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Abstract 

Variation in the activity of genes involved in drug absorption, disposition, and 

pharmacologic action (“pharmacogenes”) can affect drug response and toxicity, 

especially in tissues of pharmacological importance such as the liver, kidney, heart, and 

adipose tissue. The goal of this study was to provide insights into the expression levels 

and alternative splicing of these pharmacogenes across four tissues and lymphoblastoid 

cell lines, which are widely used in pharmacogenomics studies. Using RNA-seq data 

derived from a total of 138 samples from different individuals across the 5 tissue and 

cell types of interest, we found that the pharmacogenes showed substantial variation in 

both expression levels and splicing. This in-depth exploration of multiple samples and 

tissue types also revealed 183 previously non-annotated splicing events in 

pharmacogenes.  Overall, this study serves as a rich resource for the research 

community to inform biomarker and drug target discovery and validation.
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Introduction 

Variation in the expression levels and splicing of drug metabolizing enzymes, 

transporters, and targets, such as receptors and ion channels, has been associated with 

inter-individual differences in optimal drug dose, drug efficacy, and adverse drug events 

[517, 518].   Thus, a comprehensive study of variation in the transcriptome profiles of 

pharmacologically relevant tissues promises to yield important insights into the 

molecular basis of variation in drug response.  Technological advances in quantifying the 

transcriptome (through hybridization or sequencing-based platforms) and the rapid 

development of high-throughput screening methodologies have led to the identification 

and characterization of many biomarkers of drug response [519, 520].  These 

innovations have transformed the way we design and analyze pharmacogenomics 

studies.   

Transcriptome sequencing, or RNA-Seq, is facilitating analyses at the transcript 

level with an unprecedented resolution. As the technology has developed, longer reads 

and higher throughput have allowed for detailed evaluation of whole transcriptomes 

across many samples [521]. Analytical approaches have emerged, including 

Cufflinks[522] and DESeq [523] for gene expression analysis and DEXSeq[524] and 

JuncBASE[525] for splicing events analysis. However the use of next-generation 

sequencing technology for pharmacogenomics research has been limited [520, 526].  

Although community-wide efforts such as GTEx[404] are facilitating studies of 

expression quantitative trait loci (eQTLs), there has not been an application of RNA-Seq 
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in large sample sets in diverse human tissues with a focus on genes involved in drug 

disposition.   

In pharmacogenomics, polymorphisms that affect expression levels or result in 

alternative splicing of drug metabolizing enzymes are known to have large effects on 

drug disposition and response.  For example, UGT1A1*28 (rs8175347), with seven 

thymine-adenine [105] repeats in promoter region, leads to reduced transcription rates 

of this enzyme and profound toxicity in patients receiving the topoisomerase inhibitor, 

irinotecan[527, 528].  Likewise, alternative splicing of CYP2D6 occurs frequently in 

human populations and is responsible for reduced activity of the enzyme[529].  Given 

these large and clinically important effects in drug metabolizing enzymes, a systematic 

study of the transcriptome with a focus on pharmacogenes in the liver and other tissues 

of pharmacologic importance is clearly needed. While several research groups have 

performed transcriptome profiling and alternative splicing events analysis in human cell 

lines and tissues[530-532], these studies are limited to single-tissue types or use pooled 

samples from multiple individuals.  Thus, information about inter-individual variation in 

gene expression and splicing from a given tissue type or inter-tissue variation is limited, 

despite the value of such studies for identifying biomarkers for differential drug 

response or toxicity. 

Given these limitations, the Pharmacogenomics Research Network (PGRN) 

initiated a transcriptome sequencing project to catalog variation in gene expression and 

splicing across individuals in tissues and genes of pharmacologic importance. Tissues 

studied include liver, a key organ for drug metabolism [533, 534], kidney, the site of 
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excretion of many drugs [535], and heart and adipose tissue, where pharmacogenes can 

affect local drug distribution and action [536]. Lymphoblastoid cell lines were also 

included, as they have been widely used as a cell-based model for a variety of 

pharmacogenomics studies [537-539]. In this article, we characterize the variability in 

the expression and splicing of pharmacogenes across individuals and between tissue 

types in four human tissues and lymphoblastoid cell lines, and identify novel alternative 

splicing events in these samples. Further, we provide this information for community 

use, including both expression and splicing profiles across 138 individuals.  This resource 

will be valuable for future pharmacogenomics studies as both a discovery and validation 

platform. 
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Materials and Methods 

Selection of Protein Coding Genes and Pharmacogenes 

Protein coding genes were defined as those with a start codon in the 

Gencodev12 annotation. A subset of these was defined as pharmacogenes. Our list of 

389 pharmacogenes was compiled from PharmGKB[540], a curated knowledgebase 

about the impact of genetic variation on drug response, PharmaADME[541], U.S. Food 

and Drug Administration (FDA) Pharmacogenomics Biomarkers[542] and the 

literature[537, 543-546]. It includes enzymes (160), transporters (84), ion-channels (15), 

receptors (27), nuclear receptors and other transcription factors (24), and other genes 

including G-protein coupled receptors (22) that are gene targets that play an important 

role in drug disposition, response, or toxicity (79) (Supplemental Table S1). Genes that 

are annotated in at least two of these resources or publications were selected as 

pharmacogenes.   

Tissues Collection, RNA Isolation, and Preparation of RNA-sequencing Library 

Tissue from 24 liver, 19 kidney (cortex), 25 heart (left ventricle), 25 adipose 

(subcutaneous) samples, and 45 lymphoblastoid cell lines (LCLs) were obtained from 

PGRN research groups: the Pharmacogenomics of Anticancer Agents Research in 

Children (PAAR4Kids) provided liver tissues, Pharmacogenomics of Membrane 

Transporters (PMT) provided kidney samples, Pharmacogenomics and Risk of 

Cardiovascular Disease (PARC) provided adipose tissue and lymphoblastoid cell lines, 

and Pharmacogenomics of Arrhythmia Therapy (PAT) provided heart tissue. Further 
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details regarding tissue sources and methods for RNA isolation are provided in the 

Supplemental Methods. Demographic information on the samples is described in 

Supplementary Table S2. RNA integrity number (RIN) was quantified by Bioanalyzer 

(Agilent), and only samples with RIN scores  6.0 were used for library preparation. 

RNA-seq libraries from liver, kidney, adipose, and heart samples were prepared 

and sequenced at the Baylor College of Medicine Human Genome Sequencing Center 

(BCM-HGSC). RNA-seq libraries from LCLs were prepared at Covance Inc. (New Jersey) 

and sequenced at the University of Washington Northwest Genomics Center. The 

protocols for RNA isolation are detailed in the Supplemental Methods. 

Alignment and Transcriptome Analysis 

Raw reads were mapped to the human genome sequence (hg19)[547] using 

Tophat v2.0.6[548]. Duplicate reads were removed with Picard Tools, and post-

alignment QC metrics calculated with RNA-SeQC[549].Further details regarding quality 

control measures applied to this dataset can be found in Supplemental Methods. 

Transcript structure assembly was performed with Cufflinks (v.2.0.2)[522] on 

each sample for each tissue type. The Gencode v12 annotation[105] was used as a 

reference to guide assembly (--GTF-guide). To control for differing sequencing depths of 

samples between cell types, and the variable number of samples analyzed for each cell 

type, gene expression analysis was performed on a subset of the data – 20 million reads 

per sample and 18 samples per tissue type. Gene expression values (in Fragments per 
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Kilobase of Exon Mapped, FPKM) were calculated by summing per-isoform FPKM values 

generated by Cuffdiff (v2.2.1)[522] for each sample or by tissue type.  

To discover non-annotated splice events and analyze differential splicing, the 

subsampled reads were run through the JuncBASE[525] pipeline. JuncBASE uses junction 

reads from an RNA-Seq experiment to calculate inclusion and exclusion of individual 

splicing events.   

Further details regarding transcriptome assembly, subsampling, gene expression 

calculation, and differential expression analysis are included in the supplemental 

methods. 

Validation of exon junctions and PSI estimates 

To validate selected previously non-annotated events, we created primers 

specific to the novel event and looked for amplification by PCR using pooled liver cDNA. 

(Supplemental Figure S1A) To validate the PSI estimates derived from RNA-seq, PSI 

values for two common and previously annotated splice variants in HMGCR13[105] and 

LDLR4[105], were quantified in LCLs (n=39) from the same RNA that was used to 

prepare the RNA-seq libraries by qPCR. The PSI values for these two events in LCLs 

calculated by qPCR and RNA-seq were positively correlated (Supplemental Figure S1B).  

Further details regarding validation procedures can be found in the 

Supplemental Methods.  
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Results 

The Pharmacogenomics Research Network RNA-Seq Project 

 

  

 

Figure 1: Overview of the Pharmacogenomics Research Network RNA-Seq project. 1. 
389 “pharmacogenes” were selected representing genes that play a key role in drug 
disposition. 2.  RNA from multiple samples for human liver, heart, kidney, adipose 
tissue, and lymphoblastoid cell lines was collected. 3. cDNA libraries were prepared 
from these samples and sequenced using a HiSeq 2000. 4. Rigorous pre- and post- 
alignment quality control procedures were applied to the data. 5. Finally, gene 
expression was quantified and splicing events identified for the pharmacogenes across 
samples and tissue types. This information is provided as a resource to the 
pharmacogenomics community. 

 

The Pharmacogenomics Research Network (PGRN) RNA-Seq project was 

designed to provide in-depth investigation of the transcriptomes of pharmacologically 
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relevant human tissues with a focus on genes of particular interest to the 

pharmacogenomics community (Figure 1). In order to study inter-individual variability in 

expression and splicing of pharmacogenes, we generated transcriptome data from 24 

liver, 19 kidney, 25 heart, and 25 adipose samples and 45 LCLs (Supplemental Table S2). 

For each sample, 100bp reads were mapped to the human genome [548], resulting in 

11-91 million mapped reads per sample. To control for this substantial difference in 

sequencing depth and sample number between tissues, 18 samples (subsampled down 

to 20 million reads/sample) for each tissue were selected for further expression and 

splicing analyses, resulting in a total of 90 samples. Gene expression and splicing results 

can be downloaded at (http://pharmacogenetics.ucsf.edu/rnaseq). 

Global transcriptome analysis 

Across the samples, 56% of all genes were expressed with FPKM ≥1 in at least 

one individual (Supplemental Table S3A). Of these expressed genes, 70% (7,845) were 

expressed with FPKM ≥1 in all 90 individuals. A small number (~2%) of protein coding 

genes were completely undetectable in our dataset.  

We saw evidence for alternative splicing for 35,722 events in 13,833 genes 

(multiple junction sets with percent spliced in (PSI) ≥5 and ≥1 read/100bp). We also 

observed 4,192 non-annotated junction sets supported by the fairly restrictive read 

coverage threshold of 5 reads/100bp and present with PSI ≥5 in at least one sample 

(Supplementary Figure S2A); less conservatively, 20,128 non-annotated junction sets 

have read coverage of at least 1/100bp (Supplemental Figure S2B). 
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The total number of junction sets that we observed with at least 5 reads/100bp 

depends on the number of samples counted, especially for fewer than 10 samples 

(Supplementary Figure S3A), revealing the variability of splicing among individuals. With 

only one sample, we would see as little as 60% of the junction sets we can see with 18 

samples. However, with 18 samples per tissue type we are able to see around 95% of 

the junction sets we would see if we used all the samples and believe that we are 

approaching the maximum number of junction sets possible with a library depth of 20 

million reads. As expected, the ability to see junction sets also depends on read depth. 

We tested four subsampling depths (10, 20, 30, and 40 million reads) and looking only at 

sets reported for all four depths, we see that we lose 22-34% of junction sets for a given 

sample (e.g. LCLs and kidney in Supplementary Figure S3B, C) at 20 million reads 

compared to 40 million reads.  

Analysis of pharmacogene gene expression 

Focusing now on the expression and splicing profiles of genes of pharmacological 

interest (pharmacogenes), we found that 161 pharmacogenes were expressed at FPKM 

≥1 in at least one sample in all five tissue types in our data set and 188-320 

pharmacogenes were expressed at FPKM ≥1 in at least one sample in any given sample 

type (Supplemental Table S3B). Across all sample types, we observed subsets of 

pharmacogenes that showed similar patterns of expression (k-means clustering of 389 

pharmacogenes, Figure 2A). For example, several pharmacogenes were highly expressed 

across all tissues and LCLs (Figure 2B); these include genes with general cellular 

functions. 
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Figure 2: (A) Heatmap of pharmacogene expression (FPKM) across 90 samples. 
Pharmacogenes are grouped by clusters identified by K-means clustering; clusters are 
indicated by colors along the left side of the heatmap Selected clusters show (B) genes 
highly expressed across all samples or genes expressed at higher levels in (C) liver, (D) 
kidney, or (E) heart.  

 

Pharmacogenes overall tended to be more highly expressed in liver compared to 

the other tissues (Supplemental Table S3B, Supplemental Figure S4). Many xenobiotic 

metabolizing enzymes and transporters were highly and specifically expressed in the 

liver (Figure 2C, Supplemental Table S4A). In addition, pharmacogene expression levels 

in the liver varied greatly among individuals. For example, a number of CYP genes vary in 

liver expression by over 100-fold between individuals, including CYP1A2, CYP2A6 

CYP2B6, and CYP3A4 (Figure 3).  

The kidney is the major organ for secretion and reabsorption of endogenous 

metabolites, chemical carcinogens, environmental toxins and many therapeutic drugs. 

Pharmacogenes expressed at higher abundance in the kidney compared to the other 

tissues and LCLs include enzymes such as ABP1 and FMO1 and a number of solute 

carrier transporters (SLC) (Figure 2D), which play important roles in drug secretion or 

reabsorption[550]. Expression levels of several SLC transporters varied almost 1000-fold 

between individuals (Figure 3).   

In addition to drug metabolizing enzymes and transporters, the list of 

pharmacogenes includes 119 genes that are currently drug targets or are under clinical 

development as potential targets for various diseases[551]. These drug target genes 

may be expressed abundantly in tissues not primarily involved in drug disposition. For 
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example, a small number of pharmacogenes were highly expressed solely in the heart 

(Figure 2E); these genes are all involved with cardiac contractility and include, for 

example, ion channels involved in cardiac conductance (SCN5A, CACNA1C, KCNH2) that 

are targeted by many drugs[552-554]  

Most pharmacogenes expressed (FPKM ≥1) in adipose tissue were expressed in 

other tissues as well, particularly the heart and kidney (Figure 2A). Indeed, the strongest 

correlations between pharmacogene expression levels among tissues were detected 

between adipose and heart (r=0.83) and adipose and kidney (r=0.64) (Supplemental 

Table S5), and heart and adipose tissue samples shared similar expression profiles by 

PCA (Supplemental Figure S5B).  

Compared to the four tissues, LCLs showed lower overall expression levels of 

pharmacogenes: fewer pharmacogenes were expressed in at least one LCL and all LCLs 

than expected compared to all protein-coding genes (chi-square test: 48% vs 64%, 

p<0.0001 and 30% vs 48%, p<0.0001 in at least one sample and all samples respectively, 

Supplementary Table 3B). Pharmacogenes expressed at lower levels in LCLs than in the 

tissues include genes important for drug disposition, for example, enzymes (cytochrome 

P450s, UGTs, SULTs), SLC transporters, ion channels and receptors (Supplemental Table 

S4B).  
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Figure 3: Gene expression (FPKM) by sample across each tissue type and LCLs for 20 
selected pharmacogenes. The black dot indicates median FPKM per gene and tissue 
type. 

 

Analysis of pharmacogene splicing 

We found that 278 pharmacogenes showed evidence of being alternatively 

spliced (≥ 2 isoforms) in our data set, with receptors and channel genes depleted for 

alternative splicing (<50% spliced)  (Supplementary Table S6).  Differential splicing was 

evident for 30-70% of genes tested when comparing any two tissues (Wilcoxon test, 

FDR<0.05) (Supplementary Table S7), with LCLs showing the greatest differences in 

splicing events compared with the other tissues. We also found dozens of junction sets 

that were only observed in one of our five sample types primarily because the gene was 

not expressed in other cell types or also possibly because only alternate junction sets 

were used in those cell types (Figure 4A). When we control for gene expression 

differences between tissues by only looking at alternative splicing events with a high 

total read coverage in a number of samples for all four of the other tissues, we see only 

a very small fraction of genes (0-5%) have tissue-specific junction sets (Supplementary 

Table S8). Since the number of splice events that pass the read coverage threshold is 

very small with a read depth of 20 million reads/sample, we cannot comment on the 

differences in number of splice events between tissues.   

Notably, a total of 183 alternative splicing events (in 102 genes) involved splice 

junctions not previously annotated, but which were present with at least 5 reads/100bp 

coverage in at least one sample (Figure 4B). The greatest number of non-annotated 
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pharmacogene events was observed in the liver samples, likely because many of those 

genes are very highly expressed in that tissue, making it easier to observe these often 

low expressed events. Of the 119 non-annotated splicing events observed in liver, one 

was an alternative last exon in SLC22A7 (Figure 4C). This newly found alternative event 

would produce a protein with a truncated C-terminus. Another non-annotated splicing 

event in the liver was an alternate 5’ UTR in APOA2 (Figure 4D). Of the 38 non-

annotated splicing events observed in pharmacogenes in heart, one was a splice 

junction using an alternative 3’ splice site for SCN5A exon 23 in three heart samples 

(Figure 4E). The alternative splice site identified excludes 83 bases and generates a 

downstream premature termination codon that is expected to cause the transcript to be 

degraded by the nonsense-mediated mRNA decay pathway.  
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Figure 4: (A) Junctions sets in pharmacogenes with >5 reads/100bp in at least one 
sample of one tissue and no coverage in any of the four other tissues. (B) Non-
annotated junctions sets (not present in current gene annotations) in pharmacogenes 
with >5 reads/100bp in at least one sample. These non-annotated junction sets were 
identified in 68, 31, 18, 16, and 10 pharmacogenes in Liver, Kidney, Heart, Adipose 
tissue and LCLs respectively. (C) A non-annotated alternative last exon in SLC22A7 was 
observed in liver samples and would alter the C-terminal end of the protein. (D) A non-
annotated first exon in APOA2 was observed in liver samples and creates an alternate 
5’UTR for the gene. (E) A non-annotated 3’ splice site in SCN5A was observed in heart 
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tissue. The novel event, identified in three heart samples, results in an 83 bp frameshift 
deletion of the coding sequence of SCN5A, resulting in a premature stop codon which is 
expected to trigger nonsense mediated decay.  

 

Discussion 

Over the last several years, there have been many studies using RNA-Seq to         

quantify gene expression and to identify novel alternative splicing events in many tissue 

and cell types [555-560]. Here, we applied this powerful technology to characterize the 

transcriptome of 389 genes of pharmacologic importance (genes involved in drug 

disposition, response or toxicity) in multiple human tissue types and LCLs.  

Unlike many other transcriptome profiling studies using RNA-Seq, this report 

presents findings for multiple samples across tissues, allowing the capture of inter-

individual variation in expression levels as well as comparison of expression and splicing 

across different tissues. It has been estimated that 10 to 30% of genes show differences 

in alternative splicing in the same tissue among individuals[410], and ~20% of genes 

show variation in gene expression across individuals[561]. Further, results in multiple 

individuals act as biological replicates for a given tissue type, allowing for a more 

accurate representation of tissue-specific splicing and expression. By incorporating 

inter-individual variation in our study of several human tissues, our data represents an 

important addition to our understanding of human transcriptomics. 

In studying global analyses of protein-coding and pharmacogene expression, we 

observed several interesting patterns. First, the majority of pharmacogenes were 
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expressed at lower levels in LCLs compared to the four physiological tissues studied, in 

contrast to expression levels across all protein coding genes. As an actively and 

aggressively proliferating cell type, gene expression in LCLs is tuned to growth, and thus 

relative expression of genes involved in other cellular processes may be suppressed.  

Further, it is possible that peripheral B-lymphocytes, the primary cells from which LCLs 

are made, also show significantly different patterns of expression from the other four 

physiological tissues included in this study. These results suggest that consideration of 

the phenotype of interest is important when using LCLs as a proxy for other tissues in 

pharmacogenetic studies. This observation is true of other tissues as well. Overall, more 

pharmacogenes were expressed at higher levels in the liver compared to other tissues. 

While this result is not unexpected given the importance of the liver in drug metabolism 

and transport and the bias towards liver-specific genes in the field of 

pharmacogenomics, it also suggests that studies involving genes of importance in the 

liver are best conducted in liver samples. In contrast, we observed high correlation in 

gene expression values between adipose and heart tissues among both all protein 

coding genes and the subset of pharmacogenes.  This result is consistent with the 

finding that human derived stem cells have been shown to spontaneously differentiate 

into cardiomyocytes and that both adipose and cardiac tissues derive from the 

mesoderm [562, 563].   

We also observed interesting patterns in alternative splicing in this study, 

including a number of previously non-annotated splicing events and significant 

differential splicing between LCLs and other sample types. Splicing detection is highly 
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dependent on sequencing coverage; to normalize coverage between samples we 

subsampled down to 20 million reads per sample, unfortunately losing perhaps 20-30% 

of junction sets. We observe that a read depth of more than 40 million consistently 

across samples would be necessary to measure splicing of almost all events. And, while 

we are approaching the total number of junction sets with 20-25 samples of each tissue, 

more samples would increase our numbers. Additionally, because read depth for a gene 

is also dependent on gene expression, comparison of splicing rates and events between 

genes and tissue types with different expression levels is challenging, and it is likely we 

are missing splicing events for genes with lower expression levels.  

As is true of any study using human organs, while only healthy tissues were used 

for mRNA extraction, the patients themselves may have had a disease or have been 

taking medications. In particular for the study of pharmacogenes, the variability in 

xenobiotic exposure is a concern as such exposure is known to alter pharmacogene 

expression [564, 565] and splicing [566, 567] profiles. However this variability in patients 

may more closely represent natural variability in individuals and thus may produce 

expression profiles representative of the general population. Patient age and sex can 

also explain a portion of variability in gene expression[568, 569], however given the 

small sample sizes and skewed sex and age distributions in some of the tissue types, this 

study was not optimal for studying variation due to age and sex.  

In this study, we identified previously characterized as well as novel alternative 

splicing events, and described inter-individual and inter-tissue differences in splicing 

events and gene expression in pharmacogenes. For example, a non-annotated 
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alternative 3’ splice site in the drug target SCN5A generates a premature termination 

codon predicted to trigger the nonsense-mediated mRNA decay pathway (NMD). SCN5A 

encodes the main cardiac voltage-gated sodium channel important in maintaining 

normal cardiac conduction. A number of drugs target sodium channels like SCN5A, 

including antiarrhythmics such as quinidine, lidocaine, and flecainide, as well as non-

antiarrhythmic sodium channel blockers such as tricyclic antidepressants and lithium. 

Changes in structure, activity, and expression of the drug targets, like SCN5A, can alter 

the efficacy of drugs designed to target these proteins[570, 571]. Although this new 

isoform was observed in only three heart samples, it may be produced more broadly but 

not be detected due to rapid degradation by NMD. This event may be indicative of a 

novel role for alternative splicing coupled with NMD in the regulation of this gene. 

Likewise, a novel truncated isoform of the transporter SLC22A7 was identified. The gene 

SLC22A7 is expressed in both kidney and liver and is important for transport of 

endogenous compounds [572] and prescription drugs such as the antiviral drug 

acyclovir[573], the antibacterial drug erythromycin[574], the anti-asthmatic drug 

theophylline[574] and others[575].  

In addition to novel and variable splicing events in pharmacogenes, substantial 

variability in gene expression was observed, particularly among drug transporters and 

drug metabolizing enzymes. For example, in the liver, several cytochrome P450 enzymes 

showed up to 100-fold variability in expression between individuals. One example 

includes CYP3A4, which is responsible for activation and deactivation of a number of 

drugs by oxidation in the liver. Induction of CYP3A4 by concomitant medications or 
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dietary supplements is well-established, and is considered a major source of variation in 

drug response. (DDI Guidance from FDA, 

http://www.fda.gov/downloads/drugs/guidancecomplianceregulatoryinformation/guid

ances/ucm292362.pdf).  The enormous inter-individual variation in the expression levels 

of CYP3A4 we observe in the liver samples may be due to differences in diet, including 

dietary supplements, or medications among the individuals, in addition to genetic 

variation.  Like drug metabolism, renal elimination of drugs is also variable among 

individuals in part due to variation in renal secretion and reabsorption; this variation can 

be driven by differences in expression levels of renal transporters across individuals. In 

this study, we observed profound differences in the expression levels of renal secretory 

and reabsorptive transporters, particularly the solute carrier transporters (SLCs). For 

example, the uric acid transporter SLC22A12 varied almost 1000-fold between 

individuals in the kidney (Figure 2). As a target for drugs that treat hyperuricemia 

(Wempe, 2012 #117), the expression level of SLC22A12 could be an important 

determinant of drug response. 

Pharmacogenomic studies have largely focused on the effects of genetic 

polymorphisms in pharmacogenes on drug response and drug toxicity[576, 577]. Our 

data suggest that genes involved in drug disposition and toxicity can be variably spliced 

and expressed among individuals and across tissues. Further, studies have shown that 

exposure to drugs or toxins can cause specific splice variants to be differentially 

expressed in cell lines[578-580]; for example, a splice variant of SCN1A exhibits 

sensitivity to the antiepileptic drugs phenytoin and lamotrigine[581]. Given that splicing 
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can affect expression, localization, and function of genes[582, 583], our results suggest 

that splicing may be a relatively unexplored source of variability in drug response, 

toxicity, and efficacy. As the first in depth analysis of transcript structure and expression 

of genes that play a key role in drug disposition, this Pharmacogenomic Research 

Network (PGRN)-RNAseq resource will be invaluable for biomarker and drug target 

discovery and validation. 

 

The Supplementary Material is available in the online version of this article.


