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“’Personalized medicine’ refers to the tailoring of medical treatment 
to the individual characteristics of each patient. It does not literally mean 
the creation of drugs or medical devices that are unique to a patient, 
but rather the ability to classify individuals into subpopulations that 
differ in their susceptibility to a particular disease or their response to 
a specific treatment. Preventive or therapeutic interventions can then be 
concentrated on those who will benefit, sparing expense and side effects 
for those who will not.” [1]. 

Personalized medicine will improve health outcomes and patient 
satisfaction and will be a predominant challenge for the pharmaceutical 
industry and regulatory science in the current century. Implementing 
personalized medicine based on individuals’ biological information is 
far from simple. Pharmacogenetics is the key to transform personalized 
medicine into clinical practice for diagnosis and prognosis. The use of 
pharmacogenetics in clinical practice, drug development, regulatory 
decision making, and post-market surveillance can facilitate the 
development of safer and more effective medicines and enhance the 
benefit-risk profile of approved drugs and the implementation of 
personalized medicine.

Pharmacogenetics research dates back to 1957 when individual 
variation in the levels of activity of enzymes involved in the metabolism 
of a number of drugs was observed to be correlated with adverse 
reactions to those drugs [2]. Thereafter, methods and technology 
for pharmacogenetics have been advanced greatly. Progress in 
pharmacogenetics has led to the discovery of some genetic variants 
that can be used to improve the efficacy and safety of the drugs on the 
market [3]. Recently, the HapMap project determined genotypes of over 
3.1 million common SNPs in human populations [4]. Concurrently, 
high-throughput SNP genotyping technology advanced to enable 
simultaneous genotyping of hundreds of thousands of SNPs. These 
advances made genome-wide association studies (GWAS) a feasible 
and a promising research field for pharmacogenetics. The published 
GWAS in pharmacogenetics fall in two categories. The first type of 
GWAS investigated variation in therapeutic response to drugs such as 
iloperidone [5], thiazide diuretic [6], and warfarin [7]. The second type 
of GWAS identified genetic variants associated with adverse events 
of drugs such as the elevation of serum alanine aminotransferase by 
ximelagatran [8] and drug-induced liver injury due to flucloxacillin 
[9]. However, GWAS typically focus on common variants that 
contribute a small portion to the total variation in the phenotype [10]. 
Recently, many rare variants of high penetrance have been identified 
to contribute to the phenotypes of interest, e.g., blood pressure [11]. 
Therefore, pharmacogenetic studies that interrogate all genetic variants 
(both common and rare) by sequencing the whole genome or candidate 
genes in each subject will provide the most information and move the 
field of personalized medicine forward.

The Sanger method, invented and published in 1977, has been 
used for DNA sequencing and involves DNA synthesis in the presence 
of chain-terminating inhibitors followed by electrophoresis [12]. 
While it has excellent accuracy and reasonable read length, the very 

low throughput and expense makes it unsuitable for deciphering 
the human genome. The breakthrough came in 2005 when the 
next-generation sequencing (NGS), the sequencing-by-synthesis 
technology, developed by 454 Life Sciences was published [13]. Since 
then several NGS platforms have been developed and applied to various 
fields of biological and medical research including pharmacogenetics. 
Currently, the Illumina HiSeq-2000 and HiScan, the Roche 454 GS-
FLX Titanium, and the Applied Biosystems SOLiD Analyzer 5500xl 
are commercially available and the most used platforms, but with two 
of these platforms (Illumina HiSeq-2000 and HiScan) dominating 
the market. In addition, new NGS platforms are under development 
mainly based on single DNA molecule sequencing technology (e.g., 
nanotechnology and electron microscopy) which can read through 
DNA templates in real time without amplification, thus providing 
accurate sequencing data with potentially long reads. Examples include 
the Pacific BioSciences RS system that produces reads of >1,000 bp and 
the nanoAnalyzer from BioNanomatrix (now BioNano Genomics) that 
generates reads of around 400,000 bp [14]).

The cost of whole-genome sequencing by NGS has dropped 
substantially so more samples are being analyzed. At the same time, the 
amount of data generated per samples gets larger and larger. Therefore, 
storing, managing, analyzing, and interpreting these results become 
the crucial step in an NGS project. NGS opens many challenges for 
individuals skilled in bioinformatics, statistics and medicine to identify 
and interpret the genetic variations in pharmacogenetics. Extremely 
high performance computing and intensive bioinformatics support are 
essential to utilize fully the benefit of applying NGS in personalized 
medicine. 

The first step in NGS data analysis is to align or assemble the huge 
amount of short reads to a reference genome. This is a crucial and basic 
requirement and a variety of algorithms and software packages have 
been specifically developed for dealing with millions of NGS short reads 
alignment or assembly [15]. Compared to reference-based assembly, 
de novo assembly with NGS data has more challenges. Currently it is 
generally limited to genomes small in size such as bacteria [16].

After alignment or assembly of NGS short reads, the next step 
is to identify genetic variants (mutations) in DNA-sequencing or to 
quantify expression levels of genes or transcripts in RNA-sequencing. 
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This is very challenging. For identification of genetic variants, one of 
the challenges is how to distinguish the causal variants from the large 
number of apparently novel genetic variants present by chance in any 
human genome. The more challenging task in analyzing NGS data is 
to distinguish low-frequency alleles descendent from ancient ancestors 
from the rare mutations introduced into the population [17]. For 
RNA-sequencing, as a read can be aligned equally to multiple genomic 
locations, quantification of expression of genes and transcripts depends 
on the methods of counting the mapped short reads. Furthermore, 
because of the short length of the reads from NGS and alternative 
splicing events, discovery of allelic-specific or isoform-specific genes 
remains challenging [18]. 

The field of pharmacogenetics is changing rapidly today. The 
“common disease-common variants hypothesis” based GWAS 
have not fulfilled the expectation in the scientific community after a 
great deal of effort. In contrast, since NGS can enable us to identify 
all the causative variants (including both common and rear genetic 
variants) this approach is driving the next wave in pharmacogenetics. 
It is anticipated that NGS will make significant contributions to our 
understanding of pharmacogenetics and will redefine the field of 
personalized medicine. It is likely that key advancements will be seen 
soon. First, a powerful infrastructure will be developed to support 
the storage, access, and management of the huge (and still growing) 
amount of NGS data [19]. Second, powerful bioinformatics tools will 
be developed for assessment of significance of rare variants identified 
in genes which has pharmacogenetic impact potentially in genome 
sequences of patients. Third, data mining approaches will be improved 
to mine the large genome sequence databases and drug response data 
of patients. This will lead to better understanding of how genetic 
variations affect responses to drugs (efficacy and adverse reactions) 
and for identifying and utilizing pharmacogenetic biomarkers in 
clinical practice [3]. Lastly, there is a growing awareness among 
federal agencies, such as the FDA and NIH, of the need to develop a 
strategic long-term plan to coordinate efforts of the public and private 
sectors in advancing NGS research and development relevant to 
pharmacogenetics for personalized medicine. As the pharmacogenetics 
knowledge base expands, application of NGS data of pharmacogenetics 
to regulatory decision making will most likely follow.

Together we can look to a brighter future wherein advances in 
pharmacogenetics leads to improved medical care.
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