
ancestry in the Philippines. Inclusion criteria requires that each subject has four grandparents
with the same ancestry. DNA from SOPHIE subjects serves as a resource for re-sequencing
projects within the Center and facilitates the estimation of minor allele frequencies and
haplotype distributions in these ethnic populations. Upon enrollment, all subjects also
consent to be called back for potential participation in genotype — phenotype studies of
interesting genetic variants. The SOPHIE cohort has proven invaluable in *proof-of-concept’
studies, where genetic variants that have been demonstrated, in laboratory investigations, to
alter transporter function or expression and are tested for their effects on pharmacokinetic or
pharmacodynamic properties of specific drug substrates. Recently published studies on
metformin illustrate the importance of SOPHIE to our Center. A total of seven SLC22A1
(OCT1) variants were found to have a significant reduction of metformin transport in vitro,
and Caucasians with at least one reduced-function allele had an attenuated response to the
glucose lowering effect of metformin [11]. Another area of expertise within the Center is in
genetic admixture and the use of individual ancestry estimates as a quantitative trait. The
consideration of genetic estimates of ancestry as covariates is increasingly applied in
pharmacogenetic analyses and is particularly relevant in admixed populations (i.e., Latinos,
African — Americans, and Filipinos). Ongoing studies within the Center are applying these
estimates to understand the differences in disease severity and response to asthma
medications in various Hispanic ethnic groups (e.g., Puerto Rican vs Mexican) [21-24]. The
importance of studying large and ethnically diverse populations for association of genetic
polymorphisms with drug response typically necessitates a collaborative approach for both
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the collection of phenotypic data and genetic analysis. UCSF investigators have been
instrumental in developing a formal collaboration with the Riken Center for Genomic
Medicine in Yokohama, Japan and the Pharmacogenetic Research Network (PGRN) to
conduct genome-wide association analyses of drug response phenotypes. The Global
Alliance in Pharmacogenomics-Japan (GAP-J) capitalizes on the strength of the PGRN in
collecting large, well-phenotyped patient populations and the powerful high-throughput
genome-wide methods of the Riken Center for Genomic Medicine. Investigators in the
UCSF Center for Pharmacogenomics lead three of the 14 current collaborative projects in
GAP-J and are involved in three additional projects.

A major goal of the UCSF Center is to extend pharmacogenetic studies into understudied
populations. In addition to the asthma pharmacogenetic studies in Hispanic populations, as
described previously, efforts are ongoing to identify genetic predictors of response and
toxicity to antiretroviral medications used in sub-Saharan Africa. In collaboration with
clinical researchers at UCSF, detailed phenotypic data on viral and immune response and
adverse events are being collected in a rural HIV/AIDS clinic in Uganda. The identification
of genetic markers of response or toxicity can be used for the informed selection and proper
use of the most appropriate antiretroviral combinations in these vulnerable populations.

Educational programs associated with the Center

Education is a core component of the UCSF Center for Pharmacogenomics, and the faculty
is involved in didactic and research training in all aspects of the field. The Pharmaceutical
Sciences and Pharmacogenomics (PSPG) graduate program was established in 1999 as the
first graduate program in the USA dedicated to doctorate-level training in
pharmacogenomics [102]. The program is supported, in part, by a NIH predoctoral training
grant and is attractive to students with broad backgrounds ranging from human genetics to
engineering. Strong didactic training in pharmacokinetics, drug metabolism and drug
transport is coupled with courses in human genetics and pharmacogenetics. The latter is
focused on the application of cutting-edge human genetic approaches (e.g., high-throughput
SNP genotyping and expression arrays), the use of genetic estimates of admixture, an
emphasis on biological mechanisms and the proper design of clinical studies for the
investigation of genetic variability in drug response and toxicity. Graduate students can
select from a wide range of research projects in over 20 different laboratories, including
computational analysis of patterns of genetic variability in human populations, the
development of novel methods for the analysis of pharmacogenetic association studies,
functional genomic studies to understand the molecular basis for genetic associations with
drug response genes and both phenotype — genotype and genotype — phenotype clinical
studies that apply candidate gene and whole-genome analyses. Graduates of the PSPG
program are leaders in the application of pharmacogenetic principles in drug development
and discovery within academia, industry and regulatory agencies. PSPG graduates, with
their strong background in pharmacokinetics, pharmacodynamics, drug metabolism, drug
transport and pharmacogenomics, are highly sought after for positions in academia, industry
and at the US FDA.

A postdoctoral clinical pharmacology training program focuses on the education of fellows
[103]. The program has been supported for 35 years by a NIH training grant in clinical
pharmacology, which traditionally focused on the education of MDs and PhDs. However,
recently, the program expanded to include an emphasis on the training of PharmD and
pediatric postdoctoral fellows. Didactic courses in all aspects of clinical pharmacology are
required, including a strong emphasis on pharmacogenetic principles and applications. A
large proportion of the fellows carry out pharmacogenetic-based clinical research across all
therapeutic disciplines. Clinical pharmacology fellows are also involved in campus-wide
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efforts to incorporate pharmacogenetic testing into clinical practice. Since its inception in
1965, this program has graduated 120 fellows, most of whom are actively engaged in
academic research and training, and are highly qualified to lead efforts for the application of
pharmacogenomic discoveries in clinical medicine.

Units at UCSF that support the Center

At UCSF, several units support the activities of the Center for Pharmacogenomics: the
Department of Bioengineering and Therapeutic Sciences, the Institute for Human Genetics,
the California Institute of Quantitative Biosciences (QB3), and the Clinical and
Translational Sciences Institute (CTSI) (Figures 1 & 2). The Center is housed in the
Department of Bioengineering and Therapeutic Sciences, which consists of five research
foci including the Pharmacogenomics Center — drug development sciences, therapeutic
bioengineering, computational and systems biology as well as cellular and molecular
engineering. The department is a joint department between the School of Pharmacy and the
School of Medicine, and provides state-funded faculty salary lines, financial and
administrative support, and facilitates cross-disciplinary scientific interactions relevant to
therapeutic sciences. The Institute for Human Genetics in the School of Medicine is also a
critical unit for the Center. The Institute, which grew out of the Program in Human Genetics,
is headed by Neil Risch, a visionary leader who strongly endorses and supports the Center
and has provided many resources to it. The Genomics Core Facility, which is managed by
the Institute for Human Genetics, provides DNA banking, high- and medium-throughput
genotyping and sequencing, and a host of other technologies and support that is necessary
for modern genome-wide pharmacogenomic studies. Strong computational support is critical
in modern pharmacogenomic studies and to the research conducted in the
Pharmacogenomics Center. Computational support provided by the QB3 faculty members
has fostered the development of the database of pharmacogenomic membrane transporters, a
premier database in the field of pharmacogenomics. Furthermore, the QB3 faculty provide
an array of expertise in systems and computational biology, protein structure and in the
development of algorithms for functional predictions of genetic variants in membrane
transporters. These computational activities are increasingly important with the emergence
of multiple human genetic variation projects and genome-wide association studies. To
understand the contribution of functionally important variants to clinical drug disposition
and response, translational and clinical studies are essential. Support for these studies is
provided by the UCSF NIH-funded Clinical and Translational Sciences Institute (CTSI),
which includes a Clinical Research Center (CRC), a key unit in translating
Pharmacogenomics Center discoveries to clinical studies. The CRC unit has assisted the
Center in study design and, most importantly, in the implementation of clinical studies. This
unit is critical for the success of the UCSF Pharmacogenomics Center.

Conclusions and future directions

The UCSF Pharmacogenomics Center continues to play a pivotal role in the field of
pharmacogenomics. The Center is a world leader in functional and computational genomics
as well as in the translation of new discoveries in pharmacogenomics to clinical studies of
therapeutic and adverse drug response. Center faculty members are key contributors in
educating the next generation of pharmaceutical scientists, clinical pharmacologists and
pharmacists, and scientists in computational and systems biology, who serve in academia,
industry and regulatory agencies, to advance the field of pharmacogenomics and foster its
translation to personalized medicines.
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Figure 1.

Rock Hall (lower right) on the Mission Bay Campus of the University of California San
Francisco.

Four core faculties of the Pharmacogenomics Center (CA, USA) have laboratories in Rock
Hall. The Mission Bay Campus, home for Rock Hall and Byers Hall (housing the Institute
for Quantitative Biology) is shown in the upper picture.
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Figure 2.

Relationship between the various UCSF institutes and departments that support the
Pharmacogenomics Center.

QB3: California Institute of Quantitative Biosciences; UCSF: University of California San
Francisco.
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